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PA3PABOTKA NONE3HLIX UCKONAEMBIX

VK 622.272.63:622.232.72 DOI:10.18503/1995-2732-2016-14-1-5-12

BBIBOP ITAPAMETPOB INOCJIOMHO-ITIOPIIMOHHOM TEXHOJIOT'UA
IIPU PASPABOTKE CJIO2KHOCTPYKTYPHBIX MECTOPOKJIEHUI
KOMBAWHAMUJ ®PE3EPHOI'O THUIIA

II1BaGenmany, E.E.l, COKOJIOBCKHIH A.B.Z, ITuxnep M.3

LorvIl «BUMCy», Mocksa, Poccust
2000 «HTLI-T"eotexnoorusy», Yensionuck, Poccus
% Wirtgen International GmbH, Buraxaren, ['epmanms

Annomayus. OHON U3 caMBIX BXHEHIIMX 3a/1ad IIPU pa3pabOTKe CIOKHOCTPYKTYPHBIX MECTOPOXKICHHUH MOJIE3HBIX
HCKOTIaEMBIX SIBISIETCS] 0OecIiedyeHe MUHUMAIBHBIX 3HAUCHUH MOTEPh M Pa3yOOKMBAHMS MTOJIE3HOTO McKomaeMmoro. [Ipn
MIPUMEHEHUHN TPAAUIMOHHON TEXHOJOTHH Pa3pabOTKH TaKUX MECTOPOXICHHUM C IpeIBapUTEIbHBIM PHIXJICHHEM IOPOA
OypOB3PBIBHEIM CIIOCOOOM OOECIICUHNTH BBITIOJHEHNUE JAHHOTO YCIIOBHS JOCTaTOYHO MpobsieMaTtnyaHo. [TomumMo 3toro mpu
pa3paboTKe MECTOPOXKICHUH MOTYT BBIZBUTaThCS YCIOBHS, OIPaHUYMBAIOIINE IPUMEHEHHE OYPOB3PBIBHOTO CIIOCO0A 101
TOTOBKH IIOPOJ] K BBIEMKE IO SKOJIOTHYECKUM YCIIOBHAM JMOO BBHIY HAXOXKICHHUS BOIM3M MECTOPOXKACHUS OXPaHIEMBIX
30aHUH U COOpYXKeHHH. B To ke BpeMsi MPOMBILIIEHHOCTBIO TIPOM3BOIATCS (hpe3epHble KOMOANHHBI, KOTOPHIE CIIOCOOHBI
pa3pabaTbIBaTh KakK MOJYCKAJIbHBIE TAK M, YaCTHIHO, CKAJIbHBIC ITOPOJIBI 0€3 MpeiBapUTEIbHON IIOrOTOBKH K BhleMKe. Of1-
HAaKO TEOPETHYECKOT0 U MPAKTHUECKOTO OMNBITAa IPUMEHEHUS MAlllMH JaHHOTO THIIA MPH pa3paboTKe CIOKHOCTPYKTYPHBIX
3ajeKell HeJJOCTAaTOYHO, TaK KaK NPHUMEHEHUE TPAJULHOHHOI TEXHOJIOTUH MOCIONHOTO (hpe3epoBaHus IOPOA MPUBEIET K
MEPEMEIINBAHUIO PA3JINYHBIX THIOB Py U BCKPBIIIHBIX IOPOJ, YTO CYLIECTBEHHO YBEJIMYUT 3aTPaThl HA JAIBHEHIIYIO Te-
pepaboTKy chipbsi. [loaToMy B X071€ McCieI0BaHuMid ObliIa IPOBEEeHa OIIEHKa BO3MOYKHOCTH U LIEJIECO00Pa3HOCTH ITPUMEHe-
HUA (Dpe3epHBIX KOMOAHOB Ha MEPCHEKTHBHOM MECTOPOXKICHHWH anaTUToBOH pyapl OurypkoBckoe. beuto mpemtoskeHo
pa3aeuTh IPy30MOTOK U3BJICUEHHOW TOPHON MacChl Ha OPILMH, U3 KOTOPBIX (POPMHPYIOTCS 3JIEMEHTapHbIE IPY30MOTOKH C
33JaHHBIMI Ka4EeCTBCHHBIMH XapaKTepUCTHKaMU. JIIIs KOHTPOJISI KauecTBa 00bIBAEMO PyIHON Macchl B yciaoBusax Omryp-
KOBCKOTO MECTOPOKICHUS OBUT MPHUHAT PEHTI€HOPATUOMETPHIECKUM CTI0Cc00, ONPEAeneH0 MECTO YCTaHOBKH Ipubopa Ha
¢pesepHoM KomOaiiHe. B pe3ynbpTaTe nccieoBaHMH JOKa3aHa 1eJeco00pa3sHOCTh IPUMEHEHHS JAaHHOTO METO/A MPH pa3-
paboTke MecTopoxaeHust OUIypKOBCKOE.

Kniouesvie cnosa: dpe3epHblii KOMOAiH, CIOXXHOCTPYKTYPHOE MECTOPOK/ICHHE, Ka4eCTBO, MOTEPH, pPa3yOoKuBaHHE,
pa3paboTKa MECTOPOXKACHUSL.

YMMbIe TPAHUIBI CIOEB IMOJE3HOTO HCKOMAeMOro M
Beenenne MYCTBHIX TOpoJ. Bricokas skoHoMuueckas 3ddex-
TUBHOCTHb JIOCTHTACTCSl NMPUMEHEHHEM TEXHOJOTHH
OTpabOTKH, BKJIIOYAIONIEH CEJICKTHBHYIO BBIEMKY
CIIOEB TIOJIE3HOTO HMCKOIIAeMOro M TOpPOJ IO Tiy-
OWHE W BaJOBYIO BBIEMKY ITOJIE3HOTO MCKOIIAEMOT0O
Y BKJIIOUYCHUI MOpOJbl B TuiaHe. Ppe3epHbIMU KOM-
OalfHaMu MOTYT 0€3 IpeABapUTEIBHOTO PBIXJICHUS
pa3pabaTbeIBaThCsi OPOJBI C MPEAETIOM MPOYHOCTH
Ha cxxarwne q0 120 MITa [3-5, 8].

[epcnieKTHBHBIMU TSI IPUMEHEHUsT (Ppe3epHBIX
KOMOAWHOB SIBJISIIOTCSL  CIIOXKHO-CTPYKTYPHBIE Me-
cropoxnenus [12, 13], xapakrepusyrommuecs:

— HEpaBHOMEPHBIM PaCHpeeIeHUEM U CIIOKHON
KOH(HTYypaluei pyIHbIX TN B TUIAHE U pa3pese;

— Ppa3IMYHBIMH Ka4deCTBEHHBIMU (COIEpKaHHe
© IlIsabennanz E.E., Cokonoseknii A.B., Iixzep M., 2016 M0JIE3HOT'0 KOMIIOHEHTa) U (PU3NKO-MEXaHHYECKIMU

OTimuyutenbHOH OCOOEHHOCTBIO KOMOAtHOB
¢pesepHoro Tumna, Hanpumep Wirtgen CSM, sis-
€TCS BBIEMKa IOCPEICTBOM «(Dpe3epoBaHus» Mac-
CHBa TOPOJ CIOSAMH (PUKCHPOBAHHOW IIMPUHBI H
M3MEHSEeMOU TIIyOMHBI ¢ (popMHpOBaHHEM MOTOKA
OTOUTON TOPHOM MAacChl YIPaBJISEMOI'0 TPaHyJIO-
METPUYECKOTO0 COCTaBa, KOTOpas OTIPYKAETCS B
aBTOCaAMOCBAJIBI, HA KOHBeWep Win B mTadenb. Oc-
HOBHasi 00JIaCTh MPUMEHEHUS TaKUX KOMOAiHOB —
pa3paboTKka TUTACTOOOPA3HBIX OTHOCUTEIBHO BBI-
JIep’KaHHBIX 3aJiexelt ciouctoro crpoenus [1, 2, 7].
Takue MeCTOPOXKICHHSI WMEIOT, KaK MPaBHIIO, 3Ha-
YUTEIbHBIC pa3Mephl B IJIAHE W BHU3YaJbHO pasiiu-
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PA3PABOTKA IOJIE3HbIX UCKOINAEMBIX

(mpenen MPOYHOCTH HA CXKATUE) XaPAKTEPUCTHKAMHU
MOJIE3HOTO HCKOIAEMOT0 U ITOPO/I;

— OTCYTCTBHEM BHIMMBIX T'€OJOTHYECKHX Tpa-
HHUIl MEXIy IOJIE3HBIM HCKOIAeMbIM W BMEIIA0-
LIMMH TIOPOJaMHU.

B uacTHOCTH, OJHMM M3 TaKHX CIOXKHOCTPYK-
TYpHBIX MECTOpOXIeHHH sBisiercss OUIypKOBCKOE
alaTUTOBOE MECTOpoXKIeHHne B bypsitum, pacmoio-
keHHoe B OacceitHe pekum CeneHra, BIamaromeid B
o3epo baiikan. AnatutoBas MuHepanu3aus MecTo-
POXKICHUS MPUYpPOYCHAa K CHEHHTO-IHOPUTAM, 3a-
HUMAIOMM OKoio 87% Iuiomanu, mpeicTaBlieHa
pyIHBIMH TenaMu pasMepoM oT 50x50 M u 1o
200x800 ™. IIpakTudeckud BCIO OCTANBHYIO ILIO-
b MECTOPOXKJICHUS 3aHMMAIOT ITyCTBIC MOPOJIBI.
Pe3koll rpaHuLbl MEXy IyCTBIMU TOPOAAMU U amna-
TUTOBBIMU pyJdaMU HET.

TexHu4eckue M TEXHOJIOrHYeCKUe pa3padoTKu

Anatur B MaccHBE PaclpOCTPaHEH ITOBCEMECTHO
W HepaBHOMEpHO (Kod(Q(QUIMEHT BapHaluy paBeH
24,5%). Conepxanue nosie3Horo kommnonenra P,Os B
CpeIHeM II0 MECTOPOXKAEHHUIO cocTaBisieT 3,89%, a B
KOHIMIMOHHBIX pynax — 4,37% mpu GOpTOBOM co-
nepxxanud 3,5%. B pyaHBIX Ternax MMEIOTCs BKITIOYe-
HHS Y4aCTKOB HEKOHAMIIMOHHOW PyIbl C COIEpKaHH-
em P,Os ot 1 10 3,5% (B cpemrem 2,84%).

YYyacTKM KOHAWUIIMOHHONM M HEKOHIMIIMOHHON
amaTUTOBBIX pPyd OOpPa3yroT CIUIOIIHBIE PYAHO-
MOPOJHbBIE 30HBI PAa3IUYHON (OPMBI, pasMepoB U
cTpykTypbl. COOTHOIIEHHE KOHIUIMOHHBIX U He-
KOHJIMIMOHHBIX PYyJA ompenenseTcs KodpQuuueH-
ToM pynoHocHocTH (K,y,), KoTopsIif B cpeqaeM mis
mecropoxxaenus paseH Ki,,=0,68, wu3Mensacr B
npezenax Ki,,,=0,32+1,0.

Mecrtopoxnenne OIIypKOBCKOE SBJISI€TCS TH-
MUYHBIM  CJIOKHOCTPYKTYPHBIM ~MECTOPOXKIECHHEM
CO CIeayIOIUMH 0coObeHHOoCTsIMH (pUc. 1):

— OTCYTCTBHEM T'€OJIOTHYECKUX TPaHHI] MEXIY
MyCTOW MOpPOAOH, HEKOHIUIMOHHOW U KOHJIHULIKOH-
HOH pynou;

— OeccHCTEMHBIM YepelOBaHUEM B PYAHBIX 30-
HaX y4acTKOB IyCTOW MOPOJBl ¥ HEKOHIULINOHHON
PYAbl, B MOPOJHBIX 30HAX HAIUYMEM yYacTKOB KOH-
JULIMOHHOM py/Ibl;

— HEpPaBHOMEPHBIM PACHPEAETICHUEM I10JIE3HOTO
KOMITOHEHTa B MacCHBE M HU3KHUM €ro COJAEpKaHU-
€M, 4YTO TpeOyeT MUHHMU3AIMKA TPUMEITHBAHUS
BMEIIAIOINX MTOPOJI ITPH J00bIYE;

— OTHOCHUTEJILHO HEOOJBIINM Pa3InIUEM MEKIY
conepxanusiMi P,Os B KOHAMLIIMOHHOM M HEKOH[IH-
[IMOHHOM TI0JIE3HOM HCKOITAaEMOM;

— HEBO3MOXHOCTBIO MPSIMOTO OMNEPATUBHOTO
n3Mmepenus coaepxkanus P,Os B pazpabatbiBacMoM
MacCHBE;

— HAJIMYUEM DKOJIOTMUECKHX OrPAHUYCHUU, HE
MO3BOJIAIONINX OCYIIECTBISITH OTPabOTKYy MecTo-
poxaeHus ¢ npumeHenueM BBP u mexanumdeckum
JIPOOIJIEHUEM PY/IBL.

E

Puc. 1. Cxema cTpoeHus (nnaH)
mecTopoxaeHus OwypKkoBcKoe:
@ - KOHAVLMOHHAA anaTMToBas pyAa
¢ cogepxaHuem P.0s 6onee 4,5%;
O - KOHAVLMOHHAA anaTMToBas pyAa
¢ cogepxaHuem 4,5% > P,05 >3,9%;
O- KOHAULMOHHAA anaTUToBas pyaa
¢ cogepxaHuem 3,9% >P205 > 3,5%;
O- HeKOHAULMOHHAA pyAa
¢ cogepxaHuem P20s < 3,5%
¥ nycTas nopoaa;
@- Ge3pyAHbIe AanKu;
*==xx — T@ONIOrMYECKUE HApPYLIEHUS

B Takux yclioBUsSX TpU OTPabOTKE PYyIHOTO
noJyis OUIypKOBCKOTO MECTOPOKJICHUS 11e1ec000-
pasHo MpUMeHeHHe Qpe3epHbIX KOMOAaWHOB C HcC-
MOJIb30BaHUEM TpaIuLMOHHON MOCJIONHO-
MOJIOCOBOW TEXHOJIOTUU BBIEMKH, OJHAKO MpPH
3TOM HEHM30EKHO NPOU30OHACT TMepeMelIMBaHUC
KOHAULMOHHOW, HEKOHJULHMOHHOM pyApl U IIy-
CTOW MOPOJBI, YTO MPHUBEACT K JAOMOJHUTEIHHOMY
CHHKCHHIO KaueCcTBa MOJIE3HOTO UCKOIAeMOr0 H3-
3a ero pasyboxxuBanus. OUeBHHO, YTO TIABHBIM
HEJIOCTATKOM IIOCJIOMHO-IIOJIOCOBOM TEXHOJOIUU
B PacCMaTPUBAEMBIX YCJIOBHSX SIBISCTCS HEKOH-
TpoJiupyeMas BalloBasi BhIEeMKa TOPHOH Macchl, a
yCTpaHEHHE 3TOr0 HeJocTaTKa TpedyeT pa3paboT-
KA JIOTIOJIHUTEIBHBIX TEXHHYECKUX pEIICHUH |
NPHUEMOB YIPABICHHS KAa4eCTBEHHBIMH XapakTe-
PUCTHUKAaMHU PYJHOTO IMOTOKA.

Takum oOpa3zom, npu pa3pabOTKE CIIOKHO-
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CTPYKTYPHBIX  MECTOPOXIEHUH, B  YacTHOCTH
O1mypKOBCKOTO amaTUTOBOTO, (pe3epHBIMH  KOM-
OaifHaMH OCHOBHOM 3a/1adeii, TpeOyromen pemeHus,
SIBIIIETCSL pa3/ielIeHHe PyAHOTO MOTOKa Ha OTHEINb-
Hble€ TMOpPLUHN PYAHOH MacChl C YCTaHOBJICHHBIMHU
Ka4eCTBEHHbIMH XapakTepucTukamu. /i pemenus
3TOH 3a1a4u NOTPeOOBaIOCh:

— ONPEJENIUTh PAlMOHANBHBIN pa3sMep MOpUUU
PYOHON Macchl M, COOTBETCTBEHHO, I'PY30IOABEM-
HOCTH IIPUMEHIEMOr0 aBTOCAMOCBaJIa;

— pa3paboTaTh crioco0 KOHTPOJISI KaYeCTBEHHBIX
XapaKTEPUCTUK KaXXJIOH MOPLUMH PYOHOU MAacChl,
3arpy’>KCHHOM B aBTOCAMOCBAJIbI;

— pa3paboTaTh METONUKY YIIPABJICHHUS KauyeCTBEH-
HBIMH XapaKTepUCTHKaMH [TOTOKA PYAHONW MacChl.

Pa3zmep BhIHMMaeMOM TOPIIMM OINpEJETIEH METO-
JIOM CTaTUCTUYECKOrO aHaJIM3a pa3MEpOB BKIIFOYE-
HUH TOPOJHBIX YYaCTKOB B PYAHBIE 30HBI, a PYIHBIX
YYacTKOB — B MOPOJHBIE 30HKI. [Ipu 3TOM ycTaHOB-
JICHO, YTO MUHUMAJIbHOE pa3y00KHBaHUE, IPUHSITOE
B KauyeCTBE KPHUTEPHS OLEHKH PE3yJIbTaTUBHOCTH
yIpaBieHHs, JOCTUTAeTCsl IpU POPMUPOBAHUH TPY-
30moTOoKa mopiusMu Maccoil 25 T. Iloatomy s
oTpaboTku ONIypKOBCKOTO amaTUTOBOIO MECTO-
POXIEHHUs] pEeKOMEHAYeTCsl IpUMEHEeHne (pe3epHo-
ro kombOaiina Wirtgen CSM B komruiekce ¢ aBToca-
MOCBaJIaMHU TPY30I0IbEMHOCTBIO 25 T.

Crioco0 KOHTpOJISI Ka4eCTBEHHBIX XapaKTepH-
CTUK KQ)KJIOW IOPLUU PYIHOM MACChI, 3aIPYyKEH-
HOIl B aBTOCaMOCBajbl, pa3paboTaH Ha OCHOBE
HAKOIUICHHOI'O OIBITa KPYNMHONOPLUOHHOH COP-
TUPOBKH PYIHOW MaccChl MU pa3pabOTKE MECTO-
POXKJIEHUI pa3NUYHBIX TOJE3HBIX HCKOMAaeMbIX
[9-11, 14]. 13 pacCMOTPEHHBIX MPOMBIIIICHHBIX
CIIOCO0OB KOHTPOJISI KadecTBa JOOBIBAEMOU py/i-
HOM Maccel (aBTOpagHMOMETpHYecKHil, ¢oTo-
HEWPOHHBIN, HEUPOHHO-aKTUBAIMOHHBIA U Jp.) K
peanuzanuu B ycioBHsIX OIIypKOBCKOTO MECTO-
POXIeHUsT OBIT MPUHAT PEHTTEHOPATHOMETpHYE-
CKHH c110c00, OCHOBaHHBIM Ha U3MEPEHUH MOTOKA
XapaKTepUCTUIECKOTO TraMMa-u3JIydeHHs, HaBe-
JIEHHOTO C TOMOIIBI0 PaJANOMETPUYECKOTO0 KOH-
TPOJILHO-U3MEPUTEIBHOTO KoMIuiekca. Ilpu aTom
OBUIO YUYTEHO, 4YTO OMNpeelieHue COJepKaHus
P,0s BO3MOXHO JUIIb KOCBEHHBIM METOJOM II0
BHIOPAaHHOMY JJIEMEHTY-CIIYTHHKY, KOTOPBIA SB-
JSETCS WHAMKATOPOM IIOJIE3HOI0 KOMIIOHEHTa WU
HaxoJMUTCS ¢ HUM B TECHOM KOpPpEISLNOHHON B3a-
nMocBs3u. VMccnenoBanus, BBITIOJHEHHBIE HA KyC-
KOBOM MaTepuajie, mokaszanu, 4To ais Ourypkos-
CKOIO  MECTOPOXIEHUS TAaKUM  3JIEMEHTOM-
ciyTHUKOM P,Os5 sBISIETCS CTpPOHIMH, TO cojep-

JKaHHIO KOTOPOr'0 BO3MOXHO OIPEAEIUTh COAEP-
JKaHUE TIOJIC3HOTO KOMIIOHEHTa B aHAJIU3UPYEMOH
MOPIIMK TOPHOU MacCHI.

CymHocThs omnpenenenus coaepxanus P,Os c
MOMOIIBI0  PAJUOMETPUUECKOTO  KOHTPOJIBHO-
M3MEPUTENBHOI0 KOMIUIEKCA 3aKJII0YaeTCsl B Clie-
JIYIOIIEM. PaguomeTrpuueckuif  KOHTPOJBHO-
M3MEPUTENbHBIM KOMIUIEKC pa3Mellaercs Ha pa-
IHoMeTpudeckor KoHTpodbHOUW cranmun (PKC),
yepe3 KOTOPYIO IPOMYCKAaeTcsl aBTOCAMOCBAJ C
ropoit maccou. Ilpu ngBHKeHUHM aBTOCaMOCBana
yepe3 PKC noBepxHOCTh pyAHONW Macchl HECKOJIb-
KO pa3 oOpabaTbIBaeTCsl pEHTTEHOBCKUMHU JIydaMu
3aJaHHON MOIIHOCTH C IIOMOIIBIO H3Iy4aroLIero
Omoka kommiekca. BosHuKIIee Moa WX BO3JCH-
CTBHEM B 3JIEMEHTE-CIyTHUKE BTOPHUYHOE Xapak-
TEPUCTHYECKOE H3IyUYECHHE H3MEPSETCS U IO ero
WHTEHCUBHOCTH, C MOMOIIbIO YCTaHOBJIEHHOU 3a-
BHCUMOCTH, PacCUUThIBaOT cojepxxkanue P,0s B
HOpIMK PyAHOH Maccel (pUc. 2). JIas moaydeHust
CTaTUCTHUYECKH JOCTOBEPHBIX 3HAUCHUN Ha M3Me-
psAeMoil MopUMK HEOOXOAMMO BBIMOJHHUTH HE Me-
Hee 30 u3MepeHui.

Hepnocratkom u3mepeHus: colep:kaHuil B Ky30Be
aBTocamocBasioB ¢ nomompio PKC sBrserca n3me-
pEeHHUE COAEpKaHUS TOJBKO B MOBEPXHOCTHOM CIIOE
NOPLUM TOPHOH MAacChl, a Pe3yjibTaTbl M3MEPEHUS
3aTeM pacHpOCTPaHSIOTCS Ha BeCh 00BEM MOPIUH.
[Ipu 5TOM TOCTOBEPHOCTH ONPEAETICHUS COACP KaHuUs
cHIXaeTcs, uTo it OLIypKOBCKOTO MECTOPOKACHHS
HMeEET CyILecTBeHHOe 3HaueHue. [lostomy amst onpe-
nenenust conaepxkanus P,Os Bo BceM o0beMe Mopiuu
pYAHOH Macchbl, 3arpy’KeHHOH B aBTOCaMOCBAJ,
NPEATI0KEHO YCTAHOBUTH PAJANOMETPUIECKUA KOH-
TPOJIbHO-U3MEPUTEIBHBI ~ KOMITJIEKC ~ HENOCpe-
CTBEHHO HaJl pa3rpy304YHBIM KOHBeWepoM (pe3epHo-
ro kombaiina (puc. 3) ua Beicote 500-700 MM OT 1M0-
BEPXHOCTH JABWKYILEHCS TOPHOI MacChl.

Ha kaxnayro mopiuio ropHoi Macchl aejaeTcs
He MeHee 60 u3MepeHuil, 10 KOTOPHIM PacCUUTHI-
BaeTCs CpelHEee COIEpKaHUE B 3arpy>KEHHOU rop-
HOM Macce. B 3aBucMMocTH OT cpemHero cojaep-
JKaHUSl B MOPLUUHU CaMOCBaj IMOJy4aeT aApec pas-
rpy3ku. Tak, eciau cpenHee copepKaHue MOJIE3HO-
ro KOMIIOHEHTa BBIIIE MPOMBIIIJIEHHOTO, TO TOP-
st OyJeT OTrpy’KeHa Ha CKiaJl 00OraTUTEIbHOM
¢$abpuku, CO CpeAHUM COJEp)KaHHEM BhIe OOp-
TOBOTO, HO MEHbIIE MPOMBIIIJIEHHOI0 — Ha Bpe-
MEHHBI CKJaJ ISl TOCIEAYIOMIeTO MpeaBapu-
TeIBHOr0 o0OOoTalleHus, a TOpHasg Macca ¢ COAep-
KaHWeM HIbKe OoproBoro — B otTBan (puc. 4).
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PazpaboraHHble  TEXHOJNOTHA  MOCIOHHO-TIOP-
LIMOHHOM BBIEMKH PYZBl U METOAMKA pPa3/IENeHus 10-
TOKa TOPHOIH Macchl Ha OCHOBE PaJHOMETPHYECKOTO
JKCIIPECC-METO/IA MTO3BOJISET MOBBICUThH IOJIHOTY M3-
BJIEYEHHMS TIOJIE3HOTO NCKOIIAeMOT0 U3 HEIp.

B3aumocBs3u nokaszarenel MOIHOTHI U3BIECUEHUS
T0JIE3HOT0 KOMITOHEHTA U3 HEZIp ¢ TOPHO-TEO0JIOTHYeC-
KHUMH, TEXHOJIOTUYECKUMH U SKOHOMHYECKHMH YCIIO-
BUSIMH JTOOBIYM U IPEIBAPUTENILHON COPTHPOBKU PY-
Ibl C HCIOJIB30BAaHUEM PpaJUOMETPUUYECKOTO METOna
M3MEPEHUI MMOKaKEM C TMOMOIIBI0 YpaBHEHUH MaTe-
puanmsHOro Oananca [15]. Ilpm 3TOM TPHWHATO, YTO
OCBOCHHE MECTOPOXKICHHUS JOJDKHO OBITH MPHOBLIH-
HBIM, T.€. JOJDKHO COOIIOAThCS YCIOBHE

ZUW > 2.C wm Zl[pﬂ -2C >0, 1)
rae Y 1], — cyMMapHas M3BJeKaeMasl LIEHHOCTh I10-
JIE3HBIX KOMIIOHEHTOB U3 | T JOOBITON pyaHON Mac-
Chl C Y4€TOM HeHHOCTeﬁ B IIpUMCIIAHHBIX BMCIIa-
omuX moponax, pyo.; > .Ci — cymMmapHBIe 3aTpaThbl
Ha MOJY4YEHHE TOTOBOW NPOAYKLUUH U3 EIUHHUIIBI
JOOBITON pyAHOI Macchl, pyo.

Paznuna Mexay u3BiekaeMoi LIEHHOCTBIO U3 1
T TOOBITON PYAHOH MacChl U CyMMapHBIMHU 3aTpara-
MU Ha MOJy4YeHHUE | T rOTOBOM MPOIYKUUU SBIAETCA
YAETBHOU MPHOBLTBIO

Pyd =1, —2C, wm q,, =P},(,+ZCi. 2

Onpenenenue pauuoHaIbHON HOJTHOTHI U3BJIEYE-
HUS OalaHCOBBIX 3aI1aCOB MPHU JOOBIYE OCYIIIECTBIIS-
eTcs C HUCIOJIb30BaHUEM LIEHHOCTHOTO TMOJAXOAa, KO-
TOPBII HOOBIYY MOJNE3HBIX MCKOMAEMBIX paccMarpu-
BAaeT Kak IpoLecc B3auMOACHCTBUS LIeHHOCTel B Oa-
JIAHCOBBIX 3aracax, TepseMoW 4YacTh OaraHCOBBIX
3armacoB U MPUMCEHICHHBIX BMCIIAIOMIMX MOpoJax, a
pe3yJIbTaTOM TaKOrO B3aWMOACHCTBHUS SIBISIOTCS
LIEHHOCTH B TOOBITOM pyIHOM Macce.

Jna ompezneneHus miaHUpyeMoro odbema mo-
OblYM B 3aBHCUMOCTH OT BEJIMYMHBI 0aJaHCOBBIX
3aI1acoB MCIOJIb3YyeTCs ypaBHEHHE OanaHca LEHHO-
CTel, M3BIIEKAEMBIX MPU J0OBIUE C MPeBAPUTETb-
HOW COPTUPOBKOH pPagMOMETPUIECKHM METOJI0M

( ’:j) u Oe3 Hee (,ZZPM):

L r
m=B-Kp +B(1-K,,)Kp,; (3)
A, =b(1-K,+K,)=b—-1II+B, (4)

rne b, I, B — COOTBETCTBEHHO KOJIMYECTBO OajiaH-
COBBIX 3aI1acoB, MOTEPh OAJIAHCOBBIX 3aITacOB, MPH-

MEIICHHBIX BMEIIAIOIINUX TTOPO/I; K°P, Ko, K? In_

DKC
COOTBETCTBEHHO KOX(P(UIMEHT HU3BJIEUYEHUS PYJIbI
u3 pyaHoii 30mbI (K77 = 0,85), kosddurmenT pyo-

HocHOCTH (K),,» = 0,68), ko3puuneHT n3pnedeHus

PY/IbI U3 IOPOIHOM 30HbI ( K?'" =0, 20).

PKC
W3BnexaeMasi 4acTh MOJIE3HBIX KOMIIOHCHTOB M3

obmero obdweMa JOOBITON TOPHON Macchl, MPUHO-

csImIas JIOX0Jl, MOXKET OBITh MPEJICTaBICHA B BUJIC

(F-1)-C,+B-C,

a M = 1 (5)
" ﬂp,w
5-C,-1,. -Ci“+B,  -C
apxc = d £ ZKC £ 1 (6)

pm

TI€ Ay, dpyc — COAEPKAHNE TOJNIE3HOTO KOMIOHEHTA
B NOOBITON pyaHON Macce 0Oe3 TpeaBapHUTENbHOM
COPTUPOBKH U C MpUMeHeHneM coptupoBku Ha PKC
cootBercTBeHHO; C; C, — conepKaHue IOJIE3HOTO
KOMITOHCHTa B TIOTEPSHHBIX OallaHCOBBIX 3amacax
pyasl (C; = 4,0%) U mpUMENIEHHBIX BMEIIAOIINX
nopojax mnpu no0esrde pynasl 6e3 NpeaBapUTebHON
coptupoBku (C, = 0,4%) coorBerctBenHo; Cp*,
CP* — conepanue MoJe3HOr0 KOMIIOHEHTA B I1O-

py/bl
(CI‘;’“ = 2,0%) Y TPUMEIICHHBIX BMEIIAIOIINX I10-

TEpSIHHBIX 0aaHCOBBIX 3amacax

ponax mpu A00bIUe PyIbl ¢ MPUMEHEHHUEM COPTH-

poBku Ha PKC (Cf"” = 3,8%) COOTBETCTBEHHO;

11, B, — IOTEPH U NPUMEIINBAHKUE IIPU JOObIYE U
npenBapuTenbHoit coptupoBke Ha PKC.
[Totepu ¥ mpuMeIIMBaHUE PYABI IPU JOOBIYE C

MPUMEHEHUEM  TPEABAPUTEIBHON  COPTHPOBKHU
OTIPEACIISIOTCS IO hOopMyIIam:
m,, =B(1-Kum); (7)
In
B, =B(1-K,,)K.. (8)

B kadecTBe OCHOBHOTO TOKa3aTelsi MOJHOTHI
U3BJICYCHHs] OAJIaHCOBBIX 3aIlacoB NPH J00bIYE HC-
MONIB3YETCS  «KO3(ppuyuenm u3zgneuenus u3 Heop
yeHnocmell», PAaBHBIA OTHOIICHHUIO IEHHOCTH B 1 T
JIOOBITON PyJIHOM MAacChl K IIEHHOCTH 1 T moraiieH-
HBIX OanmaHcoBBIX 3amacoB. Korna m3BecTHBI U 10-
CTaTOYHO HAJIe)KHO ONPEJIEJIEHBI BCE COCTABIISAIOLINE
MoKazaTelld Tpoliecca pa3paboTku (Hampumep, Mo
JIAHHBIM OTIBITHO-TIPOMBINIUIEHHON pa3pa0oTKU WM
MOJIHOM OTpabOTKH NEpBBIX JOOBIYHBIX OJIOKOB)

3HayeHue kodpuimenta K kak pesynbraTa paboT
BeIYHCIIsIETCS 110 (hopmyae [15]

Ru — ﬂ §20 ’ U pm

=SB ©)
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WJIH B yICTHHOU (hopMe

KH = KKOJ .KPM

xau?

(10)

rae K, KP' — kooddunuent konuuecta A00BI-

TOH PyIAHON Macchl U KO3((UIIUEHT U3MEHEHMSI Ka-
YecTBa MOJIE3HOT0 HCKOMAeMOro.

[IpencraBum tierHOCTH B 1 T MOOBITON pymHOM
Maccel ¥ 1 T OalaHCOBBIX 3aMacoB Kak MPOU3BENICHHE
COZIEpKaHus TIOJIE3HOTO KOMIIOHEHTa Ha €ro LEHy.
Torna BeIpakeHUE MOXKET OBITh IPEOOPA30BAHO;

Ku — ﬂ pJ'tLlp,\'t — ﬂ pom apfl't [lU . ’ZI pm : ap.ﬂi .
" Bl Ba, 1], B-a,

0

Takum o6pa3om, B KauecTBE OCHOBHOTO MTOKa3a-
TeNs MOJHOTHI W3BJICUEHUs OaJlaHCOBBIX 3aracoB
IIpU A00bIYE allaTUTOBON PyIIbl MOKET OBITh IPUHAT
kodpduument uzpieuenuss u3 Henp P,Os, paBHBIN
OTHOUICHHUIO €T0 KONMU4YecTBa B 1 T JOOBITON pyqHON
MAacchl K KOIUYecTBY B 1 T OaaHCOBBIX 3aMacoB.

st onpenenenus NOTHOTHI W3BJICUeHUs OanaH-
COBBIX 3allacoB IpU A0ObIYE amaTUTOBOH PYZIbI
O1rypKOBCKOTO MECTOPOXKICHHUSI HCIOJB3YeM Clie-
IYIOIINE TaHHbIE:

— KOd(hOUIMEHT HU3BICUSHHUS PYIbl U3 PYAHON
3oubl K7 =0,85;

— ko3¢ dunment pynonocnoctu K, =0,68;

— K03(UIMEHT U3BJICUEHHS PYAbI U3 TOPOTHON
30HBI MIPU 10OBIYE C IPUMEHEHHEM IpeBapUTEIIh-

HO#t copTupoBku Ha PKC K”'" =0, 20;

PKC

— MOTEepU pyAbl TpH A0ObIME C MPUMEHEHHEM
npezBapuTenbHoii copruposku Ha PKC 17, =0,15%;

— TOTepH pyAbl Ipu A00blMe Oe3 MpUMEHEHHs
npeziBapuTenbHoii copruposkn Ha PKC 17,,=0,12%;

— MpUMEIIMBAaHHE PYAbl IpH J0OBIYE C TPH-
MEHEHHUEM IpeaBapuTeabHOi copTupoBku Ha PKC
B,.. =0,06%);

— NpUMELIMBAHNE BMEINAIOMINX MOPOJ MPU J0-
Oblue 0e3 MpUMEHEHHs TNPEeIBaAPUTEILHONW COpPTH-
poBku Ha PKC B, = 0,25%);

— COZIepXKaHHUe IMOJIE3HOT0 KOMIIOHEHTa B IHOTe-
PSHHBIX OanaHcoBBIX 3amacax pynsl Cs; = 4,0%;

— COZEp)KaHHE I10JIE3HOT0 KOMIIOHEHTa B IpH-
MEIIEHHBIX BMEIIAOIINX MOPOAax MpH J00bIYe py-
nbl 6e3 peaBaputenbHoi coptupoBku C, = 0,4%);

— coJeprKaHUe TOJIE3HOT0 KOMIIOHEHTa B IOTE-

(11)

PSIHHBIX OaaHCOBBIX 3anacax pyasl CH*“ = 2,0%;

— COJIEp)KaHUE TOJE3HOr0 KOMIIOHEHTa B IpH-

MEIICHHBIX BMEMIAIONINX MOPOIaX MpH 100bIue py-

oel ¢ mnpuMmeHeHneM coptupoBkn Ha PKC
Cr = 3,8%.

Otcroma moKazaTeNH COJAEp)KaHUS IOJE3HOTO
KOMIIOHEHTa B JIOOBITON pyAHOI Macce Oe3 mpeaBa-
PUTENBHON COPTUPOBKH M C MPHUMEHEHHUEM COPTH-
poeku Ha PKC paccunrtannsie 1o ¢gopmynam (5) u

10

(6) cocTaBaT: ay, = 3,09%, a,,. =4,32%.
CooTBeTCTBEHHO KO3()(UIIMEHTHl H3BICUCHHS

W3 HEIp amaTHTOBOW PyZAbl: 0e3 mpeaBapUTeTbHOI

coprupoBku K*=0,87%, ¢ nmpuMeHEHHEM COPTHPOB-

ku Ha PKC K7 =1,02%.

3akiIouyenue

[Tony4eHHblEe AaHHBIC TOKA3BIBAIOT, YTO TEXHO-
JIOTHS TIOCIOWHO-TIOPLIMOHHONW BBIEMKH pYyIbl Ha
npumepe  OLIypKOBCKOTO  CJIOKHOCTPYKTYPHOTO
MECTOPOKACHUSI U METOIUKA DPAa3IeJICHUs] IOTOKa
TOPHOM Macchl HA OCHOBE PaJIMOMETPUYECKOTO IKC-
npecc-MeToAa Mo3BOJAT B 1,13 pa3a mOBBICUTH
MIOJIHOTY M3BJICYEHUS IIOJIE3HOTO HCKOIAEMOIo W3
HeAp; CHU3UTH 10 5% ypoBeHb moteps U 10 15%
pa3y0OokuBaHrE TOOBIBAEMOTO CHIPHS; YIYYIIATH
yCIIOBHUS TPyAa paboyunX; CYIIECTBEHHO YMEHBUIUTh
BpEeTHOE BO3JICHCTBHE HA OKPYXKAIOIIYI0 Cpely H
6onee uem Ha 30% COKpaTUTh IKCILTyaTallMOHHBIE
3aTpaThl TOPHOTO NPOU3BOACTBA.

Cnucok nuTeparypbl

1. lUeabennaHg E.E. O noteHumane dpesepHbix komBalHoOB He-
NpepbIBHOTO AECTBUS Npu pa3paboTke MECTOPOXAEHUA OTKPbI-
TbIM criocobom // PaumoHansHoe oceoeHne Hegp. 2014. Ne 1.

2. [pabekuin A.A. CoBpemeHHOe COCTOSHE W NEPCrEKTUBLI pa3Bi-
TUS| KOHCTPYKLMIA KapbepHbIX kombaiHoB // FopHas MpomblLLneH-
HocTb. 2010. No4 (92). C. 60-62.

3. [pabekuin A.A. TexHuyeckast NpOU3BOANTENBHOCTb KapbepHOro
kombaitHa // TopHbIN MH(OPMALMOHHO-aHANUTUYECKU Gronne-
TeHb (Hay4Ho-TexHu4eckui xypHan). 2010. Ne10. C. 206-210.

4. 3aiues I. [1., Yeckuoos B. N. OueHka TEXHOMOTMMYECKUX U TEXHWYE-
CKMX BO3MOXHOCTelt 0bopyoBaHus Anst 6e3s3pbIBHON A06bIMM NO-
nesHbix uckonaembix // TOpHbIA  MHEHOPMALIMOHHO-aHaNMTUYECKA
BronneTeHb (HayYHO-TeXHUYeCKM xypHan). 2006. Ne2. C. 222-227.

5. Bypmuctpos K.B., KomoHtok A.A., Aprumbaes K.P. Bbibop kom-
nnekcos  0BOpyaOBaHMS  ANS  MPOWM3BOACTBA  BbIEMOYHO-
MOrpy304HbIX PAbOT B CTECHEHHBIX YCIIOBUSIX HIKHUX FOPWU3OHTOB
kapbepoB // BecTHUK MarHuTOropckoro rocynapCTBEHHOTO TEXHM-
ueckoro yHusepcuteTa um. I".1. Hocosa. 2010. Ne1 (29). C. 22-25.

6. Muxnep M., Mankesw tO B., Mankesny M. B. TexHonorum Wirtgen
Surface Mining B ropHogoGbiBatoLLeit npombILLneHHocTy // OcHoB-
Hble cpepcTea. 2011, Ne1. C. 58-64.

7. Final report on applicability of surface miner in nongtrai limestone
mine of Lafarge Umiam Mining Pvt. Ltd in Meghalaya, India / Achyuta
Krishna Ghosh, Dr/ Sujit Kumar Mondal, Santosh Kumar Singh, Dr.
Amalendu Sinha : technical information brochures. — Central Institute
of Mining & Fuel Research [Council of Scientific and Industrial Re-
search] Department of Science & Technology, Government of India.
July, 2010. http:/lumpl.com/pdf/surface_miner_report.pdf.

8. Mattis, A. R. ; Cheskidov, V. I. ; Labutin, V. N. Choice of the hard
rock surface mining machinery in Russia // Journal of mining sci-
ence C/C of fiziko-tekhnicheskie problemy razrabotki poleznykh
iskopaemykh. 2012. 48, 2; 329-338.

9.  Epemun A.M. OcobeHHOCTW OLeHKu noTepb Npu Aobblye ¢ uc-
nonb30BaHWEM PaAMOMETPUYECKOI KPYMHOKYCKOBOM W MOPLMOH-
HoI1 copTupoBku. [loknag Ha cemuHape «OnbIT 1 HOBOBBELEHMS
B PacCMOTPEHUN W COTMAcoBaHWM MPOEKTHO-TEXHUYECKON AOKY-
meHTauum B LIKP-TMW PocHepp», 22-23 oktabps 2013 roaa,
Mocksa, ®I'YMN «BMMC». M., 2013.

10. Epemun AM. HaydyHoe 060CHOBaHWE BO3MOXHOCTM NpeaBapu-
TenbHOro oboratyeHuns 30noTocynbMUaHbIX pys W pa3spaboTka
TEXHOMOMW PEHTTEHOPAAMOMETPUYECKO COPTUPOBKM: (Ha Mpu-

Becmuuk MITY um. I'. M. Hocoea. 2016. T. 14. Ne1




Bbi6op napaMmempoe Nocs1oliHo-NOPYLUOHHOI MexXHoIo2uU ...

LlleabennaHd E.E., Cokonoeckuti A.B., Muxnep M.

Mepe MecTopoxdeHus «KoknaTac»): aBToped. AucC. ...
TexH. Hayk. M.: BHUMnpomTtexHonorum, 2010. 32 c.

11. Jlatbiwes B.E. O6ocHoBaHMe u pa3paboTka aheKTUBHBIX TEX-
HOMOMMI COPTUPOBKM SAEPHO-DUNYECKMMU MeTodaMK 30110TO-
cofiepXKallux pyn Ha kapbepax: aBToped. AuC. ... A-pa TEXH.
Hayk. M.: BHUMUnpomTexHonoruu, 2011. 48 c.

12. ®epsHnH C.H. AHanus BNWSHUS acuMMETpUM M3MEpeHui Ha
MOrPeLLHOCTb PaaMoMeTprUYeckoro onpoboBaHus hoctoprUToBbIX
pya B aBTocamocsanax Ha PKC // TopHblit BecTHuk Y3bekncTaHa.
Hay4Ho-TexHWYeckiin 1 Npon3BOACTBEHHBIN XypHan. 2001. Ne 1.

13.  MepHukoB H.H., WemeTos M.A., ®egauud C.H. OcHoBHbIe noso-
XEHUS (DOPMMPOBAHNS TEXHOMOTUYECKNX CXEM M TPY30MOTOKOB
PpyZabl M BCKPBILLM NpK 3KCnAyaTaumn dhocdopnutoBoro kapsepa //
['opHbIi BecTHuk Y3bekuctaHa. HayyHO-TEXHWUYECKWA U MpOW3-
BOACTBEHHbI XypHarn. 2001. Ne 1.

14. WHosemues C.b., Motanos B.A., ®eganun C.H. Pagnometpuye-

KaHa.

DOI:10.18503/1995-2732-2016-14-1-5-12

15.

ckasi copTMpoBKa (hocdhopuToBbIX PyA B aBTocamocsanax // [op-
Hblii BecTHuk Y3bekucTaHa. HayyHO-TEXHUYECKUIA N MPOM3BOA-
CTBEHHbIN XypHan. 2001. Ne 1.

Oununnos C.A. koHOMUYECKas OLieHKa NOCMEACTBUN BO3Ae -
CTBUS HA OKPYKaloLLyH0 MPUPOZHYt0 cpeny Ha Base ypaBHeHMiA
BanaHca LenocTHbIX pecypcoB, B3aMMOZENCTBYIOWNX NPy pas-
paboTke MeCTOPOXAEeHU MomnesHblx uckonaemblx. [loknag Ha
cemuHape «OBOC, akonoruyeckas 3akcnepTuaa M rocypap-
CTBEHHbIW 3KOMOTMYECKUI KOHTPOSb NPpY peanu3aLyui NpoeKkTos
B Heapononb3oBaHuuy. 24-25 asrycta 2011 roga, Mocksa,
Oryn «BUMC». M., 2011.

MegHukoB H.H., Cbitenko B.H. Metoguka pacyeta npoussogm-
TEMbHOCTU POTOPHBIX 3KCKABATOPOB W Ppe3epHbIX kKoMBaHOB Mpu-
MEHWTENBHO K TEXHONOMMYECKMM CxemaM pa3paloTKi BCKPbILLHBIX
nopog ¢ocdoputoBoro kapbepa // FopHbIA BecTHUK Y3bekucTaHa.
Hay4Ho-TexH4eckuit M Npou3BOLCTBEHHBIN XypHan. 2001. Ne 1.

Martepuan noctynun B peaakumo 01.02.16.

INFORMATION ABOUT THE PAPER IN ENGLISH

SELECTION OF PARAMETERS OF A LAYER-BATCH TECHNOLOGY
IN MINING OF COMPLEX-STRUCTURED FIELD DEPOSITS

WITH COLD MILLING COMBINED MACHINES

Schwabenland Elena Yegorovna — Head of Sector, Department of Assessment Methodology of Project Documentation
on Mining of Solid Minerals, ‘VIMS’, Moscow, Russia. Phone: +7(495)950-34-03. E-mail: schwabenland@vims-geo.ru.

Sokolovsky Alexander Valentinovich — D.Sc. (Eng.), Chairman of the Board of Directors of ‘NTC-Geotechnology’
LLC, Chelyabinsk, Russia. Phone: +7(351)265-55-51. E-mail: avs@ustup.ru.

Pichler Mathias — General Director of Wirtgen International GmbH, Stadt Windhagen, Germany. E-mail:
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Abstract. Ensuring minimum losses and dilution of min-
erals is one of the most critical tasks in the mining of com-
plex-structured mineral deposits. It is quite challenging to
comply with such a requirement when employing conven-
tional technology for mining deposits like these together with
preliminary rock loosening with a drill and blast method. In
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JTADODEPEHIIUAJIBHBIN TEPMAYECKA AHAJIN3
I'PAHYJIMPOBAHHOI'O YEPHOBOI'O MEJJTHOI'O
CYJb®UIHOI'O KOHIHEHTPATA 3ABAJTAHCOBOM PY 1bI
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1 TOO «MunOBamY, Kaparanma, Kazaxcran
XUMUKO-MeTamtyprudeckuii MHCTHTYT UM. JK. AOumesa, Kaparanna, Kazaxcran

DOI:10.18503/1995-2732-2016-14-1-12-17

Annomayus. 1ens paboTsl cOCTOsIIA B ONPEEICHHH BO3MOKHOCTH HCTIONB30BAHMUS TETIA XMMUYECKUX PEAKINH MpH
00KHTe HEKOHANIIMOHHBIX MEIHBIX KOHIICHTPATOB.
Metonom muddepeHInaIb-HO-TEPMUYECKOTO aHalu3a MPOBEACHBI UCCIIEOBAHNS OKUCIUTEIHHOTO 00XHra rpa-
HYJIHUPOBAHHOTO YEPHOBOTO MEIHOTO CyIb(HUIHOTO KOHIIEHTpATa. JepuBaTorpaMMbl TpaHysl UMEIOT JBa IPKO BBIpa-
XKEHHBIX TepMuueckux 3 dekra. [TepBoiii, sHHOTEpMHUYECKHI APPEKT, COOTBETCTBYET YAaJCHNIO (PN3NUECKO BiIary.
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BTopoii muk sk30TepMHUUECKUi, 00YCIIOBICHHBIH OKHCICHHEM CYIb(OUIHON MUHEPATHHOW COCTABISIONICH MEIHOTO
KOHIIeHTpaTa. PaccunTana BellMunHa KaXxXyIiecs sHeprun aktuBauu 166,280 x/[x/Mob, KOTOpas CBUIETEIHCTBYET
0 JIMMUTHPOBAHUM MPOIIECCa KMHETHYCCKUM PEKHUMOM CyIb(haTH3alUU CYIbPUIOB Meau. Bennyuna kaxyimencs
SHEPTUU aKTUBAIlMU yHAajcHus Biaru coctaBmia 27,713 k/[)k/MOJIb U COOTBETCTBYET JUMHTHPOBAHHIO IIpoIlecca
BHyTpeHHel nuddysueit.

OIIEHKO! TEIUIOBBIX XapaKTEPUCTHK O0XKHIOBOTO MPOIIECCa YCTAHOBJICHO, YTO MPH COJCPIKAHUN MEIH B CYIIb(MHUIHOM
KOHIIeHTpaTe okoio 10% 3aTpaTsl Teria Ha CYIIKY MOTYT OBITH MPAKTHYECKU MOJTHOCTHIO KOMIIGHCHPOBAHBL, a TIPH CYITb-
(haTu3UpyIOIIeM 00XKHTe TapaHTUPYETCS TIOJTHOE MCIIOJIH30BAHKE TEIUIA XUMHUUCCKUX PEAKIIHMH T TEXHOJIOTUYECKOTO MPO-

I[ecca, 9YTO MOXKET OBITh YUTEHO UL Pa3pabOTKH ONTHMAIBHOTO PEKMMa YIPABICHHS MPOIIECCOM 00XKHTa.
Kniouesvie cnosa: rpanyiibl, 1epUBaTOrpaMMBbl, CKOPOCTh HarpeBaHusl, rpaduueckas 3aBUCHMOCTb.

BBeaenne

B pa6orax [1-3] npoBenena ontumu3anus mpo-
1ecca cynb(arm3upyoomero odxura B Jabopartop-
HOM MIAXTHOM II€YM MAJIOCEPHUCTOIO YEPHOBOIO
MEJHOTO (PIOTOKOHIIEHTaTa C HCHOJIb30BaHUEM
BIMSHUSL Pa3IU4YHBIX (DAKTOPOB Ha IOCIEYIOLIEEe
CEpHOKHCIIOTHOE BhblIIeIaunBanue. [lomumo ormpe-
JeJIAIONIEr0 BIMSHUSA pacxojia BO3AyXa HE MeHee
BaXHBIM  SIBJSICTCS.  HENOMYIICHHE  CIEKaHUs
Mmarepuaia, Kotropoe mpoucxoaut Boime 650°C [4].

OnmHUM W3 METONOB HCCIEJOBaHUS IPOIIECCOB,
MOCIIC/IOBATENIFHO TIPOTEKAIONIMX TIPH  TIOBBIIICHUN
TeMIepaTyphl, HOMYUMBIINX [IUPOKOE PaCIPOCTpaHe-
HHE, SIBJISIETCS. METOJ] TEPMUUECKOI0 aHAIN3A.

Jns u3ydeHHs: MpPOLECCOB, MPOTEKAOMINX TpH
HarpeBe 4YepHOBOI'O MEIHOTO KOHLEHTpaTa, Heo0Xo-
VMO 3HaHWE KWHETHYECKUX IapaMeTpPOB, B YACTHO-
CTH 3HAYECHUM KKYILEHUCS SHEPTUN aKTUBALVH.

MarepuaJjibl 4 pe3yJbTaThl HCCIEI0BAHMI

[IpoBenen muddepeHnransHO-TepMIYeCKHi aHa-
T3 TpaHyJl YepHOBOTO MEIHOTO KOHIIEHTpara C WC-
nons3oBanneM JepuBarorpada Derivatograf Q-1000
bupmbr «MOM» cuctemsr F. Paulik, J. Paulik,
L. Erdey.

KoHneHTpaT okaThiBaid B TpaHYISTOpE, HMe-
foieM vamy auamerpom 0,4 M ¢ mojadeld pa3opbi3-
TUBaHHEM TEXHUYECKOH Bombl. CrenuaibHOro CBS-
3YIOIIETO (JIMTHOCYIH(OHATOB) HE MOOABISIIHA JIS
BBISIBJICHUS KMHETHYECKHX MapaMeTpOB 0O€3 BIIHs-
HUS TOPMO3SINUX TIPOIIECC OKUCIICHHUS BEIIECTB, K
TOMY ke roprounx. Opakiuu rpanyn He0OX0IUMO-
ro pa3Mepa OTceMBajiuM Ha cutax. Mcciepyemsiii
KOHIICHTPAT, MOJY4YCHHBIH ITyTeM repepadoTku (Me-
ToIoM (prroTanum) 3abanaHCOBON MEIHOW CYIbPUI-
HOWl pynbl JKeskasranckoro mecropoxnenus (Ka-
paranauHcKas o0jacTh, Kasaxcran), ¢ coaep:kaHu-
eM kiacca 74 MM 70,4% uMen HACBHITHYIO Maccy
1,33 r/em®.  Xumuueckuii  cocTas KOHILIEHTpaTa
mpeacTaBiieH B Tabn. 1. Ma3oBelil 1 MUHEPATBHBIH
COCTaBbI YUEPHOBOI'O KOHIIEHTpaTa — B Tabn. 2, 3.

Tabnuua 1
CopepxaHue 0OCHOBHbIX KOMMOHEHTOB
B YePHOBOM KOHLEHTpaTe

KomnoHeHTbl | ComepxaHue, % | KomnoHeHTsl | CopepxaHue, %

Cu 4,73 Si02 60,68

Ag, it 87,2 Zn 0,75
Fe 5,46 K20 1,20
Mg 1,16 Al203 8,64
S 2,97 Ti 0,4

Naz0 1,63 Pb 0,548

Tabnuua 2

PesynbTathbl hazoBoro aHanusa 4epHOBOrO KOHLIEHTpaTa
Ha coaepxaHue hopm meau, %

KomnoHeHTbI abe. OTH.
Cynbdarbl <0,2(<0,01)
Kap6oHatbl <0,2(0,09) 2,3
Oxewnapl, cunukaTbl <0,2
BTopuuHbIX cynbduaos 41 86,68
(koBENNUH, XanbKo3unH, BOpHUT)
Xanbkonmput 0,63 13,32
CymmapHo 4,73 100,0
Tabnuvua 3
MuHepanbHbIN cocTaB CynbGUAHOrO KOHLEHTpaTa, %
CuFeS: CusFeSs Cu2S
(xanbkonupuT) (60pHUT) (xanbko3uH)
1,87 1,58 3,70

Jist uccineqoBaHui MCIMOMBb30BAIM OKATHIINA —
2+3 MM ¢ BiaxHOCThIO 8%. HaBecky rpanyn cpen-
Hel Maccoil 1437 mr momemand B KBapLEBYIO
SYEHKy C OTBEPCTUSAMH JUIsI CBOOOJHOTO HETPUHY-
JTUTENBHOTO TPOXOXKACHHUS BO3JyXa, CKOPOCTh
HarpeBaHus u3MeHsu oT 5 110 20°C/MuH.

JepuBarorpaMmbl 9Y€pHOBOTO METHOTO KOHIIEH-
TpaTra UMEIOT JBa SIPKO BBIPAKEHHBIX TEPMUYECKHX

s dekra (puc. 1).

www.vestnik.magtu.ru
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1500

1405 wr

1370

Puc. 1. lepuBaTtorpammbl rpaHyn (+2-3 MM) 4epHOBOIO KOHLiEHTpaTa
npu ckopocTu HarpeBaHus 5 (a), 10 (6) u 20 (B) rpaa/MuH

[lepBorit, sHMOTEpMUYECKHH SPQPEKT, COOTBET-
CTBYET YAAICHHIO (U3MYECKOH BIAru, 4ro COIpPO-
BOXKJIAETCS YMEHBIIIEHHEM Macchl HaBecku. I[lpum
NanbHeleM HarpeBe HaOmIogaeTcs BTOPOH IHK,
9K30TEPMHUYECKUH, OOYCIIOBICHHBI OKHCIEHHEM
Cynb(GUIHON MUHEPAIBEHON COCTABISIOLICH MEAHOTO
KOHIIEHTpaTa C 3HAYUTENIbHBIM YBEJTMUYEHUEM MacChl
HaBecku. [Ipu ckopocTH HarpeBaHUsl 5 Tpaj/MHUH
TeMIiepaTypa NHKa dK30TepMuueckoro 3ddexra
coctasuiu 470°C, npu 10 rpag/mun — 490°C, npu
20 rpan/mun — 510°C.

[lonyueHnHnsle MaHHBIE OBUIM HCIOJIB30BAHBI

JUI OTIPE/ICNICHNS] PHEPTHH aKTHUBAIMU TpoIlecca
no metony [5]

1 R
—=A—-—Ins, 1
T E ¢ @)

m

rae Ty, — TemMneparypa makcumyma, K; 4 — KOHCTaH-
Ta, K R — rasosas nocrostaHasi, Jx/(mons “K); E —
SHEprusi aKTUBAIMU Iporecca, JK/Moib, 6 — CKO-
pocTtb HarpeBanus, K/c.

Pe3ynbTaThl pacdyera MpuBeICHLI B TabNn. 4.

Becmuuk MITY um. I'. M. Hocoea. 2016. T. 14. Ne1
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Tabnuua 4
WcxoaHble AaHHbIe ANs pacyeTa 3HEPru akTUBaLMK
Ha ocHoBe hopmynbi (1) Ans ak303hdekTa cynbaTmsaumm

8

Tabnuua 5
WcxopHble AaHHbIe NO CyLKe FrpaHyn Ans pacyera
3HepruM aKTUBaLMM Ha ocHoBe opmynbli (1)
Ana a3HpoaddekTa ucnapeHus Bnaru

° 1

Tmax, °C | 1T max, K >l Ko Ine T.°C 1T, K- S 6 i Ine
470 1,346-10- 5 0,08333 | -2,4849 100 2,681-10-3 5 0,08333 | -2,4849
490 1,311-10-3 10 0,1666 -1,7917 120 2,545-10-3 10 0,1666 -1,7917
510 1,277-10-3 20 0,3333 -1,0986 170 2,257-10-3 20 0,3333 -1,0986

[TocTpoenne STHX JaHHBIX B KoopAauHATAX 1/T ax—

INg MO3BOJIIIO BBIABUTH WX JIMHEWHOE PaCIIONIOkKe- 103/TT'K_1

Hue (pUC. 2) U BO3MOXKHOCTh 00pabOTKY Ha ypaBHE- T

HUE TPSIMOW METOJOM HAWMEHBIIMX KBaJAPAaTOB, 25 //ﬁ

npu y=UT na, x=Ine, ¢c=4, a=-R/E. 3naunmocTts 2r

YACTHBIX 3aBUCUMOCTEH OMpeaeIsuid 1Mo K03 u- L5 F

LHUEHTY HEJIMHEHHOW MHOXECTBEHHOW KOppens- Lr

nnu R u ero 3HaunmMoctu [6, 7] tgr, KoTOpas cocra- 05 1

Buia R = 0,9999. 0 T - - T - 1 -Ine (K/c)

10%/T, K
1.36

1,
1.3

1,
1.28
1.26 —y
0 -05 -1

Puc. 2. llnneapusoBaHHas 3aBUCUMOCTb
no ¢opmyne (1): T — TemnepaTypa MakCUMyMa;
8 — CKOPOCTb HarpeBaHUsA HaBeCKK

[#3]
=
T

12
T

[#3]
T

' -Ine (K/c)

-5 -2 25 -

)

IIpn 3TOM mnoJiydyeHa BEJIHYMHA KaXyllehcs
sHepruu aktuBanuu E = 166280 J[x/moip =
= 166,280 x]l>x/M01b, KOTOpas CBUACTEIHCTBYET
0 JTUMHUTHPOBAHUHU IpoOllecca KUHETHUYECKHM pe-
KUMOM Cyib(paTuzanuu cyibQUIOB MEAHM U B
olmieM cilydae ompenensieTcsl 3Heprueil paspriBa
xumuueckux cssazeit [8]. Oxucnenue rpanya CuS,
B COCTaBe rpaHyJl MaJoro pazMepa NMpOTEKaeT B
KHHETHYECKON 00JIacTH, T.K. BEIIECTBO I'PaHYJIbI B
3TOM cllydae HE OKa3blBaeT CYIIECTBEHHOI'O IH (-
¢y3uonHoro comnpotusienus. [Ipomecc ompene-
JIAeTCsl CKOPOCThIO XMUMHYECKOW peakuuu (ocy-
LIECTBIISIETCS. KHHETHUECKUI PEXKUM).

[Tockonpky ynaneHue Biard MU B TEXHOJOTHYE-
CKOM TIpoIiecce OO0KHra MEeAHBIX KOHIIEHTPATOB
MPEIIIECTBYET BO3TOPAHHIO IPaHyIl, IeJIecoo0pa3Ho
obpabotare nanueie ATA u mo sHIOTEPMUYECKOMY
addexry. PesynbraThl 370 00pabOTKH MpeacTaB-
JIeHsI B Tabn. 5 u Ha puc. 3.

www.vestnik.magtu.ru

0 -0.5 -1 -L.5 -2 -2.5 -

3]

Puc. 3. JlnHeapnsoBaHHasa 3aBUCMMOCTb
no ¢opmyne (1): Tm — 3KkCTPEManbHaA TemnepaTypa
3HAoa(pekTa; 8 — CKOPOCTL HarpeBaHMA HaBECKU

OGpaboTka JaHHBIX Tabn. 5 MeToaOoM HaWMEHb-
IIMX KBAJPaTOB IO3BOJIMJIA IMONYYHUThH MPSIMOJIUHEH-
HYIO 3aBHCHMOCTb C KO(P(QUIMEHTOM HeIWHEHHON
MHOXKECTBEHHOM Koppessinuu R = 0,9589, tg = 12,0 >
> 2. IloaTtoMy ee MOXHO KCIHOJIb30BaTh AJIs OIpene-
JICHWs1 BETMYMHBI SHEPTUM aKTHBALUK BJIArH, KOTOpast
coctaBuna £ = 27713 Jlx/moas = 27,713 xJIx/MOJb.
OTa BENMYMHA COOTBETCTBYET JIMMHUTHPOBAHHUIO TPO-
riecca BHyTpeHHe! auddy3uelt, 4To B JTaHHOM ciTydae
COOTBETCTBYET CONPOTHBIICHUIO MpoLecca yaajleHHs
BJIATH U3 TpaHyi ¢ GopMUpOBaHHEM BHYTPEHHEH TO-
pHCTOI CTPYKTYyphl. briaronaps atomy u obecrieunBa-
€TCsl MOCIIEAYIOIMINA KUHETUUYECKUA PEKUM OKHUCITHU-
TEeNIBHOH CYNb(haTH3aMN MEJIKMX TPaHyJI.

IToMHUMO 3TOTO MOXKHO OLICHUTH M TEIUIOBBIE Xa-
PaKTEPUCTUKH OOKUTOBOTO Ipoliecca METOJIOM
CpaBHEHHS TUTOMIA/IeH MUKOB JJIsi M3BECTHOTO M He-
U3BECTHBIX TEIIOBBIX 3 dekToB [9]. [Tockonbky Ha
IuarpaMHoOM Oymare HaHEceHa COTKa, oOpasyroias
KBaJpaThl JIOCTATOYHO MaJjioro pasMepa, IUIOMAab
MMUKOB MOET OBbITh BBIYHMCIICHA 1O CyMMeE KBajpa-
THUKOB, BMECTUBIINXCS B TUIONIA/(b MTHKA.

Tak, ans sHR03(]dexTa YucIo TaKUX KBaJIpaToB
cocrasuio 270, a mis sk303¢ddexra — 123. Coot-
HOIIIEHUE ATUX CYMM JUIS 9K30- ¥ 3HA03(eKTa Cco-
craBuno k=123/270 = 0,456. Dra BenwumMHa, C OJ-
HOW CTOPOHBI, XapaKTepU3yeT SHEPreTU4YecKoe OT-
nnure 3Tux 3()(eKToB, a ¢ Ipyro — co3maer BO3-
MOKHOCTb ONPEAETHUTh yIeIbHOE KOJINYECTBO BbI-
JIETSIONIETOCs TeIla XUMUIECKUX Peakiuii, Ipuxo-
JiSIIIeecsl Ha EIMHUILY Macchl MeAu. JTO TO3BOJIUT
OLICHUTh M CTENEHb aBTOI€HHOCTU IIpolecca O0XKura.
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Terutora ncnapenust Boasl paBHa 40,657 kJx/Moib
[10], umm 2,259 xLx/r. [lpu cHATHH TepMoOTpaMm-
MBI CO CKOpOCThiO 10 rpam/MUH HCIIOJIB30BAIIACH
HaBecka rpanyn 1,35 r ¢ cogepkanuem Biaru 8%,
unu 0,108 v H,0. Otcrona temnoBoit 3pdexrt uc-
MapeHus BOABI Ha TEPMOTPAMME COOTBETCTBYET
Benuuuue 2,259 - 0,108 = 0,244 x/)/HaBecka. I1o
COOTHOMIIEHUIO TUIOMIaZed MUKOB ISl 9K30- U JH-
TOoTepMUIEeCKUX dS(HPEKTOB HAXOIUM BEITUIHHY
TemwioBoro 3¢ @dexra, OTHOCSIIYIOCS K OKHUCIHU-
TENBHOW Cynb(aTu3allid HABECKH H PaBHYIO
0,244 x]I>x/HaBecka - 0,456 = 0,111 x/[>x/HaBecka.

B mepecdere Ha conmepkaHMe MeIUW B HaBECKe
4,73% teruoBoit 3ddexr cocrasut 0,111/0,0473 =
= 2,35 x/x/r Cu. DTOoT mokasareib MOXET OBITH
WCIIOJIb30BaH B TEXHOJIIOTUYECKUX IIEIISX C COOTBET-
CTBYIOIIMM TICPECUCTOM Ha TOHHY ME/H B KOHIICH-
tpare 2,35 -10° kx/t Cu.

[onydeHHbIe NaHHBIC TO3BOJIIOT YTBEPXKIATh,
YT0 B TpolEecce Cy/Ib()aTH3UPYIOMIETO O0XHra WC-
MOJTF30BAHHOTO YEPHOBOTO KOHIIEHTPATa BBIICIISIIO-
Ieecsl TEII0 XMMHUYECKHX PEeaKIuil Cylb(paTu3anin
MOYKET TPUMEPHO HAIOJIOBUHY KOMIIEHCHPOBATh 3a-
TpaThl HA yJAJICHUE BJard. JTO 3aBUCHT OT COJEpKa-
HUSI CYJIb(UIOB, U 3Ta KOMIICHCALIUS MOXKET YBEIHYH-
BaThCSl TPOMOPIIMOHATIBHO COACPKAHUIO MEIH TpH
CpemHel BIaXHOCTH TPaHYJIMPOBAHHOTO Marepuaia
Ha ypoBHe 8% (Tabn. 6).

Tabnuua 6
KonuyecTtBo Bbigensiowerocs npu cynbgarusaumm Tenna
B pac4yeTe Ha TOHHY MeAun B 3aBUCMMOCTHU
OT coaepxaHua Meau B KOHLEHTpaTe

CopepxaHvie Meawm,
%

473 5 |6 | 7 |89 [10]11]12

BblgeneHue Tenna,

108 KT Cu 2,35|2,48|2,98|3,483,98|4,47|4,97| 5,46 |5,96

CTeneHb KOMneH-
cauum saTpart
Tenna Ha cyLky, %

45,6(48,2(57,8/67,5|77,1|86,8(96,4| 106 | 116

Takum o6Opazom, TpHU COAepKaHUM MeIu B
cynbuaHoM KoHueHTpare okosno 10% 3aTpaTsl
TEIUIa Ha CYIIKY MOTYT OBITh MPAaKTUYECKH IHOJIHO-
CTBIO KOMIICHCHPOBAHEI, a B 00II[eM cllydae repepa-
0O0TKa YEpHOBBIX MEIHBIX KOHIIEHTPATOB C OIlepa-
nuei cynb(aTH3UPYIOUIET0 OO0KUra rapaHTUPyeT
MOJTHOE HCIOJIB30BAaHUE TeIla XMMHUYECKUX peak-
LU A7 TEXHOJIOTHYECKOro Tpolecca (He TpedyeT-
Cs1 OTBOJI U30BITOYHOTO TEIIA).

BriBoabI

1. Meronom aud¢epeHInanbHO-TEPMUUECKOTO
aHanM3a IMPOBEICHBI MCCIEIOBAHMS TPaHyJ YepHO-
BOTO MEJHOTO CYJIb(UIHOrO KOHIEHTpATa KPYITHO-

CTBI0O —2+3 MM C BI@XHOCTBbIO 8% TNpU CKOPOCTH
HarpeBaHus oT 5 10 20°C/MuH.

2. JlepuBaTtorpaMmsl rpaHyi YEpHOBOIO MEIHOTO
CYNIB(HIHOTO KOHIIEHTpaTa MUMEIOT JBa SPKO BBIpa-
JKeHHBIX Tepmudecknx 3¢d¢exra. [lepBolid, 3HmOTED-
Mudeckuilt d(h(eKT, COOTBETCTBYET yHaleHUI0 (PH3u-
YECKOH BJArd, YTO CONPOBOXKIAETCS YMEHbIICHUEM
Macchl HaBecKd MpoObl. BTopoil muk 3k30TepMuye-
CKHH, 00YCIOBJICHHBI OKHUCIICHUEM CYIbGHIHONW MU-
HEpaJILHOW COCTaBJISIFOIIEH MEHOrO KOHIIEHTpATA.

3. Iomyuena BenW4rHA KaXKyIIEHCs] SHEPTUU aK-
tuBaru 166,280 kJk/MOib, KoTopas CBHICTEIb-
CTBYeT O JIMMHUTHUPOBAaHWH TPOIeCca KUHETHYSCKHM
peXUMOM Cynb(aTH3alvu CylbQuaoB meau. Bemu-
YMHA Ka)Xylleics 3HEpruM akTUBALMK BJIAard COCTa-
Buia 27,713 xJx/Momb, KOTOpasi COOTBETCTBYET JIH-
MUTHPOBAHHIO TIpoliecca BHyTpeHHeH nuddy3ueii.

4. IIpoBeneHa OleHKa TETJIOBBIX XapaKTEPUCTHK
00XMI'OBOT0 TPOLIECCa METOJOM CPaBHEHUS IUIO-
mafeil MHKOB TEIUIOBBIX 3(PQEKTOB. Y CTAaHOBJIEHO,
YTO TPU COJECPKaHUHM MEIH B CYIb()UIHOM KOHIICH-
Tpare okono 10% 3aTpaThl TeIia Ha CYIIKY MOTYT
OBITh MPAKTUYECKU ITOJTHOCTHIO KOMIICHCUPOBAHBI, a
B 00meM ciydae mepepaboTka YepHOBBIX METHBIX
KOHIIEHTPATOB C omepanueil cynbhaTHU3HPYIOLIEro
00Hra rapaHTHPYET OJHOE HCIOJIb30BaHUE TeIlia
XMMUYECKUX PEaKkIHid Ui TEXHOJIOTHYECKOTro Mpo-
recca (He TpedyeTcst OTBOJ H30BITOYHOTO TEILIa).
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Abstract. The purpose of this work was to deter-
mine the possibility of using chemical reaction heat
when roasting substandard copper concentrates.

Dead roasting of rough pellets of copper sulphide con-
centrate has been studied through differential thermal anal-
ysis. The thermograms of the pellets have two distinct
thermal effects. The first effect — endothermic — corre-
sponds to the physical removal of moisture. The second
peak — exothermic — is due to oxidation of the sulfide min-
eral component of copper concentrate. We have obtained
the apparent activation energy value of 166.280 kJ-mol
which indicates limitation of the process by kinetic copper
sulfide sulphatisation. The apparent activation energy val-
ue was moisture 27.713 kJ-mol. The value corresponds to
limitation of the internal diffusion process.

With evaluation of the thermal performance of the cal-
cined process, it has been established that drying heat losses
can be almost completely compensated when the copper con-
tent in sulfidic concentrate amounts to about 10%, while sul-
phatizing roasting ensures the complete use of chemical reac-
tion heat for the process, which can be considered at develop-
ing an optimal roasting control condition.

Keywords: Pellets, derivatograms, heating rate, char-
acteristic curve.
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TEXHOMEHHbIX OEPA30BAHWWA 1 OTXO/08B

VK 622.765:542.65 DOI:10.18503/1995-2732-2016-14-1-18-26

YIAAJIEHUE TAHAKEJBIX METAJJIOB
N3 PACTBOPOB METOAOM NOHHOHU ®JIOTAIIUA

Mensuuk H.JL', Tycyn6aes H.K.?, Bapnamosa U.A.", T'upesas X 5., Kamyruna H.JL*

! MarauToropckuii rocy1apcTBeHHbIN TexHnueckuil yauusepeutet uM. I.1. HocoBa, Maruuroropck, Poccust
2 A0 «eHTp Hayk o 3emiie, METAJUTYpTHUH U oOoramieHus», AnMarel, Kazaxcran

Annomauus. B crathe nipuBesieH 0030p MOCIEIHNX HAYYHBIX UCCIICTOBAHUN B 00ACTH M3BICUYCHUS TsI-
JKEJIBIX METAJUIOB U3 PaCTBOPOB METOJI0OM HOHHOU (hIIOTAIIHH.

HGJ'IBIO BBIIIOJTHCHHOI'O HMCCIICAOBAHUS SABJIACTCA aHAJIN3 COBPEMCHHBIX TeH,Z[eHL[I/Iﬁ B pa3BUTUU TCOPHUH U IMPAKTHUKH
HOHHOﬁ (I)J'IOTaHI/II/I KaK OCHOBBI YUCTBIX TCXHOJ'IOFI/Iﬁ Hepepa6OTKI/I TEXHOT'CHHBIX BO. OHpe)leHeHbI OCHOBHBIC TCHACHIINU B
Pa3BUTHH METOJa MOHHOM (hI0TaIMK MPUMEHUTEIBHO K TEXHOTCHHBIM PACTBOPaM: MOIOOP YCIOBHUM, MOBBIIAIOIINX (-
q)eKTI/IBHOCTI) npouecca J10 MAaKCUMAJIbHO BO3MOXKHOI'O HU3BJICYUCHHSA MCTAJLIIOB, MI/IHI/IMaJ'IbHI:Jﬁ pacxo;l peaFeHTOB C BO3-
MOJXHOCTBIO UX pETreHEpalluu U MOJTYYCHHUCM MAaKCUMAJIbHO OIII/ILI.IGHHOfl BOJBI, OLICHKA CBOWCTB peareHTOB-co61/IpaTenel71,
CTPYKTYPBI O6p33yIOH.lI/IXC$I KOMIUICKCOB «MCTAJUI-pCarcHT», MCXaHnu3Ma KOMHJ’IGKCOO6paSOBaHI/I$[; CHUHTC3 U MOJCIMPOBaA-
HUE 3(1)(1)CKTI/IBHLIX peal"eHTOB-CO6PIpaTeJ'IeI>i, 0COOEHHO ¢ MNPUMCHCHHUCM TICPCIICKTUBHBIX KBAHTOBO-XUMHWYCCKUX METO/OB.
OTMe‘IeHO, 4TO B KBAHTOBOUM XUMHUU CI)HOTOpeaFeHTOB B HACTOAIICC BpEMs IIMPOKOC MMPUMEHCHUC HAXOAT PACUCThl MOJIC-
KYJSIPHBIX 3JICKTPUYCCKHX MOMECHTOB, MOJIIPU3YEMOCTEH, CTEIICHU TIepeHOca 3apsifia, a0COIFOTHOM KECTKOCTH, XMMUUECKO-
ro noteHimana 1o [upcony u Ilappy, sHeprun KOMILIIEKCOOOpa30BaHUs, KOJTAYECTBA BHYTPHUMOJICKYIISPHBIX BOJTOPOIHBIX
CBH3eﬁ, ONPEACIIAIOINEC BO3SMOKHOCTh IIPUMCHCHHUS PEArcHTOB B MpoHeccax q)J'IOTaHI/II/I Ha OCHOBC HaI/I6OJ'Iee OHCPreTuic-
CKH BBI'OAHBIX U KOHCI)OpMaLII/IOHHO YCTOﬁQHBLIX H3BJICKACMbIX CTPYKTYP. PaSpa60TaHBI TCOPETUICCKUC OCHOBBI MOACIIN-
POBaHUA HpOCTpaHCTBCHHOﬁ CTPYKTYPbI U MAJIbIX, U KPYIHBIX MOJICKYJI, @ TAKIKC ITOCTPOCHUSL 3aBUCUMOCTEN UX aKTUBHO-
CTH OT HpOCTpaHCTBeHHOI\/'I CTPYKTYPHI. VY CTaHOBIIEHO COOTHOILIEHUE OKCIICPUMCHTAJIbHBIX JAaHHBIX C PC3YJIbTATAMU KBAHTO-
BO-XUMHYCCKUX PACUETOB. PCSyJ'IBTaTbI (I)J'IOTaL[I/IOHHLIX OIIBITOB NOATBEPANIIN IPEUMYIICCTBA PEAIrCHTOB, HOZ[O6paHHI>IX Ha
OCHOBAHUU KBAHTOBO-XUMHNYCCKHUX paC‘-IeTOB. HpOBeZ[eHI/Ie HUHTCHCUBHBIX I/ICCJ'Ie}IOBaHI/Iﬁ B COOTBETCTBUHU C BI)IHIeyKaSaH-
HBIMH TPEHAAMH NIPHUBEJIO K TOMY, YTO B HACTOsAIIEe BpEeMs HAa OCHOBE METO/A MOHHOM (IIOTAINK CO3Ar0TCs (haKTHUECKH
9KOJIOTHYCCKHU YUCTHIC TCXHOJIOTUN Hepepa6OTKI/I TEXHOTCHHBIX BO/.

Knioueevie cnoesa: tsxeinie MCTaJlJIbl, TCXHOI'CHHBIC BOJbI, MOHHAas (bHOTaL[I/IH, pGaFGHTBI-CO6I/IpaTeJ'II/I, KBaHTOBO-
XUMHWYECKUE METOIbI.
paboTKa, MOHHBIH OOMEH, OCaXKICHHE, pa3lCiCHUC
METOJIaMU  aJICOPOIIMH, SKCTPAKIUH, YIbTpadHIb-
tpammu [13, 15, 17, 22, 23, 33, 35, 43, 45, 46].

Bce Gonee 3HAaUMMBIME 711 YAQJICHUS TSHKEITBIX

BBenenne

3arpsisHEHHE OKPY’KaroIe cpebl, TTIaBHBIM 00-
pa3oM BOJHBIX CHCTEM, SBJISIETCS OJHOM M3 CaMbIX

3HAQYUMBIX 9JKOJIOTHYECKUX TIPOOJEeM HACTOSIIETO
BpEMEHH. MHOIOUYHMCIEHHBIE MOTOKH TEXHOTEHHBIX
BOJI COJIEpXKAT TSDKEIbIE METalIbl, KOTOPBIE COoUYeTa-
IOT BBICOKYIO TOKCHYHOCTh C YCTOWYHBOCTHIO B
OKpyJKaromen cpene. Bor moyeMy yzpaneHue Tsoke-
JIBIX METAUIOB M3 PA3IUYHBIX THUIIOB IMPOMBIIIICH-
HBIX BOJl SIBIISIETCS aKTyaJbHOM 3afjadei, 4To MOoJ-
TBEP’KAAI0OT MHOTOYHCIIEHHBIE MCCIEOBAHMUS B 3TON
obyiacTH, BBHIIOJHSAEMBIE B MocieAHee Bpems. Jlms
pa3zierneHus U yAaaJeHus TSHKETIbIX METaJIOB Tpe/a-
raroTCs TaKWe METO/BI, KaK AIIEKTPOXUMHYECKas 00-

© Mensauk H.JIL, Tycynoaes H.K., BapnamoBa M.A., I'mpeBas X. 4.,
Kanyruna H.JI., 2016

METAIIOB M3 TEXHOTEHHBIX BOJI CTAHOBSITCS aJIcOpO-
LMOHHBIE MeTonsl pazfeneHus. Kiaccudukanms
3THX METOJIOB IIpHBeicHa B pabote [9]. ABTOpHI 0co-
00 BBLICIAIOT JIBE KATETOPHUH METOJIOB, MCIOIB3YIO-
mMX aJcopOIHI0 Ha Ta30BBIX My3bIPbKax: pasjelie-
HHE C OT/CIICHUEM IICHbI U OECIIEHHOE pa3JIesiCHuE.

B mocnennue roapl pe3ko BO3POCIO YHCIO padoT
B 00yacTé Takoro OECTIeHHOTo croco0a HM3BIEYEHUS
TSDKENBIX METAJUIOB M3 TEXHOTE€HHBIX PAacTBOPOB, Kak
noHHas (roranms. HecoMHEHHBIMH MpeUMYyLIECTBA-
MH MOHHOH (pIIOTaIyu SBISIFOTCS: MPOCcToTa U 3 pek-
TUBHOCTb, HH3KHE OJHEpreTHdecKue MOoTpeOHOCTH,
HHU3Kasi OCTaTOYHas KOHIEHTpAIWs METAJUIOB, BBICO-

Becmuuk MITY um. I. N. Hocoea. 2016. T. 14. Ne1
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Kasi CKOPOCTh Mpoliecca, HeOONbIINE pa3Mephl ara-
paroB, THOKOCTh B IPUMEHEHHH METO/A K Pa3INIHBIM
MeTaUIlaM Ha Pa3IMYHBIX YPOBHSX, MPOU3BOICTBO
HeOobIoro o0bema ocazaka [9, 14, 19].

Ienbi0 BBIIOIHEHHOIO HCCIEIOBAHUS SIBJISIETCS
aHaJIN3 COBPEMEHHBIX TEHICHIUM B Pa3sBHUTHH TEO-
UMK M MIPAKTUKX HOHHOU (PIOTAIINM KaK OCHOBBI YH-
CTBIX TEXHOJIOTHI TTepepabOTKH TEXHOTCHHBIX BOI.

Teopusi 1 METOABI HCCIIETOBAHUSA

[Iponiecc noHHOH (IOTALUK 3aBHCUT OT MHOTHX
(hM3UIEeCKUX M XUMHUYECKHX (DAKTOPOB, TAKMX Kak
THIT ¥ KOHIIGHTpAITUs TIEHOOOpa3oBaTelsa U codbnupa-
Tens, Bpems (IuoTaluy, HOHHas cujia oOopabaThiBa-
€MBIX PacTBOPOB W IMPHUPOAA HOHOB HM3BIEKAEMBIX
MeTauioB. [lockonbKy 3TH (akTOphl B3aMMOCBSI3a-
HBI, KOHTPOJIMPYS MpOoILecC UOHHOH (IoTauuu, I0-
BOJILHO TPYJHO HAWTH UX ONTHMAaJIbHOE COOTHOIIIE-
Hue. Bor nmoueMy Ba)KHOH TE€HIAEHUUEH B UCCIENO-
BaHUSAX II0 HOHHOW (prmoTanmuu SBISIETCS MOI00P
yCJIOBUH, TOBBIIAIIUX 3()(HEKTUBHOCTH MPOBEIe-
HUS Tpolecca 10 MakCHMAalbHO BO3MOXHOIO H3-
BJICYCHHUS METAJIOB, C MHHHMAJIBHBIM PacxoIoM
peareHToB, MOJMYYEHHWEM BOJBI, OYHMIIEHHOH 10
HOPM JUIs1 PI0OX03SIHCTBEHHBIX BOAOEMOB.

Tak, B paborax b.C. KcenodonToBa ¢ coaBTopaMu
[16, 26, 27] paccMOTpEHBI BOIPOCHI MOJACITHPOBAHUS
(JIOTAlIIOHHON OYUCTKHM CTOYHBIX BOJ OT HMOHOB Me-
TaJUIOB U B3BEIICHHBIX BEIIECTB C TUAPOPOOHOH H
ruapodusHO-THAPooOHOH — moBepxHOCTHIO.  [lo-
JPpOOHO ONMCaHBl M PACCUUTAHBI TIPOLIECCHI MHOIOCTA-
JTMAHONH MOJEIM WOHHOM (IOTAIMU, PaccMOTPEH
YAaCTHBIN Cly4aid BbIIAJEHUS MOHOB U3 TIEHHOTO CJIOSI.
IokasaHno, 4to 151 Oosee MOIHOro U3BJIEYEHNSI HOHOB
METaJUIOB U3 CTOYHBIX BOJ LIEJIECOOOPA3HO HCIIOIb30-
BaTh B Ka4yeCcTBE coOMparenst OMOMaccy MHUKPOOpra-
HM3MOB HIIU MIPOYKTHI €€ MepepadoTKH.

OnrumMasibHble YCIoBUs (UIOTAlMK MOHOB PEAKO-
3€MEJIbHBIX METAIJIOB aHHOHOTCHHBIM ITOBEPXHOCT-
HO-aKTHUBHBIM BEIIECTBOM — okcudocom b — ompese-
JieHbl B padote [28]. YcaoBus yaaneHuss HOHOB Kaji-
MU METOJIOM HOHHOH ()JIOTalMy U3 MOJEJIBbHBIX pac-
TBOPOB NPOMBILUICHHBIX CTOYHBIX BOJ C HCIOJB30-
BaHMEM KaK peareHT-coOMpaTeis IoJelIcyabdara
HaTpus, a KaK IeHoo0pa30BaTesst TaHOJA, YCTAHOBH-
mu Salmani M. ¢ corpyaaukamu [9]: a¢ddexTruBHOCTD
ynanenus 84% mocTUraeTcsi MpU OTHOIIEHHUH COOH-
paTens:MeTa, paBHOM 3:1, ipu mpoBeneHNH (Irota-
1k B TedeHue 60 MUH cO CKOpOCThio S50 MJI/MHH;
MakcuMalibHOe yaaneHue kaamust (92,1%) nabmrona-
JIOCh MpHU BBEJEHUM 3TaHOoJa B KoHUeHTparmu 0,4%
repeJt HayauoM (IIOTaIrH.

B uccnenosanuu [29] HaiiieHs! yCIOBHsI KOJTHYE-
CTBEHHOTO H3BJIEYEHUs] THUIPOKCHIOB KOOaibTa U3

aMMHUAYHBIX PACTBOPOB M THIPOKCUAOB KaaMUs, KO-
OarnpTa, HUKENS U3 PaCTBOPOB THAPOKCHIA HaTpus. B
pabote [36] ycTaHOBIEHBI ONTHUMAaJbHBIE YCIOBHUS
nposeaenus ¢uotauuu topus (IV) u ypana (VI) u3
pa30aBleHHBIX CYNIb(GATHBIX PAaCTBOPOB, MPH KOTO-
peix coemunenus topus (IV) nm3pnekarorcs Ha 93%, a
coequaenus ypana (VI) — va 97%. [lpenmoxen me-
XaHU3M B3auMOZACHCTBUS coenuneHuid ypana (VI) u
topust (IV) ¢ pearentom «A3zon 1019, mapka By.

PazpabartbeiBast mpocTol, OBICTPBIN B SKOHOMHY-
ueiii Meton usBiedenuss meau (1) u cumma (1),
Ghazy S. E. ¢ coaBropamu [3] ucrosnb30Bainu HOH-
HyI0 (hJ0Tauuio, B OCHOBE KOTOpOW — oOpa3oBaHHe
komIutekca Mexay nonamu memu (1), ceunma (1) u
nmueHmIKapOba30HOM ¢ TocIeAyomel groranuei ¢
OJICMHOBOM KHCIIOTOW KaK MMOBEPXHOCTHO-aKTUBHBIM
BelIeCTBOM. MeTron ObUT yCHEUIHO MPUMEHEH IS
nzBieuenus noutu seeld meau (I1) u ceunna (I) u3
HEKOTOPBIX NpUPOAHBIX Box mpu pH 6 u 7 mpu
KOMHaTHOH Temrieparype (~25°C).

DKCIepUMEHTANBHBIC Pe3yIbTaThI, MOyUYCHHbIC
B HccieAoBaHUM [8], MOKa3aad BO3MOXXHOCTb H3-
BiaeueHus 97% cepebpa NpU HCIOJIB30BAaHUU H30-
MPOMMIKCAHTOTEHATa HATPHsI Kak IeHOoo0pa3oBaTe-
1 B konmmuectse 0,06 u 0,04 r/1. YcTaHoBiaeHo, 9TO
W3MEHEHUE KOHIIEHTPAIUK KCaHTOTeHAaTa HE BIIHSIET
CYIIIECTBEHHO Ha W3BIICYCHHE cepedpa.

B pab6ote [10] uccirenoBaHo BIMSHHE MHOTHX IIa-
paMeTpoB Ha CKOpocTh W Tporecc (rorammu. [Toka-
3aHO, YTO HA CKOPOCTb U d(PPEKTHBHOCTH (IIOTALIUH
koMiuiekcoB «xo0amsT (11)-3JITA» 3aMeTHO BIHSIOT
CKOPOCTh BO3YITHOTO TTOTOKA, KOHIIEHTPAITUS XJIO-
puna uetnnmupuauaus (CPyCl), mpumenseMoro kak
peareHTa-coOMpatesns, ¥ WOHHas CHIa pPacTBOpa.
OcranpHple TapaMeTpbl (KOHIIEHTpalMd KOOalbTa,
O/ITA wu 3TaHoNa) HE WMENM HUKAKOTO BIMSIHUS HA
CTENeHb M3BJICUYCHUS] KOMILIEKCOB, HO CYIIECTBEHHO
BIIMSUT Ha CKOPOCTh (uoTanmu. [Ipy onTHManbHBIX
ycoBUsIX (CooTHOMIeHHe KommdectBa koOambT (1) u
OATA paBao 1:1; coOTHOIIEHHWE KOJIMYECTBA
CPyCl:xobamst (1) — 4:1; pH 7,8) cTenens n3Bieve-
HUsE KoOanbTa gocturaet 99%. Jlist ananmusa sxcrnepu-
MEHTAIBHBIX JaHHBIX HCIIONB30BAIN KIACCHUYECKHUE
KAHETHYECKHE MOJIEITN TIEPBOTO U BTOPOT'O TIOPSIKA.

Jpyras BaxHas TEHACHIMSI B COBPEMEHHBIX HC-
CJIeJIOBaHMSIX B 00JIaCTH MOHHOHW (hIIOTaIMy — OLleH-
Ka CBOWMCTB peareHTOB-COOMpaTeNel, CTPYKTYpHI
00pa3yroImuxcsi KOMIUIEKCOB — «METaJUI-PeareHT,
MEXaHN3Ma KOMIUIEKCOOOPa30BaHUS C IIENBI0 MO/I-
Oopa wiIm CHHTE3a peareHTOB-coOmparenei s
nposezieHus 3hdexTUBHON HOHHOW (uoTtanuu [37,
38]. HekoTopwle W3 mpemiaraeMplX B HAcTOsIIEE
BpEMs pEarcHTOB JUIsl U3BJICUECHHUS TKEIBIX METall-
JIOB W3 Pa3MYHBIX PACTBOPOB METOJOM HOHHOM
¢urotanmu npuBeacHHI B Tabnuue.
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PeareHTbl Ans n3BneYeHNUs TAXENbIX METaNIoB
13 pacTBOPOB METOA0M MOHHOW hnoTaumm

/3Bnekae- | Tun nepepabatbi- Nutepa-
MbIi Me- BaeMoro PeareHt TYPHBIA
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KOMIUIEKCOB «METaJUI-PEarceHT», MEXaHu3M KOMILIEK-
co00pa30BaHMs PACCMOTPEHBI B CIICAYIONINX paboTax.

B pabore [25] uccnenoBaHO BIUSHHE Ha pe-
3yJbTaThl KOHIEHTpupoBanusa nonos meau (II), xo-
6anpra (II), Hukens (II) u3 aMMuavHBIX pacTBOPOB
N-(2-ruapoKCHITHI )alIKWIAMUHAMH  [UTHHBI  PajIH-
KaJla peareHra.

JI. T'.YekanoBoii ¢ corpyanukamu [18] usydeHsr
(U3NKO-XMMHUYECKHE CBOWMCTBA (PacTBOPHUMOCTD,
KHCJIOTHO-OCHOBHBIE CBOWCTBA, KOHCTAHTHI PaBHO-
BECHSI, YCTOMYMBOCTh K MICIOYHOMY THJIPOJIU3Y)
OeH30MJI-, HOHAHOWII-, YHJCKAaHOMITUAPA30HOB alle-

TOHA, ONPEACISIONNE BO3MOXHOCTh NPUMEHEHHS
3THX peareHToB B mporeccax (ioramun. Mccneno-
BaHO KOMIUIEKCOOOpa3oBaHne OCH30MI- M HOHAHO-
WITHIIPa30HOB aneroHa ¢ uoHamu meau (1) u xo-
banbra (1) B aMmMHayHBIX pacTBOpax METOAOM OcCa-
knaenus. [lokazana 3¢ ¢heKTHBHOCTE OCH30MITHAPA-
30HA arleToHa KaK coOwparelnss MpyU OYUCTKE CTOY-
HBIX BOJ OT HOHOB KoOanbTa (II).

Boponkosoii O.A. ¢ corpyanukamu [24] noka-
3aHa 3¢ PEeKTHUBHOCTH N-artin-N-(n-Tomyou-
Ccynb(hOHII)TUAPA3UHOB B KadecTBe cobOmpareneit
NpY JOOYUCTKE LIETOYHBIX CTOYHBIX BOJ OT MUJLIH-
TPaMMOBBIX KOJIMYECTB LIBETHBIX METAJIIOB.

B pabore [42] wu3ydYeHBI KHUCIOTHO-OCHOBHBIC
CBOICTBa, pacTBOPUMOCTb, XHUMHYECKAs YCTOWYH-
BOCTb 3THJI-2-aprii(MEeTHI)CynbGOoHIIaMuHO-4,5,6,7-
Terpa-ruapodeH3oTrnoden-3-kapookcuaaros. [Iperma-
pPaTUBHO BBINENCHBl W WACHTU(MHUIMPOBAHBI KOM-
TUIEKCHBIE COeTUHEHMs peareHToB ¢ HoHaMu Menu (1),
koOanbta (II), Hukens (II). PaccunTanbl 3HaueHUsT UX
MIPOM3BEICHUN PACTBOPHMOCTH.

B uccrnenoBanuu [41] uzydeHo BIWSIHEE TPUPO-
Jbl 3aMECTUTENS MPH CYIb(QOHWIBHON TpyIme Ha
(DU3UKO-XMUMUYECKHE M  KOMILIEKCOOOpPa3yIoIIue
CBOICTBa CyNB(OHIIBHBIX MPOU3BOIHBIX THAPA3U-
Ja 2-3TUITEKCAaHOBOW KHCIOTHI oOmmiel (QopmMyisl
C4HyCH(C,Hs)C(O)NHNHSO,CsHsR (R= H, CHs,
NO,, NHC(O)CHs;, Cl) mo oTHOLIEHHMIO K HOHAM
memu (1), kobansta (II) 1 Hukens (11).

Haubonee nepcrnekTUBHBIM B 001acTH paspa-
0OTKHM HOBBIX peareHTOB-coOMpartesei I NOHHOM
(hIoTanMy TSHKENBIX METAIJIOB M3 PacTBOPOB TIpe-
CTaBIsieTCST TPUMEHEHHE KBAaHTOBO-XUMHUYECKHX
MeToioB. OTmeuaercs, 4TO (PHU3MKO-XUMHYECKHE
MIPEJICTABICHUS U KOMIIBIOTEPHOE MOJICTUPOBAHHE —
Ba)XHOE HAIIpaBIICHHWE JUIS MOJI00pa M MPHUMEHEHHUS
s dextrBHBIX rioTopearenTos [21].

B kBaHTOBO# XMMHUU B HACTOSIIIIEE BPEMSI IIIUPO-
KOoe IMPUMEHEHHE HAXOJUT pacyeT MOJEKYJSPHBIX
JIIEKTPUIECKUX MOMEHTOB, MOJIIPH3YEMOCTeH U
ANIEKTPOCTATHYECKUX TTOTEHIHAIOB. Tak, Hanpumep,
B pabore [4] mis opHeHTHpa TOYHOCTH KBaHTOBO-
XMMHUYECKUX METOJIOB OBLTM PAaCCUUTAHBI JUIOIb-
HbIE MOMEHTHI U TIOJISIPU3yeMOCTH 46 MOJEKYJI C
WCIIONb30BaHUEM HIMPOKOTO HAOOpa METONOB U Oa-
3MCHBIX TIapaMeTPOB. BBITN OIIEHEHBI METOMBI BOJI-
HoBo#l ynkumu Xaptpu-®oka (HF), BTOporo mo-
psnka Memnepa-Ilnecceta (MP2) (B codeTanum
Kiactepa — oquHouHOM 1 rapHoM (CCSD)), BmecTe
¢ PBE, TPSSh, PBEO, B3LYP, M06 u B2PLYP
DFT. Beumn mporectupoBaHbl HAO0OpHI 0a3MCHBIX
napametpoB cc-pVDZ, cc-pVTZ, aug-cc-pvVDZ,
aug-cc-pVTZ u Sadlej cc-pVTZ. YcraHoBieHo, 4To
U HabopoB Oa3UCHBIX MapameTpoB aug-cC-pVDZ,
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Sadlej cc-pVTZ u aug-cC-pVTZ Bce pe3yibTarhl
MTOKA3bIBAIOT COTMOCTaBUMYIO TOYHOCTb, Hamboiee
TOYHBIE pacdeThl IIOJy4eHBl it aug-CC-pVTZ.
CCSD, MP2 unu rubpuanasie DFT metons! ¢ uc-
MOJIb30BaHUEM HaOoOpa 0a3MCHBIX MapaMeTpoB aug-
CC-pVTZ B coCTOSIHUM TIpeACcKa3aTh JUIOJIbHbBIC
MOMeHTHI ¢ omnbkamu RMSD B amanaszone 0,12-
0,13 D, nonspuzyemoctu — ¢ omubkamu RMSD B
muamnaszone 0,30-0,38 A®. Pacuersr, HCIIONIBb3YIOIIHE
Teopuo Xaptpu-Poka, CUCTEMATUUECKH 3aBbIIIAIOT
3HAYeHUs JUIOJIBHBIX MOMEHTOB W TOJIAPU3yEeMO-
ctu. Yucteie DFT QyHKOMOHATBI, BKIIOUYEHHBIE B
nanHoe uccnenosanue (PBE u TPSS), nemnoro 3a-
HWKAIOT 3HAYCHUS JUTIOJBHBIX MOMCHTOB WM 3aBbI-
MIATOT MOJIAPU3YEMOCTb.

B wccrenoBanvm [34] mpoBemeHBI KBaHTOBO-
XMMHYECKHE pacu€Thl MapaMeTPOB PEAKLIMOHHOM CIIo-
coonoctu (ITPC) wmomekymnbl 2-muaruiruapasuHa
(DAH). YcranoBneHo, uro B monekyie DAH Haxo-
JSITCSL YeThIpe AaKTHBHBIX JOHOPHBIX IIEHTpa: JBa
KECTKHX — Ha aTOMax KHCJIOPOJA U JIBa MEHEE JKecT-
KHX — Ha aroMax a30Ta; CYILECTBYIOT TpU poTamep-
HBIX M30Mepa MOJIEKYJbl 1,2-auamuiruapasuta. ITo
00yCIIOBIHMBAET BO3MOXKHOCTh CYILIECTBOBAaHHS He-
CKOJIBKUX  KOMIUIEKCOB  «ITUHK-THAIITHAPASHH.
CTaObWIBHOCTh  METAJUIOPraHHYECKHX — KOMILIEKCOB
OLICHEHA TI0 3HAYEHISIM CTEeTIeHH TiepeHoca 3apsaa AN,
SHEPrur KoMIniekcooOpazoBauust AE,,,, ¥ KoJHde-
CTBY BHYTPHUMOJICKYJIIPHBIX BOJOPOIHBIX CBSI3CH, TaK
kak 3td [IPC BHOCAT 3HAYMTEIIBHBINA BKJIAJ B OOIIYIO
SHEPreTUKY KOMIUIEKCOOPAa30BaHUS M CIOCOOCTBYIOT
00pa30BaHMI0 METANIOPTAHUYECKHX —CYIPAMOJIEKy-
JSIpHBIX CTPYKTYp. Hambornee cTaOMIbHBI KOMIUIEKCHI
[Zn(Hzo)g(DAH)Z] n [ZH(H20)5(DAH)]+ Takum 00-
pa3oM, TOATBEPHKIEHO, YTO KBAaHTOBO-XMMHYECKHE
PacUéThl IO3BOJISIOT BEISBISATE HAHMOOJIEE YHEPTeTH-
YECKHU BBIFOJIHBIC M KOH()OPMAIMOHHO yCTOHUYMBBIC
CTPYKTYPBIL.

BaxHocTh  TpUMEHEHUS — TIONYIMITMPUYIECKIX
KBaHTOBO-XMMHUYECKHX METOOB U MOIEIUPOBAHUS
MEXMOJIEKYJISIPHOTO  B3aMMOJEHCTBUSI OTMEYaeTcsl B
paborax [2, 5, 20, 30]. IlpumenurensHo K (QIIoTaIu-
OHHBIM peareHTaM, OOIBIIION WHTEpEeC MPEICTABIAET
uccienoBanue [44], B KOTOPOM U3JI0KEHBI TEOpETHYE-
CKHE€ OCHOBBI MOJIETIMPOBAHUS MPOCTPAHCTBEHHOM
CTPYKTYpPBI ¥ MaJIbIX, U KPYIHBIX MOJICKYJI, a TaKXKe
MOCTPOSHUSI 3aBUCHMOCTEH WX aKTHBHOCTH OT TIPO-
CTPaHCTBEHHOW CTPYKTYphl (Ha ocHOBe 3D QSAR),
MIPUMEHUTETBHO K KPYITHBIM MOJICKYJIaM.

B pabGore [31] TmpoBeneHO KBaHTOBO-
XUMHYECKOE MOJICIMPOBAHUE MPOIIECCOB 00pa3o-
BaHHS W3BJIEKAEMBIX MOJIEKYJISPHBIX CHUCTEM, BBI-
SIBJICH HOBBIM KJIACC peareHTOB-coOupareneit s
MPUMEHEHUS WOHHOW ()JIOTAlMK IMHKA M MEIUd —
CJIOKHBIE 3(UPBI TepedTaneBoi KUCIOTHI, pa3pa-

0oran xommiekcHbIi peareHT POJI, nzydensl oco-
OeHHOCTH MeXaHn3Ma (IIOTAIMOHHOTO U3BICYCHUS
KaTHOHOB ITMHKAa B Meau (II) u3 TeXHOTeHHBIX BOJ
3THM PEarcHTOM.

B pa6otax I1.M. CosnoxxeHKHMHA TPUBEACHBI pe-
3yJIBTATHl MOJEKYJISIPHOTO MOJICTHPOBAHUS KIIacTe-
POB MHHEPAJIOB TPYIIBI TELTyPHUAOB METAIIOB C
HEKOTOPHIMU (IOTALIMOHHBIMH peareHTaMu c Ie-
JbI0 pa3palOTKH MPOTHO3a OLIEHKH aKTHBHOCTH CO-
Ompateneii TpW KOMIUIEKCHOHW mepepaboTKe pya
IBETHBIX U Oiaropoxausix mMerawioB [39, 40], mana
OLICHKa aKTHBHOCTU peareHToB-cobupareneii O-
OyTtun-N-0en3onn-tuoHokapbamara 1 O-0ytun-N-
STWITHOHOKapOaMaTa ¥ BBICKA3aHO MHEHHE, YTO
MPUYMHON JIyYIIEr0 B3aUMOACUCTBUS MEAU C THO-
HOKapOamMaTaMy SBISIETCS 3aCEeIEHHOCTh 3JIEKTPO-
Hamu d-opOuraneii. B pabore [11] mnpencrapieH
OIIMH M3 CIOCOOOB pETyIHpOBAHUSI CEIIEKTUBHOCTH
coOmupaTenei-kapOOKCHIIaTOB — BBEJICHHE 3aMECTH-
TeNel B YIIIEBOJOPOAHYIO IIEMb JKUPHBIX KHCIOT.
Bbuto BBIMOJTHEHO MOJEKYJISIPHOE MOJAETHPOBAaHHUE
kiaactepoB ¢ mpumenennem ChemBio3D u Che-
mOffice2005 mo CambridgeSoft ¢ onrrmMuszanueit mo
MM?2. Toxyammuprdeckne pacdyersl ObuIH obecre-
yeusl MOPAC. [l omnpejienieHus BETUYUHBI SHEP-
run HOMO, LUMO u COMO wucnomns3zosad DTF
noaxon. Paccumranpl aOCONMIOTHAsT KECTKOCTH 1) H
XuMHu4ueckuid noreHuuan x no Iupcony u Iappy.

S. Boija [1] mpoBeneHo wuccienoBaHue IO TI0-
BBIIIICHUIO CEJICKTUBHOCTH METOJla MOHHOM (ioTa-
MU C MPUMEHEHHUEM ITOBEPXHOCTHO-aKTUBHBIX Be-
mecTB. PaccMOoTpeHO KOMITIEKCOOOpazoBaHUE U
MOBEJICHHE B PACTBOPAaX KOOPIMHAIMOHHBIX KOM-
TUIEKCOB HEKOTOPBIX MOHOB JBYXBaJCHTHBIX MeETaJl-
moB ¢ DTPA (oudTHiIeHTpHAMHUHIIEHTAYKCYCHOMN
KHCIIOTOM) ¥ ¢ 2-IOAeHWIIUATHICHTPUAMUHO-
neHTaykcycHoi kucnotoit (4-C12-DTPA) Ha ocHo-
BE KOHCTAaHT WX YCTOMYMBOCTH. ¥YCJIOBHBIE KOH-
CTaHTHl YCTOWYMBOCTH I KOMIUIEKCOB IISTH TIepe-
xoaHbIX MeTaioB ¢ 4-C 12 DTPA onpenensinu my-
TeM u3MepeHusi KoHKypeHuuu mexay 4-C12-DTPA
u DTPA meromoM Macc-CeKTpOMETPHUH ¢ MOHU3A-
et anexrpopacnsuieHneM (ESI-MS). Hebospiue
pasiauuus B YCTOWYMBOCTH MEXKIY KOOPJMHAIMOH-
HeiMu kKoMmiiekcamu DTPA u 4-C12-DTPA moxka-
3aJM, 4TO JJIMHA YTJIEBOJIOPOJHOTO CKEJIeTa peareH-
TOB BJIHSIET HA YCTONYUBOCTh KOMILIEKCOB HE3HAYH-
tenpHO. C ucnons3oBanueM Y O-BUIMMON CIIEKTpO-
CKONUH OBLTO MCCIET0BAHO, B YACTHOCTH, KOMIIJIEK-
coobpazoBanue noHoB menu (I1). I'papuyeckum me-
TostoM Job OBUIO YCTaHOBIIEHO, YTO MOJIEKYJa pea-
reuta 4-C12-DTPA mMoxeT KOOpAUHUPOBATH [0
nByx uoHoB Meau (l1). Pesymbrathl, mosnyueHHBIC
NpY U3MEPEHUH NMOBEPXHOCTHOTO HATSDKEHUS U UC-
mojp3oBanuu Metona SAMP, mokazanu, 9TO KOM-
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IIeKCo00pa3oBaHue MOHOB JBYXBaJCHTHBIX METajl-
J10B cBs3aHo ¢ nosegeHneM 4-C12-DTPA. B uenom,
KOOPJHMHALMS HOHOB METaJlsIa MOKET OBbITh CBSI3aHa C
HeWTpaim3anued 3apsga  KOMILIEKCOOOpasyromen
rpynmsl pearenta 4-C12-DTPA, uto, Kak pe3ynbrar,
NPUBOANUT K CHIDKCHUIO 3JIEKTPOCTATHYECKOTO OT-
TAJIKUBAHUSI MEXIY COCEAHHUMH IIOBEPXHOCTSIMHU B
MHULEIIaX 1 MOHOCIoAX. [lokazaHo ueTkoe paznuune
MEXAY KOMIUICKCAMH IIEIOYHO3EMENIbHBIX U Tepe-
xoxHbIX MeTaoB ¢ 4-C12-DTPA. Oto obbsacHseTcs
pasHuLell B KOOPAMHALMK MEXIY ABYMs IPyMIIaMH
HMOHOB METAJIIOB, KaK MpPEICKa3aH0 TeOpUEH TBEPIbIX
U MSITKUX KUCIOT u ocHoBauuii CKMKO).

B nanpneiitem S. Boija Obuta uccnenoBana 3a-
BUCHMOCTb MEKAY ITapaMeTpaMH B3auMOJEHCTBUS U
3 PEeKTHBHOCTHIO HOHHOH (DIIOTAITMHM B KOMILIEKCaX
«MeTaju-xenatoobpasyromuii [IAB» ¢ nobasneHu-
eM pa3M4HBIX MeHooOpasosareneit [12]. TTapamer-
PBl B3aMMOJEHCTBHS OBIIIM PAacCUUTaHBl HA OCHOBE
Teopun pactBopoB Pybunra (Rubingh). [Tapamerpst
JUISL pacdeToB ObUTH B3STHI IO pe3ynbraram SIMP u
OpU  W3MEPEHUH TIOBEPXHOCTHOTO  HATSDKEHHUSL.
Y CTaHOBJIEHO, YTO HHTEHCUBHOCTh B3aUMOJIEHCTBH
s ampotepHbix [TAB cuipHO 3aBUCHT OT pH.

B. UBanoBoit u I'. Mutpodanosoii [6] ycraHos-
JICHO COOTHOILIEHHE 3KCIEPUMEHTAIBHBIX JaHHBIX C
pe3yabTaTaMyd KBaHTOBO-XMMHUYECKHX PAaCciyeTOB IPH
(motaru  sBaManmTa. B KauvecTBe (hIIOTAIMOHHBIX
coOuparenell UcClieIOBaHbl PEareHThl YeThIpeX Kilac-
COB OPraHMYECKUX COCTUHEHUH (aIKWITHAPOKCAMO-
BBIX KHCJIOT, BBICIIMX HE(TSHBIX M XKUPHBIX KHUCIIOT,
MOHO- W JHAIKWIOBBIX 3(GupoB (ochopHOit Kucmo-
Tb1). OnpezieneHbl KOHCTaHTHI AUCCOLMAIIMN U YCTOM-
YUBOCTH KOMIUICKCHBIX COEIUHEHUI IIMPKOHUS C
JaHHBIMH peareHTamu. VIcclenoBaHO BIHMSHHME THI-
POodOOHBIX CBOMCTB pEareHTOB Ha CTENEHb HM3BJEYe-
HUS UMpKOHMS. C MOMOIIBIO KOMIBIOTEPHOIO MOJIe-
npoBaHus Ha ocHOBe mporpammbl 3D ChemBio nipo-
rpammHoro obecniedennsi ChemOffice ObiT ipoBencH
pacuer o0IIMX SHEPreTHUECKUX apaMeTPOB MOJIEKYIT
JUTsl MICCIIEOBAHHBIX coeHeHU. OnpeneneH onTu-
MaJbHBII COCTaB M CTPYKTypa OOpa3yrOIIUXCS KOM-
TUIEKCOB. Pe3ynbTaThl rioTaimuy SBIUainTa MoATBEp-
WA TIPEHMYIIECTBA PEAreHTOB, MOJOOPaHHBIX Ha
OCHOBaHHMHU KBaHTOBO-XHMMHUYECKUX PACUETOB.

3akiaoueHne

Taknum 00pa3om, Ha OCHOBaHUM aHAIN3a MOCIIE-
HHUX HAYYHBIX HCCJIEIOBAHHH IO MU3BJICYCHHIO TSDKE-
JIBIX METAJUIOB M3 PacCTBOPOB METOIOM MOHHOH (hi10-
TallMd YCTAaHOBIICHO, YTO Ba)KHEHIIUMU COBpEMEH-
HBIMH TCHICHIIMSMH B JAHHOW 00JIaCTH SIBIISIFOTCS:

— noA0op ycIOBUH, MOBBIIAIOMINX 3PPEKTHUB-
HOCTB Tpolecca 10 MaKCUMaJbHO BO3MOXKHOTO H3-
BJICUCHHS METaJIOB, ¢ MHHUMAILHBIM PacXoJOM
peareHToB, MOJNYYEHHWEM BOJbI, OYHINEHHOH [0

HOPM PBIOOXO03HCTBEHHBIX BOJOEMOB;

— CHHTE3 M MOJICTTHpOBaHUe dPPEKTHBHBIX pea-
TEeHTOB-coOMparenel, OCOOCHHO ¢ TIPHUMCHCHHEM
MEPCIICKTUBHBIX KBAHTOBO-XHUMUYECKUX METOJIOB.

[IpoBeneHe HHTEHCUBHBIX UCCIIECIOBAHUMN B CO-
OTBETCTBHH C BBINICYKAa3aHHBIMH TPEHJIAMH TIPUBE-
JI0 K TOMY, YTO B HACTOSIIEE BPEMsI HA OCHOBE Me-
TOJa WOHHOW (roTaruu co3marTcs (pakTHUECKH
JKOJIOTUYECKH YHUCTHIE TEXHOJOTHH TiepepabOTKH
TEXHOTCHHBIX BOJI.
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Abstract. This article provides an overview of the latest
scientific research in the field of heavy metals removal from
solutions by the ion flotation method.

The objective of the research conducted is to analyse
the current development trends of the theory and practice of
ion flotation as the basis for clean insdustrial water treat-
ment technologies. The main development trends of the ion
flotation method applied to industrial solutions have been
determined. These trends are the following: selection of
conditions increasing the efficiency of the process up to the
maximum possible metal removal; minimum consumption
of reagents with the possibility to regenerate them and to
obtain the maximum purified water; evaluation of proper-
ties of collectors, the "metal-reagent” complex structures,
and complexing mechanisms; synthesis and modeling of
efficient collectors, especially with advanced quantum-
chemical methods. At present, calculations of the molecular
electric moments, polarizabilities, charge-transfer degree,
absolute hardness, Parr-Pearson chemical potential, com-
plexing energy, and a humber of intramolecular hydrogen
bondings have a widespread application in the quantum
chemistry of flotation reagents. The reason is that these
characteristics determine the possibility to use reagents in
flotation processes on the basis of the most energetically
favourable and conformationally stable removable struc-
tures. Theoretical bases have been developed for modeling
the spatial structure of both small and large molecules and
building dependences of their activity on the spatial struc-
ture. The experimental data and the results of quantum
chemical calculations have been correlated. The results of a
flotation test have proved the attraction of flotation reagents
selected on the basis of quantum chemical calculations.
Active studies in accordance with the trends mentioned
above have introduced sustainable industrial water treat-
ment technologies based on ion flotation.

Keywords: Heavy metals, technological waters, ion flo-
tation, collecting reagents, quantum-chemical methods.
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KOMIIBIOTEPHOE MOJAEJIMPOBAHHUE CYJIb®T'UAPHUIbHbBIX
COEJUMHEHMU C THAPOKCUJIBHBIMHU PAJIMKAJIAMUA
N ITPOT'HO3 UX B KAYECTBE ®JIOTOPEAT'EHTOB

Conoxenkun ILM.}, Ky6ak JI.A.%, ITeryxos B.H.?

! WuetuTyT npo6iieM KOMITTEKCHOTo ocBoeHust Henp Poccuiickoit akanemun Hayk (UIIKOH PAH), Mocksa, Poccust
2 Marnauroropckuit rocyaapcTBeHHbIN Texunueckuit yauepcutet um. .. HocoBa, Marauroropck, Poccus

Annomauyusn. B pabote mokazana 3pQeKTUBHOCTh KOMIBIOTEPHON TEXHOJOTHH U XUMHUYECKHUX MPOTPaMM IS
W3Y4YeHUsS KIACTEPOB PEareHTOB, KOTOPHIE COAEPIKAT BE TPYIIBI: THAPOQPIUIBHYIO TPYIITY, B3aHMOICHCTBYIONTYIO
C BOJIOH, U (PYHKIIMOHAIBHYIO TPYIIY, CIIOCOOHYI0 H30HPATEIbHO 3aKPEIIATHCS Ha MOBEPXHOCTH JCHPECCUPY -
MBIX MHHepajoB. OmnpeneneHsl KOMITBIOTEPHBIC TTapaMeTPhl MUHEPajoB, peareHToB. Pa3zpaboTrana MeTonuKa IpH-
KpeIUIeHUs pa3IuyHbIX CyIbQTUAPIIBHBIX cCOOMpaTeNieil K OTAEIbHBIM aTOMaM MEJIM U MOJIHOIeHa KIaCTEPOB M U-
HepayoB (mpornecc qokuHTa) U BeraucieHa BennunHa [IOACa. Co3naHbl Moenn codupaTteneil ¢ THAPOKCIIIBHBIMA
panukalaMu ¥ ¢ PUCOETUHEHHOH BOI0N. BriepBhIe BhIUMCIIEHA BETUYHUHA YHEPTUH BOJOPOJHOMN CBSI3H OTAEIHHBIX
reTepoaTOMOB MOJIEKYIBI coOupaTens ¢ Bomoi. JeTaapHO M3y4eHBI CHCTEMBI KIIACTEPOB MHUHEPAIOB MEIH M KiIa-
CTEpOB MEJIHBIX MUHEPAJIOB C CYIb(OTUIPUIBLHBIMHA COOUpaTesIiMu. J{Ji1 MeTHBIX MUHEpalOB OOHApYKeHa BTOPUY-
Hasg CBOOOIHAs MOJEKYJIsIpHas opOHUTanb, KoTopas OyAeT crocoOCTBOBATh MEPEHOCY SIEKTPOHHOW IUIOTHOCTH C
MHHEpaiga Ha aTOMBI cobuparels. Y CTAaHOBICHO, YTO SHEPTUU BOJOPOTHON CBA3U MEXKJy THOHHOW CEpOH M BOJIO-
ponom Boxbl Kosebsercst ot —1,92 no — 8,42 Jx/Monb. DHEpPTUU BOJOPOIHON CBS3M MEXIy THOJBHOUN cepoil u
BOJOPOAOM BOABI coctaBisieT —9,97 Jlx/mons. Hanbonpiass BemndmHa SHEPTHH BOIOPOJHON CBS3HM XapaKTepHA
JUI. BOJOPOJia TUAPOKCUIILHON TPYIIBI cOOMpATeNsl U KUCIOPOJa BOABL. JTa BeJIMUMHA XapaKTEPU3yeTcs BEIUY U-
HaMmu oT —5,32 1o —26,90 JIx/Mons. Hanbonee runpodoOHOit saBisieTcs 3,4 -TUTHIPOKCUOCH30JUTHOHOBAST KHCIIO-
ta. Jludtanonautuokapoamuuosas kuciora (JID3ATH) obmamaeT BBICOKOW AenmpeccUpyroneld ciocoOHOCThIO, TaK
KaK BEJIMYWHA SHEPTUH BOJOPOIHOU CBS3H C BOIOW MaKCHMallbHA H cocTaBiseT —26,9 Jlx/mons. Pearenr UM-JIA
o0nagaeT HU3KOHW JAenpeccueil MUHEPAIOB, TaK KaK y HETO BOJOpoaHas cBs3b mopsaka —13,0 Jlx/mMonb. M3ydeHsr
MEKMOJICKYIIIPHBIC KOMILIEKCHI ¢ BOJOPOJHOM CBSA3bI0, 00pa3yroIIHecs MEXIy MOJCKYJIaMH THOHOKapOaMaToB U
Bogoi#l. Hambonpmre#t runpodmmsnpyomei cnoco6HocThio 06magaet O-0yrun-6enzonntuonokapdamar (BBTK).

© Conoxenku I1.M., Ky6ak /I.A., I[leryxos B.H., 2016
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KomnsromepHoe modenuposaHue cynbghaudpunbHbIx coedUHeHU ...

ConoxeHkuH .M., Ky6ak [.A., llemyxoe B.H.

Takum 00pazoM, KOMIBIOTEPHOE MOJEIMPOBAHHME HMCCIECIOBAHHBIX PEAarcHTOB IMO3BOJIMIIO 3apaHee OLCHHUTh HMX
TEXHOJIOTHYECKHE CBOICTBA IPU (JIOTALNY MEIHBIX MHHEPAJIOB.

Knrouesnie cnoea. KOMIIBIOTEPHOES MOZICTIMPOBAHKE, COOUPATENH ¢ TUIPOKCUIIBHBIMHU PaJuKalaMH, THOHOKapOaMaThl,
nporpamma MOPAC 2012, BomopoHast CBS3b, OPraHUIECKHE JIETIPECCOPHI.

BBeaenue

MorekynsapHoe MOJEIMpOBaHUE — OYpHO pas-
BUBAIOMIAsICS OOJIACTH COBPEMEHHOW KOMIIBIOTEp-
HOW XHMMHH, UIparolias BaKHYIO pOJb IPU KOH-
CTPYUPOBaHMU OPraHUYECKUX BemiecTB. [l Busya-
IU3alMd M HArJSAHOM JEMOHCTPAaLUM aKTUBHBIX
LEHTPOB MOJEKYN (DJIOTALMOHHBIX PEareHTOB, MpPU
IU3aiiHe TPOIecCOB OOOTaIeHnus pyA W YIIeH, B
YaCTHOCTH (PJIOTAIMH, ABTOPHI HIMPOKO HCIIONB30-
BaJll KBAaHTOBO-XMMHYECKHE XapaKTEPUCTHKH pea-
TeHTOB M KOMITBIOTEPHOE MoenupoBanue [1-7].

[lepcieKTUBHBIM B MOAEIUPOBAHUU (IIOTALIH-
OHHBIX PEareHTOB MPEACTABISIETCS MOAXOJ, OCHO-
BaHHbII HAa M3MEHEHUU CTPOCHUS HU3BECTHOU
(yHKIMOHATBHON I'PYNIUPOBKH IyTEM BBEICHUS
B HCC pa3jIMYHBIX aTOMOB U 33MCCTHT€JICI>'I, qTo,
HECOMHEHHO, pacIIUpsieT BO3MOXHOCTH IOUCKA
HOBEIX peareHToB [8§].

B Hacrosmieil craThe wHccIemyeTCs B3aMMO-
neiicTBue Cynb(rUAPUIBHBIX PEAareHTOB C THJA-
POKCHIIBHBIMU paAMKalaMH C KiIacTepaMu MeJ-
HBIX MHWHEPAJIOB, KOTOPBIE CIOCOOHBI 00Opa30BHI-
BaThb NPOYHBIC COCAUHCHUSA C NaHHBIMU pCarcHTa-
MU, a TaKXe C MOJIEKYJIaMH BOJIbl, ¢ 00pa3oBaHMU-
€M BOJOPOJHOM CBS3U.

HccaenoBanue B3anuMoaeiiCTBUA
CYyJAb(PrupuiIbHbLIX PEareHToB
¢ THAPOKCHUJIbHBIMH PaIUKAIaAMU
¢ KJIacTepaMu MeHBIX MUHEPAJIOB

ABTOpBI HCHONB30BaK mporpammy ChemBio
3D cnemnmanusupoBanHoro komiuiekca ChemOffice
kopropariuu Cambridge Soft B ocHoBHOM 151 CO-
3nanua 3D mozeneil MuHepaoB, peareHTOB (KOM-
MO3UTOB) M MX KOMIUIEKCOB, CTPYKTYPBI KOTOPBIX
ONTUMH3UPOBAIYA ¥ MUHHUMHU3UPOBAIIN TPH HUCIONb-
30BaHUM MOJIEKYJIAPHON MeXaHuku — MM 2 u co-
XpaHsUI ¢ paciiupeHueM Mop.

PacueT ke OCHOBHBIX JaHHBIX MPH KOMIBIO-
TEpPHOM MOJIETMPOBAaHUN MHUHEPAJIOB, PEareHTOB
OCYULIECTBIISZIM CaMbIM COBPEMEHHBIM METOJOM
PM 7 c¢ mnoMompl0 OpOrpaMMHOIO MOAYJA
MOPAC 2012 ¢ ucmons3oBanueM (¢aisioB THIa
ARC wu Gaussian Output. Gaussian Output BeiBo-
IuT (Qaitn pacuera OCHOBHBIX TEpPMOAMHAMHUYE-
CKHX CBOMCTB MOJIEKYJIBI.

[ns uccaenoBaHus BOJOPOAHON CBS3M U IO-
CTPOEHUSI KapT MOJEKYJSIPHOTO 3JIEKTPOCTATHYE-
ckoro notennuana (MOCII) peareHTOB pUMeEH -
JM KOMIUIEKC KBAaHTOBO-MEXaHMUYECKHX PAacyeTOB
HyperChem.

HccnenoBanu coOuparenu THIA AUITAHOIIUTHO-
kapOamunaoBoi kuciothl (JI3/ITH), pearenra ¢ roma-
koBckuM HasBanueM O,0-bis(2-((2-hydroxyethyl)
amino)ethyl) S-hydrogen phosphorodithioate (1IM-
JA), pearenta ¢ ronakoBckuM HazeanueMm O,0-bis(2-
(bis(2-hydroxymetyl)amino)ethyl) S-hydrogen phos-
phorodithioate (MIM-TA) wu 3,4-rumpokcuOeH3o-
mutronoBoi kucinoTel (I'BJITH). Kapter Mmomexymsip-
HOro HsJneKkTpocraTudeckoro mnoteHuuana (MOCII)
peareHTOB MpUBEIICHBI Ha puUC. 1.

N3 xapt MOCII BuaHO, YTO MOJEKyla pea-
reuta JASATH umeer 7 spko BbIpa)kKeHHBIX IEH-
TpOB: 4 — Ha aTOMax KHUCJIOPOJa THAPOKCUIBHBIX
rpymi, 2 — Ha aToMax a30oTa aMuHOrpynm u 1 — Ha
aToMme cepsl cynbdunHol rpynnupoBku. K He sip-
KO BBIPQKEHHBIM IIEHTPaM OTHOCHUTCS aTOM Cephbl
THOJIbHOU rpynnupoBku. B monekyne UM — JIA
SAPKO BBIPAXKEHHBIX LEHTPOB 9 M OIMH HE SPKO
BBIDOKEHHBIH — TakKXe aTOM CEpbl THOJBHOMU
rpynnupoBku. B monexyne UM — TA Bcero nsa
SAPKO U J1Ba HE SPKO BBHIPAXKCHHBIX aKTHBHBIX LEH-
Tpa (cynsbumHas u THOnbHas cepa). ['BJITH
UMeeT 7 SpKO M OJMH HE SIPKO BBIPAXKECHHBIN
HEeHTp (aToM cepbl CyNIb(UIHON TPYIIITUPOBKH).

JeTanbHO M3y4YeHBI CHCTEMBI KJIACTEPOB MeE[-
HBIX MUHEPAJOB C CYJIbQTUIPUILHBIMU COOUpa-
TEJSIMHU.

Pa3paboTana Meroauka IOKMHra coduparenei K
OTZAEIbHBIM aTOMaM MHHEPAIOB C IIEbIO OIpezese-
HUS Yy CO3JaHHOIO KOMIUIekca psiga (u3mKo-
XUMHYECKHX KOHCTaHT. BbUIM paccumTaHbl MOJIEKY-
JSIPHBIE OpOWTANM AJIsl HMCCIEAYeMbIX COCITMHEHUI
HOMO (highest occupied molecular orbital), LUMO
(lowest unoccupied molecular orbital), B Tom umcie u
SOMO (second occupied molecular orbital).

Ha puc. 2 nokazana cxema MPUKPEIUICHUS JTU-
3TaHOJIUTHOKAPOAMUHOBON KHCJIOTBI K aTOMy Me-
o xanpkonuputa M 3D co3gaHHOrO KOMIUIEKCA.
AHaOTHYHBIE KOMIUIEKCH OBUTH CO3IaHbI I O0p-
HUTA, KOBEJUIMHA ¥ MOJIMOJICHUTA, KOTOPbIE HE I0-
Ka3aHbl Ha PUCYHKE.
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Puc. 2. Cxema npukpenneHns gUaTaHoNAMTMOKap6aMUHOBOW KUCNOTbI
K aTomMy Meau xanbkonuputa u 3 D co3gaHHOro komnnekca

JleTambHO M3Y4eHBI CHCTEMBI KIaCTEpPOB MHHE-
paJloB MeIM W KIAcTepOB MEIHBIX MHHEPAJOB C
CYyIbOTHIPWILHBIMU coOuparensMu. Jjis MeIHbBIX
MUHEPAJIOB O0OHApYKeHA BTOpUYHAs CBOOOIHAS MO-
JIEKyIsApHasi OpOUTalb, KOTOpas OyaeT crocoOCTBO-
BaTh MEPEHOCY JIEKTPOHHOU IJIOTHOCTH C MUHEpa-
Jla Ha aToMbI cobuparesst (Tabn. 1).

Tabnuua 1
BenuuuHbl opbutaneit a SOMO LUMO,
8 SOMO LUMO, 3B

Tabnuua 2
Bennuunbl MOAC ans MuHepanoB n cobuparenei

Bennunnbl MOAC, 3B
Mwepan RomTH | uM-Ta | (TBATH)
BopHuT -0,9487 -3,3452 -1,7256
Xanbkonuput -2,9096 -2,0785 -1,1414
KosennuH
Cu(1)2Cu(2)1S3 -2,5238 - -4,6485
Monunbaenut -12,503 - -

MuHepanbl a SOMO LUMO | R SOMO LUMO
CusFeS 4 6opHuT —7.844 -1.534 -7.858 -1.065
CuSFeS xanskonuput | -9.140 -1.988 -9.442 -1.404
Cu 3S 3 koBENMWH -8.424 -1.751 -8.348 -1.322
XarnbkoauH -7.278 -2.071 -6.901-0.031

OcCyIecTBISUIN OLICHKY aKTMBHOCTH COOMpaTEms
(ITOAC) B Bujie pa3HUIIBI OOIIEH SHEPTUM KOMILIEKCA
M CyMMBI SHEPIrUH KJacTepa M SHEpruH coOupareds,
onpezensieMyro 1o Beipakennto AE = E xomrekca —
(E xmacrepa + E cobuparens), 3B (ITOAC)

Yem wmenbme BenuumHa IIOAC, tem Ooiee
NPEIIOYTUTENIFHO B3aMMOJEIHCTBHE coOuparens ¢
KJ1acTepoM MuHepaia (Tabn. 2). Ha puc. 3 mokasaHsbl
cxeMbl HanboJee MPOYHBIX (C TOYKH 3PEHHUS BETUIH-
HBI SHEPTHH BOJIOPOJIHOMN CBSI3H) MEKMOJIEKYIISIPHBIX
KOMIUIEKCOB OTJIENIBHBIX aTOMOB CYIb(rHIPUILHBIX
cobuparesel ¢ MOJIEKyJIaMH BOZBI.

Mosekynbl BOAbl BUPTYalbHO B3aHMMOJEHCTBO-
BaJIM C reTepoaToMaMH S THOHHOH M THONbHOMH, O,
N, H u ompenensin 1o W3BECTHON METOIUKE BEIH-
YUHY BOJOPOIHOM cBsi3u (JIk/ MOIB).

BbUIO yCTAHOBIICHO, YTO DHEPIHs BOIOPOIHOU
CBA3M MEXJy THOHHOM Ccepoil M BOJOPOAOM BOJIbI KO-
nebnercs ot —1,92 o —8,42 JIx/Moitb. DHeprus BOO-
POIHOM CBSI3U MEXAY THOJIBHOM Cepod U BOIOPOJAOM
Bozbl cocraBiser —9,97 Jx/mMonb. Hanbombinas Bemu-
YMHA HEPTUM BOIOPOIHOMN CBSI3M XapaKTepHa IS BO-
JIOpoJia THIIPOKCHIILHOM TPYIIIBI COOUpATelis U KUCIIO-
poaa Bobl. DTa BEMUMHA XapaKTepPU3yeTcsl BEITUYH-
Hamu 0T —5,32 1o —26,90 Jlx/mons. Hanbornee rimpo-
(hobHoOM siBisIeTC  3,4-TUTHIIPOKCUOEH30IMTUOHOBAS
KHCaoTa. J[MATaHOIIMTHOKAPOAMUHOBAS KHCIIOTA
(I2TH) obnamaer BBICOKOH HmempeccCUpyromei
CMOCOOHOCTBIO, TaK KaK BEIWYMHA 3HEPTHUU BOJIO-
POJTHOM CBSI3U C BOJON MaKCHUMallbHA M COCTABIISET
-26,9 Lx/monb. Pearenr UM-JIA obnamaer HU3KOM
JICTIPECCUU MUHEPAJIOB, TaK KaK y HEro BOJOPOJIHAsS
cBsi3b nopsaaka —13,0 JHx/Monb.

B psine pador [9, 10] ormeuaercs BbIcoKas ce-
JIEKTUBHOCTH JICHCTBHS THOHOKapOaMaToB Tpu (hiio-
TallUU Pa3IUYHBIX PY/I.

OyHKIMOHAIGHASA TPYIa THOHOKapOaMaToB CO-
JIEP)KUT OIHOBPEMEHHO 3 TeTepoaroMa — KHCIIOPOJ,
a30T | cepy. DTO OOCTOATEIBCTBO CIYKUT MPUIMHOMN
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CBSI3U B CHCTEME «peareHT-BoJa», TeM CHiIbHee OyaeT

crierp(pUIecCKX CBOWCTB THOHOKapOaMaToB.
Ucnonmp3yempie uis  (rioTanuu pya peareHThl  TUAPOQHIM3AIUS  TIOBEPXHOCTH MHUHEPAIOB, YTO
JOJDKHBI XOPOIIO THUAPOQPIIIH3APOBATE MOBEPXHOCTh  YCTAHOBJIEHO INMpU (PIOTAMH METHBIX MUHEpAJoB C
MuHepana. Yem Bbie OyaeT PHEprHs BOJOPONHON  HMCIOIB30BAHHEM CYIB(MTHUAPIIBHBIX COOMpATEeH.
/H
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) ..
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H——O

H
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SH

E=-13,16 [x/monb (HU3Kast genpeccupytoLlast cCnocobHOCTL peareHTa)
S

O—H
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HO/\/E\/\O/|\O/\/ \/\OH
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E=-13,16 [x/monb (HU3Kkas aenpeccupytoLias cnocobHOCTL peareHTa)

: ]
H H
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S
\

H

E=-12,86 [x/monb (HM3Kkas aenpeccupytollas cnocobHOCTb peareHTa)

Puc. 3. Cxembl mogenein BOGOPOAHbLIX CBA3EN CyNb(ruapunbHbIX codbupatenen ¢ MONEKynon Boabl
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NN3TK

Puc. 4. KapTbl MONEKynsApHOro 3M1eKTpoCTaTMYeCKOro noTeHUMana TMoHokapbamaros

[oatomy B paboTe paccMOTPEHBI CTPYKTYPHI THO-
HOKap0aMaToB ¢ TOYKHU 3PEHHS BO3MOXKHOCTH 00pa3o-
BaHUS MEXMOJIEKYJIIPHBIX KOMIIJIEKCOB C BOIOPOIHOM
CBsI3bI0 ¢ MOseKynaMu Bosl. M3 kapt MOCII BumHO,
4qTO HaH60nee AKTUBHBIC PCAKIIMOHHBIC LICHTPLI MOJIC-
KyJI peareHTOB PacIoJIOKeHbl Ha aTOMax KUCJIopoa U
cepbl. B Monekymnax O — Oyt — N — sTrmrTHoHOKap-
b6amara (BOTK), w3onpomumaTHnTHOHOKapOamMaTa
(UIIDTK) u O-mpormn  -N-MetuntuoHokapOamara
(UTK) BUIHO HamuuMe ABYX SPKO BBIPAKEHHBIX aK-
TUBHBIX IIEHTPOB ((PHOIETOBBIE YYACTKH), B MOJIEKYJIS
O-0ytun-N-6enzomntinonokapbamara (BBTK) mme-
TOTCA TPU aKTUBHBIX LICHTPA.

Hdnst  Bcex  paccMaTpuBaeMBIX  PEarcHTOB
HaunOoblliee 3HAYCHNUE YHEPTHU BOJOPOJHOM CBS3U
XapakTepHO ISl KOMIUIEKCOB, 00pa3yoLINXcs yepes
atoMm cepsbl (Tabn. 3).

Tabnuua 3
BenuuuHa JHepruun BO,quO[J,HOVI cBA3N
B MEXMOJIeKYNAPHbLIX KOMMNJIeKCax peareHToB
¢ Monekynamu BoAbl, [x/Monb

OyHKLUMOHanbHas rpynna peareHTa,
C KOTOpOW Morekyna Boabl 0bpasyeT
BOZOPOAHYIO CBSi3b
PeareHT .
/
T N
o H S

BITK -7,0 -124 -13,9 -
BBTK -20,1 -24.3 -24.5 -1.2
NN3TK - -79 -144 -
NTK - 13,7 -16,7 -5,1

NTK

Haunbonee npouHble KOMIIEKCH 00pa3yroTcs TIpH
B3aumoyeiicteu BBTK ¢ monekynamu Bombel. DHep-
TUM BOAOPOJHOU CBSA3U MEKMOJIEKYIIPHBIX KOMILICK-
coB (yHKIMoHANEHBIX Tpymmn BBTK cocraBmsror —
20,1; 24,3 u 24,5 JI>/MONb, YTO 3HAYHUTEIILHO BBIIIIE
SHEPTUM BOJIOPOAHON CBA3M MEKMOJIEKYIISIPHBIX KOM-
TUTEKCOB (DYHKIWIOHAIBHBIX TPYIII APYTUX PEareHTOB
(cm. Tabn. 3). ITosToMy IpH 3aKpEIUICHUH Ha TIOBEPX-
Hoctu muHepana BBTK Oyner cuibHee npyrux pea-
TeHTOB THAPOQIITU3NPOBATH €r0 MOBEPXHOCTH, YTO B
CBOIO OYEpElb YBEIWYUT CEJIEKTHMBHOCTH IIpOLIECCa
(roTaIMy MOMUMETATITMICCKHIX PY/I.

Takum 00pa3oM, KOMITBIOTEPHOE MOJIEINPOBa-
HUE UCCIIEOBAHHBIX PEareHTOB MO3BOJIWIO 3apaHee
OIICHUTh WX TEXHOJOTHYECKHE CBOWCTBA TpH (¢IIo-
TallUi METHBIX MHUHEPAJIOB.

BeiBoabI:

1. M3y4yeHO MOAEIMpOBaHME KIIACTEPOB MEIHBIX
MuHepaioB. OmpeieNieHbl KOMITLIOTEPHBIE TapaMeTpPhI
MHHEPAJIOB, 3aps/ibl OTAEIBHBIX aTOMOB. Y CTaHOBIIE-
Ha BTOpWYHAs CBOOOJHAS MOJIEKYJSIpHAs OpOWUTaiIb
tuna o. SOMO LUMO, (3B), 5 SOMO LUMO, (3B).

2. Pazpaborana MeTonuKa MPUKPEIICHUS pa3-
JMYHBIX CYJIb(OTHAPUIBHBIX COOMpaTenel K OTAeNb-
HBIM aTOMaM KJIaCTEPOB MUHEPAJIOB. Y MEHBIIECHHE
BenmmunHbl [IOAC pacrionaraercst B psii: Monuo/e-
HUT, XaJIbKOIMPHUT, KOBEJUTUH U OOPHHT.

3. Co3nanbl MozenH coOupaTeseil mpu B3auMo-
JEHCTBUM C BOAOH M BIEPBbIC BHIUMCIICHA BEITUYH-
Ha DHEPTHU BOJIOPOIHON CBSI3U OTJEIBHBIX T'€TEPO-
aTOMOB MOJIEKYJIBI COOMpaTeNs ¢ BOJOW, KOTOpas
Konebnercs B mpenenax otT E = —26,9 Jlx/mMonb 110
E =-13,16 JIx/Moinb.
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4. Tloka3aHO, YTO TEPCIEKTUBHBIMH OpraHUYe-
CKMMH JIETIPECCOPAaMHU SIBJIIOTCS IUATAHOJIUTHOKAP-
0aMUHOBasT KUCJIOTA, 3,4-THTHIPOKCHOCH30IUTHOHO-
Basi KUCIIOTA.

5. Ilpu 3aKkpernsyieHnu Ha MMOBEPXHOCTH MHUHEPAJIOB
HanOONBIIeH THUAPOPHUIMZUPYIOMIEH CIOCOOHOCTHIO
Oynmer obmamate O-OyTii-N-GeH30mITHOHOKapOaMaT
(BBTK), uto obecneuuT yaydllIeHHE CEJICKTUBHOCTH
(IroTaMK MONUMETATITHIECKHUX PY/I.
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Abstract. This article demonstrates the efficiency
of computer technology and programmes used in com-
putational chemistry for studying reagent clusters con-
taining two groups: the hydrophilic group interacting
with water, and the functional group able to bond to
the depressed minerals surface selectively. Computer
parameters of minerals and reagents have been deter-
mined. The authors have developed a technique of
bonding various sulphydric collectors to separate cop-
per atoms and molybdenum minerals clusters (dock-
ing). The value of the prognosis of collector activity
evaluation has been calculated. Models of collectors
with hydroxyl radicals and attached water have been
built. Ab initio calculations of the hydrogen bonding
interaction energy of separate heteroatoms of the wa-

ter-collector molecule have been made. Systems of
clusters of copper minerals and clusters of copper min-
erals with sulphydric collectors have been studied in
detail. A secondary unoccupied molecular orbital has
been found for copper minerals. The orbital will en-
hance transfer of electron density from the mineral to
collector atoms. The authors have specified that the
value of hydrogen bonding interaction energy between
thione sulfur and hydrogen ranges between -1.92 and -
8.42 J-mol. The hydrogen bonding interaction energy
between thiol sulfur and hydrogen is -9.97 J-mol. The
greatest value of the hydrogen bonding interaction en-
ergy is specific for hydrogen of a collector hydroxyl
group and oxygen, which ranges between -5.32 and -
26.9 J-mol. 3,4-dihydroxybenzo-dithioic acid is the
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most hydrophobial substance. Diethanol-dithiocarbamic acid
has a high depressing efficiency because the value of the
water-hydrogen bonding interaction energy is maximum
making -26.9 J-mol. IM-DA reagent has a low minerals
depression since its hydrogen bonding interaction energy is -
13.0 J-mol. Intermolecular hydrogen-bonded complexes
forming between thionocarbamates molecules and water
have been studied. O-butylbenzoyl-thionocarbamate has
an ultimate hydrophilic capacity. Thus, the computer-
aided simulation of reagents being studied has made it
possible to evaluate their process properties at copper
flotation in advance.

Keywords: Computer-aided simulation, collectors with
hydroxyl radicals, thionocarbamates, MOPAC2012 pro-
gram, hydrogen bond, organic depressors.
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METAINYPIUA HEPHbIX, UBETHbLIX
W PEQKUX METANNOB

YJK 669.162.12 DOI:10.18503/1995-2732-2016-14-1-34-40

IIYTHU UCITOJIB30OBAHUSA MECTHBIX MUHEPAJIBHBIX PECYPCOB
B ATVIOMEPAIIMOHHOM ITPOU3BOICTBE AO «YPAJIBCKAS CTAJIb»

[anns P, HpyxKoB B.I'2 Iausues A.A.% lanosanos A.H.!

! HarpronasbHblif McCIen0BaTebCKHiT TEXHOMOTHIECKHIA yausepcuteT MUCuC, HoBoTpourk, Poccust
2 Marsuroropckuii rocyJapcTBeHHbIN TexHuueckuil ynusepceureT um. I'.I1. Hocosa», MarauToropck, Poccus
A0 «Ypanbckas Cranp», HoBorpounk, Poccust

Annomayus. TIpuBeeHB! OCHOBHBIC TEXHHKO-)KOHOMHYECKHE, TEXHOJOTHYECKHE MW KAa4EeCTBEHHBIC ITOKA3aTEIN
mpou3BoJIcTBa arnomepaTta B AO «Ypanbckast Ctanpy». BrilonHeHa olleHKa Moka3aTelieil arioMeparioHHOTO MPOH3-
BOJICTBA U KayecTBa arioMepaTa 10 JaHHBIM TEXHHUYECKHX OTYETOB O paboTe aryiorexa. Y CTAaHOBJICHBI OCHOBHBIC TEX-
HUYECKHE M TEXHOJIOTHUeCKHE (haKTOPhI, OTPAaHWYMBAOLIIE TOKa3aTeIH arjJoMepaluoHHOTO ITPOU3BOICTBA B YCIOBHIX
AO «Ypansckas Cramb». [IpoBesieH KpUTHUECKHH aHATN3 W3BECTHBIX CIIOCOOOB ITOBBIMCHHS 3((PEKTUBHOCTH ario-
Iporecca ¢ y4eToM CIeNU(HUKN AEHCTBYIOMIEro arjioMEpariiOHHOTO MPOM3BOJCTBA. B KauecTBe NPHOPHUTETHOTO CIIO-
coba ymydmieHus nokasareneii pabotsl arnornexa AO «Ypanbsckast Ctaiby NMPeIOKEHO UCIIOIb30BaHNE B arjIONMINXTE
MHUHEPAIbHBIX J100aBOK, yIyYIIAIOUIMX OKOMKOBaHHE U CIIOCOOCTBYIONIMX aKTHBU3AIMHU MPOLIECCOB MHUHEPAIo00pa3o-
BaHUS NPU CHEKaHUHM. DTOT BapHaHT COBEPIICHCTBOBAHUS TEXHOJOT'HMM arjiompolecca o0ecleduBaeT KOMIIEKCHOE
BO3ZICHCTBUE Ha MOJITOTOBKY arJIOIIUXTHI, X0/ CaMOT0 arjonpoliecca U He TpeOyeT 3HaUUTEeNIbHBIX U3MEHEHUH TeXHO-
Joruu u obopyznoBanus. B kauecTBe MuHEpadbHBIX 100aBOK B ycinoBuaAx AO «Ypanbckas Ctanby» nenecoo0pasHO Hc-
MIOJTb30BaTh MECTHBIE PECYPCHL: OYpOsKeNe3HSIKOBbIE pyasl Opcko-XaauaoBCKON TPYIITEI MECTOPOXKICHUH, CEPIEHTH-
HUTOMAarHe3UThl XaMJIOBCKOTO MECTOPOKACHHS, OCHTOHUTOBBIE I'TMHBI HoBokmMeBckoro m BockpeceHckoro mecro-
poxnaenuil. [IpuBeneHs! JaHHBIE 0 XMMHUYECKOM M MHMHEPAJOrMUYECKOM COCTaBaX YKa3aHHBIX MaTepHajoB, HA OCHOBE
KOTOPBIX CHAETaHbl BBIBOJBI O WX IMOBEJICHUM HpHU arjomeparyu. JIabopaTOpHBIMU 3KCIEPUMEHTaMH HOJTBEPKJICHO
MOJIOKHUTEIbHOE BIMSHUE yKa3aHHBIX JO0OABOK Ha XOJ U pe3ybTaThl cliekaHus. Kpome Toro, ux BOBIECUCHHE B IIPOU3-
BOJICTBO CHU3UT TPAHCIIOPTHBIE PACXOJIBI, PEIIUT SKOJOTHIECKUE MTPOOIEMBI C OTKPHITHIMUA MECTOPOXKACHUSIMH B PEru-
OHe, 00ecIeunT KOMIUIEKCHOE MPUMEHEHNE MUHEPAIbHBIX pecypcoB B OpeHOyprekoit obmactu. s moBbImeHus 3 ¢-
(PEeKTHBHOCTH HCIOJIb30BAHUS MHHEPAIBHBIX JI00aBOK HEOOXOAMMO I10JIaBaTh UX C BOJIOW NMPH YBIAKHEHHUH arjoOIINX-
ThI B BUZIE MYJIBIIBI, YTO 0OECIIEUNUT UX aKTUBHOE yJacTHE B OKOMKOBAHUH U CIIEKAHUH arJOMIUXTHI.

Knrwouegvie cnoea: araoMepariioHHast IIIMXTa, OKOMKOBaHME, arjioMepanus, OypoxeIe3HsIKoBas pyaa, OEHTOHUTOBAS
IJIHA, CEPIIEHTHHUTOMArHE3HUT.

CHIDKEHHIO COZICpYKaHMS JKeNe3a B ariioMepare U orpa-
HHUYMBACT NMPUMEHEHHE KOHIICHTPATOB TIIyOOKOT0 000-
rameHus. [1o3ToMy B ycnoBHsX paboTsI ariomepany-
onHoro 1exa AO «Ypanbckas CTanb» OCHOBHOI 3a/1a-

BBeaenne

B OAO «Ypansckas Cranb» MpOU3BOJICTBO ariio-
Mepara OCYILECTBIIIETCS. Ha 4 arjoMepalioHHbIX Ma-

MHAX (C TUIOIAIBI0 CIIEKAHUS KKIoN 84 M2) H3 Ke-
JIe30pyIHBIX MaTepHaIoB bakanbCkoro pyaoyrpasiie-
nust (BPY), Muxaiinosckoro u Jlebequackoro I'OKos
(MI'OK u JII'OK cootBerctBenHO). IloaroroBka ar-
JIOMEPAIMOHHOW IIMXThI K CHEKAHUIO, BKJIHOYAOIIAs
€ CMEIMBaHNE U OKOMKOBaHHE (C YBJIQXKHEHHEM JIO
6,5-8,0%), TpoBOIUTCS MO TPAJUIUOHHOW CXEME B
arperarax Oapabarnoro tuma — Cb-2,8%x6. Oto mpen-
oIpeieNsieT HeOOXOIMMOCTh BKIIIOYEHHS B COCTAaB ar-
JIOIIMXTBI 3€PHUCTBIX Py C LEJIBIO YJIYdIICHHs ra-
30MPOHMIIAEMOCTH CIIEKAeMOM IIMXTHI, YTO BEICT K

© T'anun JI.P., Ipyxkos B.I',, ITansrae A.A., llanosanos A.H., 2016

Yeil sBIseTCs yBENMYCHUE NMPOM3BOAWTEILHOCTH ar-
JIOMalllMH C TIOBBIIIEHWEM (COXpaHEHHWEM) KadecTBa
aryioMepata MpH BBICOKOH JIOJIe TOHKO3EPHUCTHIX KOH-
[EHTPaTOB B aryiommxTe. Kpome Toro, akTyaibHBIM
SIBIISIETCSI BOBJICYEHUE B IPOIIECC MPOM3BOJCTBA aryio-
MepaTra MECTHOrO MHHEPAJIBHOTO CHIPbS, YBEITHMUYCHUE
UCTIONB30BAHUS KOTOPOTrO TO3BOJIMIO OBl CHH3UTH
pacxomsl AO «Ypansckas Cranb» Ha CBIpbE, TPaHC-
TIOPTHBIE TIEPEBO3KHU, OXPaHy OKpyKaromel cpensl. B
CBSI3U C 3THM CYILECTBYEeT HEOOXOIUMOCTH MOHCKa
BO3MOXHBIX HaHpaBJ'[eHI/Iﬁ COBCPHICHCTBOBaHUA TCX-
HOJIOTHH TIPOM3BO/ICTBA arJioMepaTa Ha PEIPHUSITHH.
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OcHOBHAA 4YaCTh

Hna omnpeneneHuss BO3MOXKHOCTEH IO COBEp-
LICHCTBOBAaHUIO arJIOMEpallMOHHOIO IIpoLecca B
AO «Ypanbckas Ctanp» Obula MpoBeZieHa OLEHKA
MoKasaTesiell MpPOU3BOJACTBA arjioMepara Mo AaH-

HBIM TCXHHYCCKHUX OTYECTOB O pa60Te arjoncxa 3a

IS THIICTHUH
9KOHOMHUYECKHE, TEXHOJOTHUECKUE, KaUeCTBEHHEIE
ITOKa3aTesd pabOoTHI arjiornexa MPEeATPHITHS TIPH-
BejieHsl B Tabn. 1-3. I'panynoMeTpudeckuii cocras
KOMITOHEHTOB arjIOUXThI PUBEICH B Tabn. 4.

HEePHOI.

HexoToprie

TCXHUKO-

Tabnuua 1

che.quHHble cpeaHemMmecAYHble TEXHUKO-9KOHOMUYECKMEe U TeXHOJTIOrn4yecKue nokKasartenu paGOTbI arnowexa

3a NATUNETHUN nepuop

Mokasatenu St nepwon TleHui nepiton CpepnHee 3a nepvog
C Hosbps no anpenb* C Mas no okTabpb*
YnenbHas npou3BoAUTENbHOCTb, T/(M2-4) g’%‘ﬁ l’%‘ﬁ Q‘%’E
CopepaHue TOHKO3EPHWUCTbIX KOHLIEHTPATOB B LWKXTE, % %ﬁ %7—8 &%‘7—8
BbICOTA CTIOS! LUUXTL. MM 248,0-305,0 248,0-305,0 248,0-305,0
' 265,9 285,8 275,85
CopepaHve Bo3sparta B LnxTe, % 22.9-21.1 22.5-21.5 22.521.5
’ 25,16 24,99 25,08
40,0-55,0 48,0-61,0 40,0-61.0
Temnepatypa WuxThl, °C 4777 5437 51,07
CopepaHue B LWIMXTe roproyero yrnepogaa, % i%‘@ 3‘%&@ g‘i_—gé@
BnaxHocTb WuxThl, % ° 872_21) ! : O?_18571 : 0;5_1?371
1,87-2,70 1,83-2,72 1,83-2,72
CKOpOCTb ABWKEHWS arnoneHTbl, M/MUH 226 204 995
BepTukanbHas ckopocTb CriekaHmsi, MM/MUH % ﬁé%’g 1—7‘%‘%&
551,0-650,0 483,0-684,0 483,0-684,0
Pa3pexeHue B KonnekTope, MM B. CT. 594,93 567,33 581,13
' B ucnuTene — MHTEpBan M3MEHEHMs, B 3HAMEHaTeNe — CpefHee 3HaYeHue.
Tabnuua 2

che.quHHble cpeagHemMecAYHbIe AaHHbIe arnolexa no cocrtaBy aFHOMepaLWIOHHOVI WKXTbI 32 NATUNETHUIA nepuopg

Pacxon, Kr/T arnomepara

HaumeHoBaHue Buga Cblpba

3uMHWA nepuog
C Hosibps no anpenb*

NeTHuin nepvog
C Mas no okTs6pb *

CpepnHee 3a nepuog

Arnopyaa BPY %%Q Q,%%Sfﬁ 22 ?64%?1 16
Arnopysa MrOK %Q %Q 2 252—%775 0
KOHLiEHTpaT «Z0MEHHbIit» MTOK** 1—75%1 Q:%Q 0 2287—71%% 7
KoruerTpat MrOK Q:%@ m%& 0 231-234(1)22 3
KoHueHTpar NITOK 1_7:%:9 %Q 17 75515592 0
OTx0fbl METaNMYPrUyeckoro NpoM3BoLCTEa 92 105_‘%7111 9 18 %%;323?? 26 8 %‘?1825721 99
MeTannozno6asku 1 23;1‘7‘%4 0 7 258—352 0 7 g%;lg 0
i mm s
WssecTb 17 38;;2 4 %%‘Z 17 29354;;2 4
Lonomut 68 101‘%2 4 Q,%é Q,%A
Teeppoe TonnMeo ﬂ:‘%ﬁ 33 2521 ;9 7 33 21—5%5 1

"B uncnutene — uHTEpBan M3MEHEHWS!, B 3HAMEHATENE — CPELHEE 3HAYEHME.
" CMecb KOHLIEHTpaTa MarHUTHOI cenapalmy v arnopyAbl B cooTHoLleHM 75:25%.
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Tabnuua 3

ycpeAHEHHble cpegHeMecAYHble NOKa3aTesiM KayecTBa arfioMmepara 3a NATUNETHUN nepuvon

MokasaTeny kayecTsa arnomepata | 3WUMHUA Nepuof ¢ HoAGPs no anpenk* | JleTHui nepuog ¢ Mas no okTA6pb * CpenHee 3a nepuoa
. o 48,60-54,40 50,30-55,40 48,60-55,40
Xumnyeckuin cocta, %: Fe —’—’—52‘39 —’—’—5219 4 _1_1_52,66
FeO 10,60-12,10 10,20-12,10 10,20-12,10
11,47 11,32 11,39
Si0 6,90-9,20 7,30-8,90 6,9-9.2
8,48 8,32 8,40
Ca0 12,0-19,50 10,80-16,10 10,80-19,50
14,25 13,31 13,78
AOs 0,69-1,05 0,67-1,09 0,67-1,09
0,857 0,875 0,866
MaO 1,57-2,80 1,68-2,40 1,57-2,80
9 2,027 1,996 2,012
S 0,02-0,06 0,02-0,055 0,02-0,06
0,042 0,039 0,04
P,0 0,037-0,051 0,03-0,05 0,03-0,051
s 0,042 0,042 0,042
. 1,40-2,33 1,33-1,86 1,33-2,33
OcHoBHocTb Ca0/SiOy, en. —'—’—1 o7 —’—‘—1 61 —’—‘—1 o4
Yknagka 78,24-99.16 67,30-99,46 67,30-99,46
no xenesy (x 1,0%), %"~ 90,85 92,08 91,465
Yknagka 64,77-97,78 55,30-96,51 55,30-97,78
no ocHoeHoctH (£ 0,1 ea.), %~ 84,875 87,398 86,14
. ) 2,20-11,10 1,60-9,0 1,60-11,10
3epHoBolii coctas (Mm), %:  +40 _1—1_4,36 _1—1_4,06 —’—’—4,21
40-25 8,50-21,20 10,20-21,10 8,50-21,20
12,62 14,13 13,37
25-10 28,70-40,70 28,70-41,40 28,70-41,40
34,67 34,47 34,57
10-5 24,40-42,30 22,70-35,70 22,70-42,30
32,57 31,63 32,10
5.0 14,60-17,10 13,70-17,20 13,70-17,20
16,013 15,74 15,875
Mokasatenn nposHocTd, %:  yaa 65,00-72,30 66,70-72,80 65,0-72,80
P 7o yhap 68,02 68,53 68,28
HCTMRBEMOGTS 4 93—159,60 51 50—253 70 4 950—251 70
‘B yucnutene — MHTepBan U3MEeHeHUa, B 3HameHaTtene — cpeHee 3HaveHue.
" [lo ntoHst 2011 roga npuMeHsnMch TpeBoBaHMS K YKnagke no xenesy U ocHoBHOCTM B * 0,5% u + 0,05 e. COOTBETCTBEHHO.
Tabnuua 4
IpaHynoOMeTpUYECKUii COCTaB KOMMOHEHTOB arnomMepaLyoHHON WXTbI *[1]
0/ %%
KOMMNOHEHTbI arnowuxThl Co,qepmaHme (bpaKLMM’ /0
+10 MM 10-5 Mm 5-3 Mm 31 MM 1-0,5 MM 0,5-0 mm
6,65-11,59 13,55-16,8 11,6-14,3 22,2-24.8 14,1-20,3 19,3-24,6
Amopyaa BPY 881 14,74 12.88 2344 18.08 22,05
12,8-19,7 10,8-15,7 6,4-10,2 9,5-12,8 89-114 379424
Arnopyaa MOK 16,76 13.20 861 1153 1027 39,64
KoHueHTpat MIOK 0 0 0 0 0 100
. 0-4.8 8,2-16,4 30,2-34,9 16,2-23,7 32,4-38,7
3BECTHSK akkepMaHOBCKMIA 0 120 1073 3180 19.96 36,31
Vasecrs 23.9-33,6 39.1-51,7 94-204 34-6.7 2.9-4.0 2.1-5,0
27,95 43,44 15,51 5,50 3,54 4,06
2.2-86 79-154 28,3-31,6 19,1-25.8 26,1-33,1
Kokcosast menc 0 517 120 2951 2274 3045
Bo3spar 3,08-6,50 26,88-38,56 8,9-23,84 19,79-26,9 14,24-24,0
P 4,69 34,20 18,87 32,77 19,46

* Mo pe3ynbTaTam paccesa NpoCyLLEHHbIX MaTepUarios (B Nepyog UccnenoBaHus koHUeHTpaT JlebeamHckoro MOKa He nenonb3osancsl).
** B yncnutene — HTEPBarn M3MEHeHWs,, B 3HaMeHaTene — CpefiHee 3HaueHue.
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Kak cnemyer u3 mpencraBieHHBIX JaHHBIX, TOKa-
3aTeny paboTHI arjiouexa He YIOBJIETBOPSIOT COBpE-
MEHHBIM TpPeOOBaHMAM JJOMEHHOTO IIPOM3BOJCTBA.
OrpanuueHHas MOIIHOCTh JKCraycrepa NpH HHU3KON
TePMETHYHOCTH BAaKyyMHOHW CHCTEMBI HE II03BOJIIET
padoTaTh ¢ BBICOKAM BaKyyMOM. OJTO, Hapsily C He-
YIOBJIETBOPUTEIFHBIM Ka4eCTBOM MOJTOTOBKH ariio-
mmxThl [1], OrpaHUYMBAET BBHICOTY CIIEKAEMOTO CIIOf,
CKOPOCTb CIHEKaHUsI 1 IPOM3BOAUTENHLHOCTD. B 31MMHIX
YCIIOBHSIX (KOT/Ia TEMITEpaTypa MHUXTHI U3-3a HEXBATKH
TeIUIa OT BBOJA BO3BpATa M TAIICHHUS W3BECTH CHIDKA-
€TCsl HWKE TOYKH POCHI) TIOMHUMO CHIDKEHHS BBICOTBI
CIIEKaEeMOTO CIIOSl BHIHYK/ICHBI OTPaHUYMBAaTh KOJIHYE-
CTBO TOHKO3EPHUCTBHIX KOHLIEHTPATOB B CIIEKaeMOU
IXTE, YTO TPUBOJMUT K CHIDKEHHUIO B aryioMepare J0-
TV JKeTie3a. YBeIMUYeHHe OJM KOHIICHTPATOB B IIHMXTE
TaKKe CACPKUBACTCS HCIONb30BaHHEM OCIHBIX Oa-
KaJIbCKUX CHJICPUTOB Ui OOECIeUeHHs: TPeOyeMoro
coaepxanus MgO B arnmomepare. KauectBo armomepa-
Ta, OI[EHNBaeMoe TI0 0apabaHHOI TPOYHOCTH M BBIXO-
Jly TOJHOTO, HEIOCTATOYHO BBHICOKO, HECMOTPS Ha OT-
HOCHTEJLHO BBICOKOE COZIEp)KaHUEe YIIIepojia B ariio-
mmxTe U crabmisHoe conmepikanne FeO, uro B 60ib-
IIOH Mepe CBSI3aHO C HEYJOBJIETBOPUTEIBLHBIM I'PaHY-
JIOMETPHYECKAM COCTABOM KOMITOHEHTOB ATJIOLINXTHI:

1) Gonpiioe KOTUYECTBO MEJIOYH B KOKCHKE
(> 30% ¢pakuuu 0-0,5 MM) 1 BBICOKOE COIEpKa-
Hue ¢ppakunn +3 MM (> 10%) cBUAETEIBCTBYIOT O
MJIOXOM HMCXOAHOM COCTaBe TOIIMBA, €ro Hedd-
(dekTUBHOM JpoOiieHnu (Tepen3MeNbuYeHU ), YTO
OTPHIIATENIBHO CKa3bIBAETCS HAa CTPYKType U
MPOYHOCTH arjioMepara;

2) BBICOKOE coziepkaHue (gpakiuu + 3 MM B U3-
BecTH (> 85%) CHMKAaeT paBHOMEPHOCTH €€ pacipe-
JeJICHUs] B arJIONIMXTE MPU CMEIIMBAHUH, a TIOHH-
*KeHHas cTereHb ookura (40-60%) mpuBOIUT K He-
MOJTHOMY YCBOCHHIO HM3BECTH INPH CIIEKaHUH, CHU-
*ast MPOYHOCTh arjioMepaTa;

3) arnopyast BPY u MI'OK conepxar Oomnbioe
KOJIM4YeCTBO KpymHbBIX (pakiuit (mo 10-20% dpaxk-
uu +10 MM), TJIOXO yCBaUBaeMbIX IPH CIIEKaHUH.

CornacHo pabotam [2—4] moBeicUTh 3PPeKTHB-
HOCTh arJIOMEpaIy JKeJIe30PYIHBIX MaTepHaIoB
MOXHO 32 CYET:

1) xoporiero ycpeHeHUs U CMEIIMBAaHUS IIHNX-
TOBBIX MAaTEpUANIOB, 00ECIEUUBAIOIIETO CTAOMIIb-
HOCTB COCTaBa 1 (PM3NYECKHX CBOWCTB arjiomMepara;

2) yBEIIMUYCHUS Ta30MPOHHUI[AEMOCTH IUXThI TIPH
e€ JydimeM OKOMKOBAaHWH, YTO JOCTHTAETCs: TOJ-
Jiep)KaHUeM ONTHMAaIbHOW BIIAYKHOCTH; COBEpIIICH-
CTBOBAaHMEM KOHCTPYKIIMA W PEXKUMOB pPadOTHI
OKOMKOBATEJIbHBIX YCTPOMCTB; BBEIEHHEM B LIUXTY
BSOKYIIMX, MPEXIe Bcero (uIIOCYOIMX 100aBOK H
MOBEPXHOCTHO-aKTUBHBIX BEIIECTB; OpraHu3aIen
pa3ieabHOr0 OKOMKOBAaHUS TOHKOW3MEILYEHHBIX

KOMITOHEHTOB U JIp.;

3) mojorpeBa MUXTHI BhIIIE TEMIIEPATyphbl TOY-
KA POCHl (TOPSIYUM BO3BPATOM; HCIOIB30BAHHEM
TEeIIa OT TalICHUs] U3BECTH; MJIaMEHEM T'a30BBIX TO-
PEeJoK, MapoM, TOKaMH BBICOKOH YacTOTHI U Ap.);

4) panMOHAIHHOTO HWCIIONIB30BAHUS TOILINBA,
obecreyrBaromero  PaBHOMEPHOCTh  TEIJIOBOTO
YPOBHS IpM MHUHUMAaJbHOM pacxoje TOIUIMBa (OIm-
TUMH3ALUs TPaHyJIOMETPUIECKOTO COCTaBa, HaKaT
KOKCOBOM MEJIOYM Ha OKOMKOBaHHYIO INUXTY, 3a-
rpy3Ka IIMXTHI B JIBa CIOS C TIOHIKEHHBIM COZEp-
YKaHUEM TOILUIMBA B HIDKHEM CJIO€ U JIp.);

5) cniekanust ipu Gonee TTyOOKOM BaKkyyme, H3-
OBITOYHOM JaBJICHUHU (C HAJAYBOM), MYJILCHUPYIO-
HIeM peKHME JIBUKCHUS BO3/yXa,

6) co3maHus yCIOBHIA JUisi 00pa3oBaHUs B 30HE
CIEKaHMs JXKUAKHX (a3 ¢ KelaeMbIMH CBOWCTBaMU
(ocymecTBiIIeTCA BBOJOM 100aBOK, CIIOCOOCTBYIO-
[IMX aKTHUBH3AIMH MUHEPaIooO0pa3oBaHUs B TBEP-
noit (haze, 00pa3yIONINX JIErKOIJIaBKAE COSAMHEHUS
Wi 00ecreunBaroIIuX YCTpaHEHUE U3 arjioMepara
CTEKJIOBHIHBIX COCTABIISIONINX).

OueBUAHBIM BapHaHTOM COBEPIICHCTBOBAHHUS
TEXHOJIOTHH arjiOMEpalii B YCIOBHSX arjonexa
AO «Ypanbckas CTanby SIBISICTCS MOBBIIICHUE Ba-
KyyMa B KOJUIEKTOpPE 3aMEHOH dKCraycrepoB Ha 0o-
Jiee MOIIHBIC TMPH OJHOBPEMEHHOM MOBBIIICHUH
TEepPMETHYHOCTH BAKYYMHOW CHUCTEMBI (FepMETUIHO-
CTH KOJUIEKTOPa M MOACPHU3AIMH YINIOTHUTEIBHBIX
YCTPOMCTB). DTO MO3BOIUT YBEIUUUTH BBICOTY CIIE-
KaeMoro cios [5] co BceMH BBLITEKAIOMIMMH II0JIO-
JKUTEIBHBIMU PE3ylbTaTaMH: POCT MPOYHOCTH ar-
JoMepaTa, CHIDKCHHE Pacxojla TOIUIMBA B IIMXTY, a
TaKXe TOBbIMeHne 3()(HEKTUBHOCTH MEPOIPUSITHHA
MO0 YAYYIICHUIO Ta30POHUIIAEMOCTH X THI.

OnHaKo 3TOT BapHaHT, KaK M OOJBIIMHCTBO yKa-
3aHHBIX BBIIIE CIIOCOOOB MOBBIICHUS 3()(HEKTUBHO-
CTH arJIonporiecca, CBA3aH CO 3HAYMTEILHBIMU 3a-
TpaTaMu Ha MOJEPHU3ALHUIO TPOU3BOJICTRA. B ycio-
BUSIX OTPAHUYCHHOCTH MAaTEPUATBHBIX PECYpCOB
Clle/TyeT epBoOYepPEJHOC BHUIMAHUE YACIAThH CIIOCO-
0aM, OKa3bIBAIOIIUM KOMIUIEKCHOE BO3ZCHCTBUE HA
MOJICOTOBKY arjIOIIUXThl M XOJI CAMOT0 aryIoNnpoIec-
ca, He TpeOYIOUMM 3HAYUTEIHHBIX U3MECHEHUH Tex-
HOJIOTUH ¥ 00opynoBaHusi. M3 mepeuncieHHbIX BbI-
[Ie BapHaHTOB YyKa3aHHBIM YCIOBUSIM B OoJjblIeh
CTETICHU YJIOBJICTBOPSET MCIIONIB30BAHUE B ArJIONIHX-
T€ MHHEPATBHBIX J00ABOK, YIYUIIAIONIMX OKOMKO-
BaHME M CIOCOOCTBYIOIINX aKTHBU3AIMU TPOIECCOB
MHUHEPAIO0OPa30BaHUs MPH CIIEKaHWH, B KadecTBe
KOTOPBIX TPUMEHSIOT: WU3BECTh, OJMBHHBI, OTXOJIBI
JIOMEHHOTO TPOM3BOJICTBA, JKEJIE3HbIE M MapraHie-
BbIE TTIMHUCTBIE PYIBI, XKENE3HBIN KyIopoc U Ap. [4].

[Ipu BBIOOpE moOaBKW ciieAyeT oOpamaTh BHHU-
MaHue Ha MecCTHbIe pecypchl (OpcKo-XaTHiIOBCKYIO
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TPYIIly MECTOPOXKICHUH, BockpeceHckoe MecTo-
POKICHHE), CPEIU KOTOPBIX HEOOXOAMMO BEIICIHUTH
crenyromue: Oypokene3HsakoBele pyabl  Opcko-
XanuoBCKOW TPYNIIBI MECTOPOXKIEHHUH (OTBaIbHAS
Menoyb HoBokneBckoro MectopoxxaeHusl, pyasl Ho-
BOIIETPOIIABIIOBCKOTO M AKKEPMAaHOBCKOI'O MECTO-
POKICHUIA); CEpIICHTHHUTOMATHE3UTHl — ITOOOYHBII
NPOIYKT TPOU3BOACTBA JI0JIOMHTA; OCHTOHHTOBBIC
ruHbL VX XUMUYeCKHii COCTaB MmpUBeIcH B Tabn. 5.

BoBneuenue ux B MPOU3BOACTBO YIYUIIUT pe-
3yJIbTaThl aryIoNpoLecca M CHU3UT TPAHCIOPTHBIE
pacxofpl, PEHIUT IKOJOTHMYECKHE MPOOJIEeMBbI C OT-
KPBITBIMH MECTOPOXKACHUSIMH B pPEruoHe, obecre-
YUT KOMIUIEKCHOE HCIIOJIb30BAHNE MHHEPAIbHBIX
pecypcoB B OpeHOyprckoi o0macTy.

BBoa Oyposkene3HsKOBBIX py[ ¢ TIMHUCTOH ITy-
CTOH MOpOJOW B COCTaB arjoOMIUXTHI YIYYIIUT pe-
3yJIbTaThl OKOMKOBaHUS. MOXXHO OXHAATh U aKTH-
BU3ALMIO JKUAKO(DA3HOIO CHEKAaHUS, IOCKOJIBbKY
BXOJSIIIME B COCTaB Pyl MHUHEpalbl Onaromaps
HAJIMYMIO OKCHJIOB JKelle3a M KpeMHHsI 00pa3yioT
coeaMHeHHs THIa (asnTa, 3a CYET BI3KOCTH KOTO-
poro obecreynBaeTcsl MOBBILICHUE TPOYHOCTHBIX
CBOHCTB arsiomepara. D(PpQeKTUBHOCTh MX HCIOIb-
30BaHMs MMOATBEPIUIN PE3YNbTAThl JTa0OPaTOPHBIX
skcriepumMenToB [10], rae cMeIaHHyo MHXTY HIpU
OKOMKOBAaHUHU YBIAXHAIM A0 7,5-10% mynbnoid,
conepkamed ot 1,5 1o 2,5% mpUIeBHIHBIE OTXOIBI
nepepaboTku OyporKeNIe3HIKOBBIX pyn HoBokues-
CKOTO MECTOPOKACHUS, MpeACTaBisonye coboi
KEJIe3UCThIE XJIOPUTHI, PEUMYIIECTBEHHO aMe3uT,
IaMO3WUT M TeHHUH, ¢ ¢pakmuen 0,074 MM mo 75
Mac. %. Cnoco0 TO3BOJIMII MOBBICUTH NMPOYHOCTH
arjomepara Ha ynap Ha 7-9%, 4TO MOXHO OOBsiC-
HUTh aKTHBH3ALMEH KPUCTAJUIOXUMHYECKHX U IH-
pOMexaHHUYeCKHX npeBpaiieHuid. [loBblmeHHOE co-

nepxanue Cr, KOHIEHTpalus KOTOpPOTO B Iepe-
JIETTLHOM XpOMOHHKeNIeBoM uyryHe coriacHo 'OCT
805-95 orpanuuena 0,04%, sBiseTcsi OrpaHUYCHU-
€M HCIIOJIb30BaHUsl OypOIKEIEe3HIAKOBBIX Pyl B aryo-
MIpOU3BOACTBE. B CBs3u ¢ 3TUM pacxon pyzsl B ar-
JIOIIUXTE JOJDKEH OBITH He Oojee 13 Kr/T mpu ca-
MBIX HEOJIArONPHUATHBIX YCIIOBUAX (IOMEHHAs IJIaB-
ka Ha 100% ariomepaTa NpU TOJTHOM IEPEXOJE
XpOoMa B YYTYH).

IIpu oxomMkoBaHHMU pynd U KOHLEHTpaTtoB Kyp-
CKOMl MarHWTHOW aHOMalWK B KadecTBe J00ABOK
MOTYT HCIIONIB30BaThCsl OEHTOHUTOBBIE TIIMHBI Boc-
kpecerckoro [8] u HoBokmeBckoro mecropoxie-
HUH, 00J1a/1al01Ue TOBBIIICHHON COPOIMOHHON eM-
KOCTBIO W OOJBIION YAENbHOW MOBEPXHOCTHIO, UTO
MO3BOJIUT YBEIMYUTH MPOYHOCTH TPaHyl OKOMKO-
BaHHOW IIMXTBHI M CKOpPOCTh crekaHud. Ilpum atom
MOYKHO OKHJaTh YBEIWYEHHUS MPOYHOCTU arjiome-
paTa 3a cueT Ooyiee PaBHOMEPHOTO TEIJIOBOTO CO-
CTOSIHUSL CTIEKAeMOT'0 CJIOSI.

B cocraBe arnomuxThl B Ka4eCcTBE YIPOYHSIIO-
[[ef MarHe3HaJIbLHOM 100aBKH MOYKHO HCIIOJIH30BATh
CEPIIEHTUHUTOMArHE3UThl X aIHIIOBCKOTO MECTO-
poxnenns, coxepxamiie no 40% MgO. Jlabopa-
TOpHBIC HccienoBanus [9] mokaszanu, 4TO MpPHU TO-
CTOSIHCTBE COCTaBa KEJIE30PyIHOU CMECH, YCIOBUM
CTIIEKaHUsl, UX MHUHEPATOTUYECKUI COCTaB CIIOCO0-
CTBYeT aKTHBallMU TBepAo(a3HBIX peakiuii, moyo-
JKUTENIbHO CKa3bIBasiCh Ha pe3ysibTaTax aryionporiec-
ca (YyBETMYMBAIOTCS MPOYHOCTb M BBIXOJ TOJHOTO
arioMepaTa B CpaBHEHHH C HCITOJIF30BAaHUEM CHJIC-
putoB BPY u celporo nomomura B KauecTBe MarHe-
3UANBHBIX 100aBOK). OrpaHHYCHUEM TI0 UX HCIIOJb-
30BaHUIO SIBIISIETCS COJEpXKAaHHE XpOMa, TOITOMY
pacxoj CepIIeHTUHUTOMAarHe3nTa He JOJDKEH Tpe-
BhIIAaTh S0 Kr/T armoMepara.

Tabnuua 5

XuMuyeckuii coctaB HOBOKMEBCKOI OTBaNbHOW Menoyn,HOBONEeTPONaBNOBCKUX U aKkepMaHOBCKUX pya,
CepreHTMHNTOMarHe3uToB XanunoBckoro MecTopoxaeHus, 6eHTOHUTOBbLIX FMUH BockpeceHckoro MmectopoxaeHus [6-9]

9 CepﬂeHTI/IHI/ITOMaFHeH3VITbI BEHTOHMTOBbIE MMMHbI
Xvmuyecknin | Hosoknesckue |HoBoneTponasnosckast| AkkepMaHOBCKast
0 Xanunosckoro BockpeceHckoro
coctas, % OTBarbI pyna pyna
MECTOPOXEHMS MECTOPOXEHMS
Fe 34,8 37,0 32,0 4,09-5,60 10,85
Ni 0,57 0,47 04 0,13-0,21 -
Cr 1,2 1,7 1,24 0,17-0,31 -
SiO2 19,3 16,8 253 36,91-39,16 44,1
Al,Os 8,1 11,5 12,8 0,8-3,63 15,34
Ca0 2,1 0,52 0,95 0,06-1,21 1,24
MgO 25 1,6 1,3 34,7-39,72 -
S 0,045 0,05 0,09 <0,04 0,036
P 0,18 0,24 0,12 <0,04 0,028
n.n.n. 141 16,04 1,7 12,82-15,87 11-14
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laxun 4.P., Opyxxoe B.I., [aHbi4es A.A., LLlanosanos A.H.

[Ipu cymiecTByOMEH TEXHOJOTHHA TOJATOTOBKU
arJIONIUXTHI OJHON M3 MPOOJIEM YBEINUCHHS KOJTHYC-
CTBa e¢ KOMIIOHCHTOB SIBJISICTCS YXYJIIICHUE OJHO-
POIHOCTH IMUXTHI, CHIDKaromee 3¢G(eKT OT BBOIA
no6aBok. [losToMy [100aBKH-aKTUBATOPHI CIEAYET
MOJ[aBaTh C BOJOHM MpPU YBIAXXHEHWU arjIOMIMXTHI B
BUjie TynbIibl. [IHeBMaTHyeckue (GOpCyHKH obecte-
YHBAIOT BO3MOXKHOCTH PACIBUICHHS MYJBIBI C CO-
JepKaHueM Cyxoro BemiectBa 1o 26,3% [11], a mo
JaHHBIM Jpyrux ucciepoBatenen — o 70% [12],
XOTs TpeJeibHas BEMYMHA Yy ABTOPOB BBI3BIBACT
comuenue. Ilpu pacxosme Boasl Ha okoMKoBaHHe 30—
40 n/T BO3MOXHO BBefieHHEe N00aBok 1m0 40-50 kr/T
PaBHOMEPHO Ha MOBEPXHOCTh IPAHYJI, YTO OOCCIICUUT
X aKTHBHOE YyYacTHE B OKOMKOBAHHMH M CIICKaHHWU
aromuxThl. [Tomaya akTHBHBIX T00ABOK HA MOBEPX-
HOCTh ()OPMHUPYIONIHUXCS TPAHYJI TIPU OKOMKOBaHHU
MO3BOJIUT YJIYYINUTh KAYECTBO MOJIOTOBKH IUXTHI,
YTO AACT BO3MOXHOCTH YBCJIWYUTH BBICOTY CJIOA ar-
JIOIHMXTHI, JOJKO TOHKO3CPHUCTBIX KOHICHTPATOB B
arJiomMxTe, MPOU3BOJUTEIFHOCTh  ArJIOMAIHHBL,
MPOYHOCTH U BBIXOJ] TOJHOTO ariioMepara.

3akiaoueHne

Ha ocHoBe olLieHKHM MoKa3aTeneld Npou3BOJCTBA
arjoMepaTa ¥ KadecTBa KOMIIOHEHTOB arjomepary-
OHHOM IIMXTHI IPEANONAraeTcs NajbHEHIIee uccie-
JIOBaHNE BO3MOXKHOCTEH COBEPIICHCTBOBAHHS TEX-
HOJIOTUHU TPOM3BOJCTBa arjoMepara B AO «Ypaib-
ckass Cranby: HCIIONIb30BaHUE T00aBOK Oyporkenes-
HSKOBBIX pyI (pa3inuyHOTO COCTaBa), OCHTOHHTO-
BbIX I'NIMH U CCPIICHTUHUTOMAIrHE3UTOB IIPHU UX I10-
na4dy€ B BHUJC ITYJIbIIbI HAa arjIoOMCpallMOHHYIO IIUXTY
B IIPOLIECCE €€ OKOMKOBAHMSL.
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Abstract. This article presents the main technical-
economic, technological and qualitative characteristics of
sinter production at the "Ural Steel" Joint Stock Company.
According to technical reports on the sintering shop opera-
tion, the performance of sinter production and quality of
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sinter have been evaluated. The main technical and techno-
logical factors limiting the performance of sinter production
at the "Ural Steel" Joint Stock Company have been deter-
mined. The article contains a critical review of the known
methods improving efficiency of the sintering process with
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due regard to the profile of the existing sinter production.
The authors propose a priority method for improving the
sinter output produced at the "Ural Steel” Joint Stock Com-
pany suggesting that mineral additives promoting pelletiz-
ing and accelerating mineral formation during sintering
should be used in the sinter charge. This option of sintering
process improvement fosters an integrated effect on the
sinter charge preparation, flow of the sintering process, and
does not require any significant adjustment of technology
and equipment. It makes most sense to use local resources
such as Orsk-Khalilov brown iron ore deposits, Khalilov
serpentinite deposits, and Novokievsk and Voskresensk
bentonite clay deposits as mineral additives in the setting of
the "Ural Steel" Joint Stock Company. The article presents
data on the chemical and mineralogical composition of
these materials. Based on these data, conclusions on the
behavior of mineral additives during sintering have been
drawn. Laboratory experiments have substaintiated positive
effects of these additives on the progress and results of sin-
tering. In addition, their inclusion in the production process
will lower transportation costs, solve environmental prob-
lems of open deposits in the region, and ensure a compre-
hensive use of mineral resources in the Orenburg region. To
ensure a sustainable use of mineral additives, it is necessary
to supply them with water when moistening the sinter
charge into slurry, which will ensure their valuable contri-
bution to sintering charge pelletization and sintering.

Keywords: Sinter charge, pelletizing, sintering, brown
iron ore, bentonite clay, serpentinite.
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OBPABOTKA METANNOB DABNEHVEM
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OCHOBHBIE HAIIPABJIEHUS UCCJEJTOBAHUM
B OBJIACTU COBEPIHIEHCTBOBAHMUSA TEOPUN,
TEXHOJIOI'MM 1 OBOPYOBAHUA
TPYBOIIPECCOBBIX CUCTEM

Kocmarxuii S.1.
Poccuiicknit Hay9HO-HCCIEN0BATENbCKUI HHCTUTYT TPYOHOH IpOMBIIIIEHHOCTH, YensionHck, Poccus

Annomayus. TlpencrasneH 0030p NEPCIEKTUBHBIX HAMPABJICHUH UCCIIEJOBAHUN B 00JACTH COBEPLICHCTBOBAHMS TEO-
pHH, TEXHOJIOTHHU U 000pyJ0BaHus TpyOOnpeccoBhIX cucteM. [loka3aHbl 0cOOEHHOCTH (pyHKIIMOHUPOBAHKSI HOBBIX DHEPro-
cOeperaroIux crocoboB MPOU3BOJICTBA TPYO METOAOM IpeccoBaHMs. Ha mpumepe pe3ynbTaToB SKCIIEPUMEHTAIBHBIX HC-
CIICZIOBAaHUH C HCIIOJB30BAHMEM J1a0OpaTOPHO-TEXHUYECKOW 0a3pl Jlabopatopuy BojoueHHs H mpeccoBanus OAO
«PocHUTH» u MaTeMaTHYeCKOro MOJCIHPOBAHUS C NMPHMEHEHHEM METOJad KOHCUYHBIX 3JIEMEHTOB, PEaM30BAaHHOIO
QForm 2D/3D, noka3ana 3p(heKTHBHOCTH MPUMEHEHHST HOBBIX CIIOCOOOB U YCTPONCTB MPECCOBAHUS TPYO M COBMEIIECHHBIX
C HHUM IIPOLIECCOB, OOYCIIOBJICHHAs CHIDKEHHEM BEJIMYMHBI IPECC-OCTATKa NP MPECCOBAHUU TPYO, CHUIKCHHEM MaKCH-
MaJIbHOTO YCHIIUSI M TIMKOBBIX HAarpy3ok Ha JedopMupyroumii nHCTpyMeHT. [IpencraBineH HHHOBAIIMOHHBIN MOAXOM K CO-
BEPIIEHCTBOBAHUIO IIPOLecca MPECCOBAHMA, 00ECICUMBAIONMII PAaCIIUPEHHE COPTaMEHTa TOpsSYelpecCOBAHHBIX TPYO B
YCIIOBHSIX JEHCTBYIOIIMX TPYOOIPECCOBBIX CHUCTEM, O0OCCIICUHBAOIINI BO3MOKHOCTE M3TOTOBICHHS TPYO C BUHTOOOpa3-
HBIM OpeOpeHneM BHYTpeHHEH MoBepXHOCTH. [IpoBe/icH aHalli3 pe3yibTaTOB MOACIMPOBAHHS MIPOLIEcca IIPECCOBAHMUS TPYO
TIPH UCTIOJIb30BAaHUH NPHHYIUTEIBHOTO BPAILATEIBHOTO IBIKCHHS PECC-UINIBI U CIENIaH BBIBOJ O BO3MOXKHOCTH H LiejIe-
COO0pa3HOCTH €ro MpUMEHeHUs.. BMecTe ¢ 3THM yKa3bIBaroTCs 3HAYMMBbIE TEOMETPUYCCKHE Pa3Mephl IPECC-UIIL, y4eT KOTO-
PBIX MOXET 00eCleYnTh W3rOTOBJICHHE YKA3aHHOTO BHIA TPYOHOI MPOJYKLWH, M MPUBOIUTCS CChLIKA Ha MPOrpaMMHOE
obecrneyeHue, pY UCHOIB30BAHUU KOTOPOro o0ecrednBaeTcs 3a1a4a HHKEHEePHBIX PacdeToOB 3HEPrOCHIOBBIX IapaMeTpOB
Ipoliecca U reOMEeTPHUECKHUX apaMeTpoB IPO(UINPOBKH TPYyOOIIPECCOBOIrO MHCTPYMEHTA JUIs IPOM3BOACTBA TPYO C BUH-
TOOOpa3HBIM OpeOpeHHeM BHYTPEHHEH NOBEPXHOCTH. B nomnomHeHn: kK 0600IIEHHBIM pe3yIbTaTaM UCCIeI0BaHUN MPOLiec-
ca MpsAMOTO TPECCOBAaHMS TPYO MPEICTABICHO Pa3BUTHE TEXHMYECKHX U TEOPETHYECKHMX OCHOB IIpoLecca MPECcCOBAHMUS
TpyO ¢ GOKOBBIM HCTEYEHUEM, B TOM YHCJIE IIPU COBMEICHHUH C MPOLIECCOM JIUThsI, PSAyLIMPOBAHIS 1 IPHHIUIIOB aKKYMY-
JMpoBaHus SHepruu. [IokazaHa MepCreKTHBHOCTh NPOBEICHHS HACTOSIIMX M JATBHEHIINX HCCIICIOBAHMI.

Kniouesnie cnosa: nporecc npeccoBaHus TpyO, MAKCHUMAIBHOE YCUINE IPECCOBAHMS, IIPECC-OCTATOK, aKKyMYJIHPYIO-
1iee yCTpOICTBO, TpyOa ¢ BUHTOOOpa3HbIM OpeOpeHreM BHYTPEHHEH IOBEPXHOCTH, COBMEILEHHBIE CIIOCOOBI M YCTPOICTBA
JUISL TIPECCOBAHMS, UMIIOPTO3aMeIleHHUE.

COBBIX CHCTEM; aHaJIM3 TEOPETHYECKHUX pa3paboTOK
BBenenmne YCTOMYMBOIO TE€YEHHS METaJlJla M BBINOJHEHUE TpPO-
(s TopsAYEIPECCOBAHHBIX TPYO; MCCIICIOBAHUE Jie-
(hOpPMAITMOHHBIX CBONCTB HOBBIX MAaTEPHAIIOB.
CuHeprusi JIEHCTBYIOIIUX TPYOOIIPECCOBBIX CH-
CTeM, OCHOBBIBASICh Ha aHAJM3E TEOPETUYECKUX pas-
pabOTOK YCTOHYMBOIO TEYCHHUsI METala M BBITIOJIHE-
HUE TPOQWIA TOPSYCIIPECCOBAHHBIX TPYO, TMpeIy-
CMaTpuBaeT pa3pa0d0TKy HOBBIX  CIOCOOOB U
YCTPOWCTB HM3TOTOBJICHUS TOpSUYeePOPMUPOBAHHBIX
Tpy6. Ilpu 3TOM ObecmieumBaeTcsi BOZMOKHOCTh pac-
MUPEHNsT COPTaMEHTa B 00JIACTH TpyaHOAehOpMHUpY-
€MBIX METAJJIOB M CIUIABOB M U3TOTOBJICHUS TPYO HO-
BOW KOHCTpyKiuu. WTak, mpemiaraercss paccCMOTPETh
CIICIYIONIHE TEXHIUESCKIE ¥ TCOPETUICCKUE PEIIICHIIS.

CylecTByOIIMe TEXHOJOTHYECKHE IPOIIECCHI
00pabOTKH METAJUIOB JIABJICHUEM O00ECIECYHBAIOT
CHUCTEMAaTH3allMI0 3HAHUN B paMKax COOTBETCTBYIO-
e Hayku. C Hell cBA3aHbl pa3IMyHbIE TUIBI TEO-
puil Hay9IHOW TUCIUILTUHBI, KaK (hyHIaMEeHTaIbHBIE,
TaK ¥ YacTHbIC, HAIPUMED — TEOPHsI IIPECCOBAHUS, a
TaK)Ke OMBITHBIC (PAKTHI, HA KOTOPBIC OMUPAOTCS U C
KOTOPBIMU JIOJDKHBI OBITH COTJIACOBAHBI MPUHIIUITEI
MHHOBAI[MOHHBIX TEXHOJIOTHH.

HccrenoBanme yCIIOBHO JENUTCS Ha CIICAYIOIIHE
HAIpaBJICHUs: CUHEPrusl JCHCTBYIOIIMX TpPyOOmpec-

© Kocmankuii S1.1., 2016
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Pe3yabTarhl ncesiegoBanmnii

Bo-nepBbIX, TEOpeTHUECKOE HCCIENOBaHUE Ipa-
HUYHBIX YCIIOBHH pealM3aluy IMpolLecca HHEepIu-
OHHOTO TIpecCcOBaHMs TpyO, 3aKIIOYAIOUIETOCS B
NPOTATUBAHUM MeTajula U3 KOHTelHepa TOTOBOU
JacTBhIO M3JCNHs, BRIIIOJHEHHOE B pabore [1], mo3-
BOJIWJIO pa3paboTaTh PEKOMEHIAMU MO COBEPILICH-
CTBOBaHHMIO CII0CO0a WHEPIIMOHHOW BBIIPECCOBKU
npecc-ocTaTka u ycrpoiicto (puc. 1), obecrneunna-
IOINX, B COBOKYIHOCTH, IIOJTHOE YCTPAHEHUE yKa-
3aHHOM BeNWYMHBL. B YacTHOCTH, YCTaHOBIEHO,
YTO JUIS TapaHTUPOBAaHHOTO YCTPaHEHHUs Ipecc-
ocTaTka TpedyeTcsl MPUIOKEHNE JOMOTHUTEIBHBIX
YCUJIMI, CO3JaBAEMBIX aKKyMYJHUPYIOLIUM yCTPOii-
CTBOM, NPUHLHUII I€HCTBHUS KOTOPOI'O OIHUCAH B pa-
6otax [2, 3], KOMIIEHCUPYIOIIKX B Cllydyae HX He-
JOCTaTKa CO CTOPOHBI MHEPLOHHOTO BO3ACHCTBUS
TOTOBOH YacTh TPYOBI.

[Ipu 3TOM cnemyer OTMETUTH OCOOEHHOCTDH pa-
00Tkl ycTpoiicTBa (cM. puc. 1), cormacHo KOTOpOit
nepeaaya MeTaJuly 3arOTOBKM HAaKOIUIGHHOW 3Hep-
MU OCYIIECTBIISICTCS MOCTEIIEHHO B TEUEHUE BCETO
pabodero mukIia rmporecca, odecrnednBasi Ipyu STOM

IUIaBHOE BO3pacTaHWe YCHIHMs npeccoBanus P. B
COOTBETCTBHHU C HPEJCTaBICHHOW Ha pUC. 2 Tpadu-
YeCKOW 3aBHCHMOCTBIO JJIMTEIBLHOCTh IPOIEcca C
NPUMEHEHUEM aKKyMYJIHPYIOIIETro YCTpPOiCTBa BBI-
me, 9T0 OOBSICHSAETCS paboToi medopmariu mpu-
MEHSAEMOI'0 YCTPOHCTBA.

Bo-BTOpBIX, JOMOJHHUTEILHOE BpalIaTeIbHOS
JBIDKCHUE TPECC-UIIIbI PACHIUPSET BO3MOXKHOCTU
NPUMEHEHHUs TIpolecca MPEeCcCOBaHUS B HallpaBlie-
HUM CHWXXEHHUS YCUJIMS Ha BeNUYUHY OT 2,5 10 5 %
(puc. 3), HeOOXOMUMOTO AJIsl U3TOTOBICHUS TPYO M3
TPYIHOAC(HOPMUPYEMBIX METAJUIOB M CIUIABOB B
NPOMBIIIJICHHBIX YCIOBHAX JICHCTBYIOIIUX TpPyOO-
MIPECCOBLIX crcTeM [4].

OIHOBPEMEHHO C 3TUM TP MCHOIb30BaHUH pa-
[IHOHATBHON TPO(WINPOBKH IIPECCOBOTO HHCTPY-
MeHTa [5, 6], obecreunBaroero ycToidnBoe Teve-
HHE MeTaJlia, MOSBISIETCS TEXHOJIOTHYECKas BO3-
MOXHOCTh PacUIMPEHHsl COPTaMeHTa TPyOHOH Mpo-
JOYKIIMA W W3TOTOBJICHUS TPECC-U3AENNi C Tiry0o-
KOW CTerneHbi0 MpopaboTKH [7], COOTBETCTBEHHO C
MOBBIIIEHHON J00aBJIEHHON CTOMMOCTBIO, @ HMEHHO
TpyOBbl ¢ BUHTOOOpa3HBIM OpeOpeHrueM BHYTPEHHEH
HOBEPXHOCTH (pUC. 4).

7 2 8 6 3 4 A2
= AW

- »_d | _/‘

Q /,7,0
/ N i - -
f A \ a5 N1 ;
A\s , W @ MWMWQ%'
H

Puc. 1. Cxema ycTponcTBa Ha CTagun BbINPeCcCOBKM NPeCcc-0cTaTka: akKyMynupytowee yCTpoucTBO
B HaYaNnbHOMW — KOHEYHbIX (a) U YyCTaHOBMBLUEHCA CTagusx npouecca (6) COOTBETCTBEHHO:
1 — KOHTeIHep; 2 — BTYNKa KOHTeWHepa; 3 — maTpuua; 4 — maTpuua-aepxaTenb; 5 — NyaHCOH;
6 — npecc-waiida; 7 — npecc-urna; 8 — akkymynupyoLiee ycTpoincTeo; 9 — nonbli npocunb
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Bpema pabouero nukna npeccopanug t, ¢

——0e3 aKKyMVJIHPVIOILETO YCTPOHCTBA
=8=C aKKYMYIHPYIOIIUM YCTPOHCTBOM

Puc. 2. 3aBUCMMOCTb CpeaHero 3Ha4eHMs YCUnus npeccoBaHmns

OT BpemeHu pabouero uMkna npouecca: P
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Bpema pabouero mUKIa IPeccoOBaHHA t. C
— mpeccoBaHue TPYOBI ¢ opedpeHneM; --- IpeccoBaHUe TPYyObI O0e3 opeOpeHus

Puc. 3. 3aBucMMoCTH cpeaHUX 3HAYEHNUI yeunua npeccoBaHus Tpy6 40%10,0 mm
U3 cBuHLA Mapku C1 oT AnuTenbHOCTM paboyero Lukna (no pesynbTatam KOMNbHTEPHOTO MOAENUPOBAHMA
=106,1kH; P,

max,

¢ ucnons3osaHnem QForm 2D/3D): P,

L, L,

=108,7 kH

ax,

Dios

Puc. 4. TeomeTpuyeckue napameTpbl CUCTEMbI NPECC-UbI — TPYOa ¢ BHYTPEHHUMMU BUHTOBLIMU Hape3amu:
D7 - HapyXHbI anameTp TpyObl; dr— BHYTPEHHUI AuameTp TpyObl; drw — ManbIn BHYTPEHHUIA auameTp Tpyobl;
Skox — WIar Hape30B Ha yYacTKe NpPecc-Uribl, COOTBETCTBYIOLIEM KOHUYECKOMY YHaCTKy MaTpuLbl;

Dxon — AMameTp 3axo4HOro yyactka MaTpuubl; b — WwMpuHa pedpa; ¢ — yron nogbLeMa BUHTOBOW NIMHUK

IIpn wuccnemoBaHumu Tpolecca MPECCOBAHUS
TpyO C BHYTPEHHHUM BHHTOOOpa3HBIM OpeOpeHHeM
cieayetr oOpaTUTh BHUMAaHUE HAa TPH COOTBETCTBY-
IOIIMX BPEMEHHBIX HHTEpBalia, CTaJul KOTOPOTO
n3o0paxkeHbl Ha pUC. 5. [Ipu 3TOM, Kak IMOKa3aHo
Ha puc. 3, t =59,7c — MOMEHT BpEeMEHH, COOT-

BeTCTBYIOHII/Iﬁ 3aII0JIHCHUIO KOHUYCCKOT0 ydyaCTKa

MaTpUilbl METAUIOM 3aroToBku (puc. 5, a);
t, ~72,8c — MOMEHT BPEeMEHH, CONPOBOIKIAIOIIIHH-
CsI 3aI0JTHEHHEM KATMOPYIOIIET0 y9acTKa MaTPHUIIbI
(puc. 5, 6); t, ~86,6 c — MOMEHT BpeMeHH, COOTBET-
CTBYIOLINI YCTAHOBHBILEMYCS IIPOLIECCY MPECCOBa-
HHsS, TI0CJe KOTOPOrO HAOIIOAeTCsl TOHMKCHUE
ycuns (puc. 5, B).
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B COOTBETCTBMH C 3aBUCHMOCTBIO HM3MEHCHHS
yCcHIMsl TpeccoBaHus TpyO ¢ opeOpeHuem, n3obpa-
’KEHHOU Ha PUC. 3, YBEIMYCHHE YCUIIUSI TPECCOBAHMUS
Habmoaercs 1o ~ 86,6 ¢, T.e. 10 MOMEHTa BpeMEeHU
t,, IpH KOTOpOM IepeaHuil KOHell MeTama «cbera-

er» ¢ mpecc-urisl (puc. 4, B). Ilocne t, mpomcxomut

MEJICHHOE CHIDKeHHe ycwius. HauOombimas cko-
pPOCTh pOCTa YCHJIUS HaOIIIOJacTCs Ha BPEMECHHOM
uHTepBaiue 10 ~ 59,7 c. OKoHYaHKE ITOTO BPEMEHHO-
ro MHTEpBaja COOTBETCTBYeT MOMEHTY BpeMeHH I,

(puc. 4, a). [Ipu 5TOM ciieLyeT OTMETUTD, YTO BHYTPH
o0beMa, 00Opa30BaHHOTO KOHUYECKHM y4YacTKOM
MaTpullpl, TPOUCXOAMT Hamboiee WHTEHCHUBHOE
(hopMOM3MEHEHHE METAIIIA.

Taxke cnexyer oTMeTuth, uTo A0 ~ 30 ¢ rpa-
¢uveckre 3aBUCUMOCTH YCWJIHS TPECCOBAHUS
TpyOBl C BpallleHHEeM Ipecc-Uribl U 0e3 Bpalle-
HUS NpaKTHYecKH coBmanaroT. [locne wero ycunme
Ha ITyaHCOHE B IPOIIECCE C BPAIICHUEM IIPECC-HTIIBI
«0OroHseT» ycuiue NpeccoBaHUs 0e3 BpalleHHS
npecc-uribl. BepodaTHo, 3TO CBS3aHO € TEM, U4TO B

9TOT MOMEHT BPEMEHHM METajul HauWHAeT WHTEH-
CHBHO BO3/IeiiCTBOBaThH Ha OOKOBYIO CTEHKY Hape-
30B Ha Tpecc-urie, a CleA0BaTeIbHO, IPOUCXOINUT
YBEJIIMYEHHE CKOPOCTH pPOCTa PacCTATUBAIOLINX
HaIpsDKEHWH Ha Mpecc-urie.

B-TpeTbux, WCHONB30BaHWE NPUHIMIIA COB-
MENICHHUSIM CIOCO00B 00pabOTKH METAJJIOB JaB-
JIEHUEM, C LeNbl0 o0ecrieueHus: BBICOKOH MaHeB-
PEHHOCTH U HENMpPEephIBHOCTHU Mpoliecca mpeccoBa-
HUS TIPU 33JaHHBIX TEXHOJIOTHYECKHX YCIOBHSX,
MO3BOJMIIO pa3paboTaTh CIEAYIOMUI KOMIUIEKC
CIIOCOOOB W YCTPOMCTB: JUThE — MOMEPEYHO-
0OKOBOE MpEeCcCOBaHKWE U peAylHpoOBaHuE [8], nu-
Tbe — MOMNepeyHo OOKOBOE U MPsMOE IIPecCoBaHUe
C BBINPECCOBKOM mpecc-octaTka [9]. Teopermue-
CKO€ MCCIICIOBAaHUE TOCIETHETO ¢ NCIOIb30BaHH-
eM pa3paboTaHHOW MaTeMaTHYeCKOH MoJenu
nporiecca [10] MO3BONMIO OMpENEIUTh MaKCH-
MaJbHOE 3HAUCHHE YCHJIMSI MPECCOBAHMS U YCHU-
U aKKyMYJUPYIOLIETO YCTPOMHCTBa, obecredu-
BAIOLIETO BBIMPECCOBKY Mpecc-ocTaTka (puc. 6).

Puc. 5. Cragum npouecca npeccoBaHus Tpyo pasmepom 40x10,0 MM ¢ BUHTOOOpa3HbIM opedpeHnem
BHYTpPeHHel noBepxHocTh: a— t, ~59,7¢c; 6 -t, ~72,8¢c; B— t, ~ 86,6 C

0,6

ST
0,5

0,3 l

|| =

0,2 l

0,1 ;

Ycunue npeccoanus P, kH

i

0 20 40

60 80 100 120

Bpewms pabouero mukiia nporecca t, ¢

Puc. 6. UameHeHUe ycunus npeccoBaHMs Ha NepBOM U BTOPOM 3Tanax COBMELLEHHOro npouecca
C NpUMEHEeHUeM OpUrMHaNbLHOTO YCTPOMCTBA ANA ero ocywecTBneHus [9]
npy U3roToBNEHUN MeaHbIX TPYO pazmepom 40x10 Mm
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Kocmaukut A.4.

3akiaouenue

Takum obOpazom, mocnegyrormiee (GU3NIECKOe
MOJEHPOBAHIE HOBBIX TPYOOTPECCOBBIX CHUCTEM,
3a UCKIIOYEHUEM MHEPIMOHHOTO MpeccoBaHus [2,
11] ¢ mpsAMBIM HCTEUYCHHEM MeTajia, pa3padoTka
TEXHHUKO-3KOHOMHYECKOTO OOOCHOBAaHUS WX TPHU-
MEHHMOCTH W OIBITHO-TIPOMBIIIUIEHHOE OIpPo0o-
BaHME MOTYT CMNOCOOCTBOBaTh CTa0MIHM3AIUH
KOHKYPEHTOCIIOCOOHOCTH TPYOHOW MpPOMBIILICH-
Hoctu (m. 7 Ipunoxenus k Ilpukazy Ne 652 ot
31.03.2015), ocobeHHO B 00JaCTH HEOCBOSHHOTO
COpTaMeHTa, 4TO SBIISIETCS OJHOW U3 CTpaTeTHde-
CKM BaXHBIX 3a1a4y P®D, HanpaBieHHBIX Ha peaiu-
3arnuto [Iporpamm umnopro3zamemenus [12, 13].
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Abstract. This article presents an overview of advanced
areas of research in the field of pipe-extrusion system theo-
ry, technology and equipment improvent. The article intro-
duces performance features of new energy-saving pipe-
extrusion methods. Through the results of experimental
studies using the laboratory and technical facilities of the
drawing and extrusion laboratory of ‘RosNITI” Joint Stock
Company and the QForm 2D/3D final element simulation,
the aurthor shows the application efficiency of new pipe-
extrusion methods and devices and the processes combined,
a factor which is associated with the reduction of pipe-
extrusion discard and reduction of maximum load and peak
loads on deforming tools. The article presents an innovative
approach to extrusion process improvement which ensures
expansion of the hot-presset pipe assortment in the setting
of running pipe extrusion systems and makes it possible to
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manufacture internal helical fine pipes. The results of pipe-
extrusion simulation with forced rotation of the mandrel
have been analyzed, and the possibility and feasibility of its
application are proposed.

At the same time, the author indicates valid geometrical
dimensions of mandrels, if taken into account, ensuring
production of pipe products of this type. The author pro-
vides a link to the software for engineering calculations of
process power parameters and geometric parameters of
pipe-extrusion tool profiling to produce internal helical fine
pipes. In addition to consolidated results of research on di-
rect pipe extrusion, the article presents a development of the
technical and theoretical background for the lateral pipe
extrusion process, but also when combined with casting,
reducing and energy storage principles. The potential of
current and further research is demonstrated.
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METOA0JOI'usI MOAEPHU3AIIMA TEXHOJIOI'A
I'OPAYEN OBBEMHOU HITAMITIOBKHU AJIIOMMUHUEBBIX CIIJIABOB
METOJOM KOMIIBIOTEPHOI'O MOAEJIMPOBAHUA
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KoncranTunos U.J1., I'ybanos U. FO., Kilemenkosa JI.B, Acrtpamatos U.O., Cunensankor C.b., 'opoxos FO.B.
Cubupckuii penepansubiii yausepeuteT (COY), KpacHospcek, Poccus

Annomayusn. PazpaboTaHa METONOJNOTHS MOJECPHH3AIMK TEXHOJOIMH Topsiueld 0OBEMHOW IITAMIIOBKH TOKOBOK H3
ATIOMHUHHUEBBIX CIUIABOB KOMIIBIOTEPHBIM MOJIEIIMpOBaHUEM. Peann3ariyiss MeTo0I0rMH TI0Ka3aHa Ha JIeHCTBYIOMIEH TeXHO-
JIOTHH IITaMIOBKHY NMOKOBKH «Jlnck» u3 craBa AB. [Ipu 3ToM cTaBmIIoch ycoBue, 4To MOAEPHH3ALHS I0JDKHA 00ECTICUHTh
TIOBBIIIEHHE IKOHOMIYHOCTH IIPOIIECcCa M HE COMPOBOXKAATHCS 3aMEHOI 000pyI0BaHMs, CYIIIECTBEHHON TEpPEIENKOH Mpecco-
BOTO MHCTPYMEHTa, a TaKXKe U3MEHEeHHUEM (OPMBI U pa3MepOB INTAMIIOBAHHOI MOKOBKH. AHAJIM3 TEXHOJIOTMHU-aHAJIOTa 103~
BOJIMJT C(hOPMYJIMPOBATH 3a/1a4y COKPAIIECHHUS KOJIMYECTBA TIEPEX0JI0B MPH ITAMIIOBKE ITyTEM ONTUMHU3ALMHU YCIOBHH TPEHHS
NPH IITaMIIOBKE U CKOPOCTHBIX YCJIOBHH HITamroBku. [lociie ananmiza mo ueprexxam B nporpamme SolidWorks co3naBanu
TpeXMEPHBIE MOJIEIN [ITAMIIOBAHHON MOKOBKH M IITaMIIa, KOTOPBIE 3arpyKajli B IPETPOLIECCOpP KOMITBIOTEPHOI Mporpam-
Mbl DEFORM-3D B Buze daiinos. [locie aToro BBoanIM TemMrepaTypHble, CKOPOCTHBIC U CUIIOBBIE PEKHMBI 1e(hOpMHUpPOBa-
HHSI, KOTOpBIE COTJIACHO TapaMeTpaM 3aBOJICKOTO TEXHOJIOTHYECKOTO MpoIlecca COCTaBIsUIN: TeMIlepaTypa Harpesa ITaMma
360-450°C, temmniepatypa Harpesa 3arotoBok 400-470°C, ckopocTh mraMinoBkd 2—10 Mm/c, a CONPOTUBIICHHE AehopMaliim
Opasiock U3 nauTeparypsl. Ha Beixojie nonyyasiu 0a3y JaHHBIX Tpoliecca ITaMIIOBKH. B pe3ysbTaTe yCTaHOBHIIM, YTO PaBHO-
MEpHOE 3aIl0JIHEHUE IPABIOPHI IITAaMIIa 32 OJIUH HEPEX0/1 JOCTUTACTCs TIPU TIoKa3aresie TPeHHs! TI0 BepXHell TopieBoi u 60-
KOBBIM TMOBepXHOCTSIM cocTaBisitorum 0,3—0,4, a ckopocTs pabodero xoja rnpecca Mpy 3TOM He JJOJDKHA MPEBbILIATh 5 MM/C.
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Memodonozusi ModepHu3aLuuu mexHos02uu 20psiyeli 06bemMHOIl WMaMnoexu ...

Koncmanmunoe UJ1., ['y6aHoe . 10., Knemerkoea 4.B. u dp.

Bo3moxxnocTn TIIpOorpaMMsbI IMO3BOJIMIIM TAKKEC M3YUYUTh TCUHCHUEC METAJUIA U MPOCIICANTD 3aIIOJTHCHUC IITaMIIa C HpPIBﬂBKOfI K
MU3MCHCHHIO YCUJIMA INTAMIIOBKHW Ha PA3HBIX JTarax. B PE3YIbTATC MITAMIIOBKH 1O HOBOM TEXHOJIOTHH B TIPOU3BOACTBCHHBIX
YCJIOBHUAX 3a OAUH IEPEXO ObLIN TOJTY4YCHBI IIOKOBKU, TCOMETPUA U CBOMCTBA KOTOPBIX YAOBJICTBOPSIINA Tp€6OBaHI/I)IM HOp-
MATUBHBIX JOKYMEHTOB IIpU YMCHBIICHUN ce0eCTOMMOCTH TIOKOBOK He MeHee ueM Ha 10%.

Knrouesvte cnosa. amoMyuHUEBBIC CILIaBbI, ropsvas 00BbeMHas IOTaMIIOBKa, KOMIIBIOTCPHOEC MOACIIMPOBAHUEC, IITAMIIO-

BaHHas ITOKOBKa.

BBeaenne

Ha psge mpennpusatuii 10 cux mop MPUMEHSIOT
TEXHOJIOTUH TOps4eli OOBEeMHOW INTAMIOBKM allto-
MHHHEBBIX CIUIAaBOB, KOTOpBIC OBUIM pa3paOOTaHBI
HECKOJIBKO JIECSTKOB JIET Ha3aJ U TPeOyIOT MOAEPHH-
3aiuu. Mcronb30BaHre TaKUX TEXHOJIOTUN OOBICHS-
eTcsl TeM, YTO OHHM OCHAILECHBI [ITAMIIOBBIM HHCTPY-
MEHTOM, OOOpYIOBaHHEM, HAKOIUIEH IPOU3BO-
CTBEHHBI ONBIT UX PealU3aluM, a pa3padoTKa HO-
BBIX TEXHOJIOTHH, UX OIIPOOOBaHME U BHEIPEHHE I10-
TpeOYIOT 3HAYUTEIBHBIX 3aTPaT, MO3TOMY MOAEPHH-
3aIHs UCTIONB3yEMBIX TEXHOJIOTHI B3aMeH pa3padoT-
K/ HOBBIX MOKET ObITh SKOHOMUYECKH BBITOIHOM.

Db dhexTHBHPIM WHCTPYMEHTOM ISl aHAIH3a TIPO-
1IeCCOB  0OpabOTKM METAJUIOB JIABIICHUEM CITYKUT
KOMIIBIOTEPHOE MOJICIIUPOBAHUE, & Il MOACIUPOBa-
HUS TOopsiueld OOBEMHOM IITAMIIOBKH YacTO HCIOJb-
3yroT nporpammubie komiuiekcbl QFORM (Poccust) u
DEFORM (CIIIA), ocHOBaHHBIC Ha METOIE KOHEY-
HbIX AnemeHToB (MKD). B psime pabot nmokazano [1—
10], uTo MpUMEHEHHE KOMIBIOTEPHOTO MOJICIUPOBA-
HHS TIO3BOJISIET BUPTYAIBHO MPOCIIENUTH KapTHHY Jie-
(hopMHUpOBaHU METaa, HAWTH TPAHULBI U3MEHEHHS
SHEPrOCUIIOBBIX TapaMeTpOB TIpoIlecca IITAMIIOBKH,
MPOWJLTIOCTPUPOBATh paclpe/eeHie HANpsHKEHUH U
nedopmarmii mo ooveMy 1eOpMHUPYEMOTO METallIa,
ONpeNIeTINTh MPUYUHBI OpaKa Moy4acMoi MPOLYKLIUH
U T.1. [Ipr 3TOM aleKBaTHOCTh PE3YJILTaTOB MOJIEIH-
poBaHUsA B OCHOBHOM 3aBHUCUT OT IPABUIIbHOCTU BbI-
0opa, a TakKe MOJHOTHI M TOYHOCTH BBOIMMBIX Ipa-
HUYHBIX ycnoBuil. [loatomy MonenupoBanue mpu pas-
paboTKe TEXHOJOTMUECKUX IPOIECCOB TOpsiueii 00b-
€MHO# IITAMIIOBKH aKTyallbHO, T.K. CIOCOOHO CHU3UTH
3aTpaThl Ha MOJEPHU3ALMIO TEXHOJOTHH U MOATBEp-
JUTh UX SKOHOMHYECKYIO IesecooOpasHocTh. llpn
3TOM Ba)KHBIM SIBJISIETCS] COONIOZICHHE OTpe/IeTIEeHHOTO
TIOPS/IKA TIPOBEICHUST PadoT M0 COBEPIICHCTBOBAHHIO
TEXHOJIOTHi{, TO3TOMY LeJIbi0 paloThl SBISUIACH Pa3-
paboTKa METONOJIOTMH MOJEPHU3ALMH TEXHOJIOIHYe-
CKHX MPOLIECCOB ropsueii 00beMHOHN IITAMIIOBKU T10-
KOBOK M3 aJIIOMHUHUECBBIX CIIJIABOB AJIA IMOBBIIIICHUA UX
SKOHOMHYECKOM 3(P(HEKTMBHOCTH HA OCHOBE KOMIIBIO-
TEPHOTO MOJIETTMPOBAHKSI.

Jist gocTXeHus Helu B paboTe pelanuch clie-
JYIOIINE 3a/1a4H:

— pa3paboTaTh MOPSIOK MOCTPOCHUS KOMIIbIO-
TEPHOW MOJIETM THIIOBOTO TEXHOJOTHYECKOTO Mpo-
mecca ropsueit 00bEMHOM IITaMITOBKH QTFOMUHHE-
BBIX CILJIABOB,;

— B Ka4yecTBE MpUMepa MOCTPOUTH KOMITBIOTEp-
HYyI0 MOJENb TEXHOJOTHH TOpsiuell O0BEeMHOM
IITAMIIOBKA OAHOM M3 IMOKOBOK, BXOISIIMX B HO-
MEHKJIaTypy JEHCTBYIOLIETO NPEANPUSITHS;

— BBINIOJIHUTHh CPaBHUTENBHBIM aHAIU3 TPOU3-
BOJCTBEHHOU M BUPTYaJIbHON TEXHOJIOTUIA;

— pa3paboTaTh PEKOMEHAALUH MO MOACPHH3A-
UM JEeHCTBYIOLIETO IIPOU3BOACTBEHHOIO IIPOLIECCa;

— MPOBECTH OMNBITHO-IIPOMBILIJIEHHOE OMpo0o-
BaHUE TEXHOJIOTHH C YYETOM MOJEPHHU3ALINH.

MoneaupoBaHue TEXHOJIOTHH
ropsiueii 00beMHOH IMTAMIOBKH

s mocTrKeHHs MOCTABICHHOM LIEN UCCIIEN0-
BaHUsI TPOBOJVWIN B TIOCIEAOBATEIBHOCTH, MpPE/-
CTaBJICHHOM Ha pUC. 1.

OTnpaBHBIM MOMEHTOM JJIsl KOMITBIOTEPHOTO MO-
JIETTMPOBAHUS TEXHOJIOTMYECKOr0 Tpoliecca Topsyeit
00BEMHOI IITAMIIOBKYA TIOKOBOK W3 ATFOMHUHHEBBIX
CIIABOB SIBIISICTCS MOAPOOHOE U3YYCHUE M aHATIU3 HC-
MOJIb3yEMOM TEXHOJIOTHHU (TEXHOJIOTUSI-aHAJIOT) OJJHOM
W3 IITAMIIOBAHHBIX MTOKOBOK, BXOJISIIUX B HOMEHKIIA-
TYpy TPEINPUATHS, BKIFOUYAIOIIEEe AHAN3 WUCXOIHBIX
pasmepoB U (OPMBI 3arOTOBKH, M3y4deHHE (PopMOm3-
MEHEHUSI 3arOTOBKH IO MEPEX0JiaM IIITAMITIOBKH, Tep-
MOIe)OpMAIMOHHBIX MAPaMETPOB MITAMIIOBKH, YCIIO-
BUIA TPEHHS], KOHCTPYKIMHU [ITAMIIOBOTO WHCTPYMEHTA
1 TIp. 371eCh e aHATTM3UPYIOTCS TAKKE MOKA3aTeNH, Kak
MPOU3BOIUTEIBHOCTh MPOIIECCa, BBIXOA TOJHOTO, KO-
3 UIIMEHT HUCIIONB30BaHKs MeTaia u ap. Mrorom
MPOBEJICHHOTO aHAJIN3a CIIEyeT CUUTATh ONpeCIiCHIe
TEX MapamMeTpoB TpoIiecca, YIpaBIeHHE KOTOPhIMH B
JIAHHOM TEXHOJIOTUH MO3BOJIUT TIOBBICUTh €€ SKOHOMH-
4yecKkyr 3()(eKTUBHOCTh, HanpuMep m3MeHeHune (hop-
MBI U Pa3MEpOB 3arOTOBKH, CHIKCHHE KOJHMYECTBA
MEPEX0JIOB, BHIOOp  ONTHMAJBHOH  TeMIepaTypsl
Harpesa 3aroTOBKH U IITAMIIA, OA00P CMAa3KH, YTOU-
HEHHE CKOPOCTHBIX TMapaMeTpoB IITAMIIOBKH U T.II.
I[Tpu 5TOM cnesryet oOpaTuTh 0cO00E BHIMaHHE Ha TO,
YTO TaKWe TPaHUYHBIC YCIIOBHUS, KaK CKOPOCTh Jiedop-
MHPOBAHHS, TEMIIEpATypbl HAarpeBa 3aroTOBKU H
HITaMIa W JPyrue JOJDKHBI OTPAKATH BO3MOXKHOCTH
y)Ke HCIONB3yeMOoro JieopMHUPYIONIEro 000py0Ba-
HUS U COOTBETCTBOBATH HOPMATHBHBIM JIOKYMEHTaM
(oTpaciieBbIM CTaHIapTaM, TPEOOBaHUSAM 3aKa3dyMKa U
1p.). Ha ocHoBe mpoBeneHHoro ananmsa paspadarbiBa-
eTcsl CTPYKTYpa KOMITBIOTEpHOW (BHPTYaJIbHOM) Mojie-
JIM TEXHOJIOTUYECKOTO IPOLECcca, B KOTOPYIO BXOMIAT
TaKWe KOMITOHEHTBI TEXHOJIOTHH, KaK BUJI 3arOTOBKH U
TeMIiepaTypa ee¢ HarpeBa, THIT IITaMIIOBOTO HHCTPY-
MEHTa U JiepopMHUpyIomero o0opyI0BaHus, CKOPOCT-
HbIE YCIJIOBHSI LITAMIIOBKH U T.J.
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Ananuz pezysemamob modeaupobarus u paspadomka pekomendayul
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OneimHo - npoMsiAenHoe onpodoBanue mexHon02uYecKo2o
npouecca - aHasoza ¢ yyemom 2o Koppekmupobiu

Puc. 1. Mopsaok MogenupoBaHUs ropsiuen 06LeMHOM LWTaMNOBKW NOKOBOK U3 antOMUHUEBBIX CMTaBOB

ITocne storo B mporpamme SolidWorks cosna-
€TCA TpEXMEpHas MOJCJIb 3arOTOBKH U HITaAaMIIOBOT'O
WHCTPYMEHTA, KOTOpasi B BUAE (pailioB UMIOPTUPY-
eTcsl B MPOrPaMMHBIH KOMIUIEKC, B JAHHOM CIIydae
rcrnonp3oBanca komruiekc DEFORM-3D.

Crieyromym Marom sBIsieTCs: BBOJ B IPOIPaMMy
OCHOBHBIX MapaMeTpoB MOJEIUPOBAHUSA (TPaHUYHBIX
YCJIOBHI) B COOTBETCTBHU C OTpaHUYECHUSIMH, HaKJIa-
IBIBaEMBIMH HOPMATHUBHBIMH JIOKyMEHTaMH: TEMIIe-
paTypbl HarpeBa 3aroTOBKU M IITaMIIa, CKOPOCTH Jie-
(opMupOBaHHs, TTOKA3aTENsl TPEHUS, PEOIOTUUSCKHX
CBOWMCTB MaTepuaiia U T.Ja. Ilocie 3Toro BKIFOYASTCS
pacyeT BUPTYaJIbHOTO TEXHOJIOIMYECKOro Tporecca. B
IpoIIecce pacyeTa aHAIM3UPYETCs TIPOLIECC IITaMITOB-
KM, 2 IMEHHO XapakTep (OpMOU3MEHEHHS 3arOTOBKH,
HampuMep ¢ yderoM 3()(EKTMBHOCTH 3ariOHCHUS
CIIOXKHBIX DJIEMEHTOB MOKOBKHU (pedep, yrioB, 600bI-
IIeK ¥ T.J1.), pacrpesielieHHe TeMIIepaTyphl, HarpspKe-
HHI 1 iepopManiii o 00beMy 3ar0TOBKH U T.JI.

B mporiecce IKcriepuMeHTa HEKOTOpPbIE TapaMer-
pBI  MOI'YT BBIXOJAUTH 3a [JOITYCTHUMBIC TIIPCACIIbI.
Hanpumep, B OTIeNbHBIX 00beMax 3arOTOBKH TEMIIE-
paTypa MOKET BBIMTH 3a Tpeiesibl JOIyCTUMOTO HH-
TepBajia, YTO CBS3AHO C JIe(OpPMALOHHBIM pa3orpe-
BOM, JICHCTBHEM TPEHHS H T.d., U 3TO CIIOCOOHO BHI-
3BaTh MeperpeB Win repexor. OTKIOHEHHE TI0 yPOB-
HIO JIOIYCTHMBIX HampsUKEHWH OIAcHO C TOYKH 3pe-
HHUS TIOSIBIICHHS I6()EKTOB B MHKPOOOBEMAX 3aroToOB-
ku 1 T.1. [Ipu peskom pocte ycunmus aeopMupoBa-
HUA, HAIpUMEP HA CTaAuK AJOUITAMIIOBKU WM IIPpU
3QMOJTHEHUU CJIOXKHBIX 3JIEMEHTOB (DOPMBI MOKOBKH,
pacTeT BEPOSITHOCTh Pa3pyIICHHUS LITaMIIa WK BBIXO-
na w3 cTpost oOopynoBaHHs. [Ipu BO3HHMKHOBEHHH
OIMMCAaHHBIX WKW JAPYIrux HO}IO6HBIX CJIydacB pacyeT
OCTaHAaBJIMBAIOT, TI'PAaHUYHBIC YCJIOBHUA IIOABEPraroT
KOPPEKTUPOBKE U MPOIIECC 3aITyCKAIOT BHOBb. BUPTY-
QJBHBIA DKCIIEPUMEHT CUHMTAIOT 3aKOHYECHHBIM, €CITH
JOCTUTHYTO TIOJIHOE O(OPMIICHUE TIOKOBKH, a B IIPO-

Lecce LITaMIIOBKM TEMIIEpaTypa W HalpsLDKEHUE HE
BBIXO/IMJIN 32 TIPEJIeNbI IOITyCTUMBIX HHTEPBAJIOB.

Ilo 3aBepuieHMM BHUPTYaJIBHOTO 3KCIEPUMEHTA
MPOBOAST CPABHUTENIbHBIN aHAJIM3 JIBYX TEXHOJIOTHH,
BBISIBILIIOT SKOHOMHMYECKHE MPEHMYILECTBA BHUPTY-
ATBHOW TEXHOJIOTUH M pa3pabaThiBaOT peKOMEH AN
M0 KOPPEKTUPOBKE JEHCTBYIOLIEH TexHoJyoruu. [lpu
3TOM TapameTphl AeOPMUPOBAHUS JOIMYCKASTCS W3-
MEHSTh TOJBKO B MHTEPBalaX, pPEriIaMEHTUPOBAHHBIX
HOPMATHUBHBIMU JTOKYMEHTaMH, HApUMep, TOHU3UTH
TeMIIepaTypy HarpeBa 3aroTOBKU, OBBICUTh CKOPOCTb
neopMUpOBaHUS (€CTH 3TO TEXHUYECKH OCYIIECTBH-
MO Ha HCIOJB3yeMOM 00opyaoBaHHH). MOXXHO HC-
TIOJIb30BATh APYTUE BUIBI CMa3KU M TEM CaMbIM Baphb-
MpOBaTh BEJIMYMHOM IOKa3aTeNs TPEHUS Ha Pa3HbIX
y4JacTKax MOBEPXHOCTH 3aT'OTOBKU. B OTHENBHBIX CITy-
Yasix, 10 COTJIACOBAHMIO C 3aKa3YMKOM, MOYKHO M3Me-
HUTb PagUyChl 3aKpyIJIEHM B MeCTaX I'PaBIOPHI
ITamra, 00eCTeUuMBAIONINX O(POPMIIEHHE CIIOXKHBIX
3NIEMEHTOB (DOPMBI TTOKOBKH. 3aKIIOYHTEIBHBIM 3Ta-
MOM MpPOLEIYypPhl MOJEPHU3ALUU SIBISIETCS OMBITHO-
MIPOMBIIIIIEHHOE ONPOOOBaHUE TEXHOJIOTUH-aHAaIora ¢
YUETOM €ro KOPPEKTHPOBKHM M OIIEHKAa 3KOHOMMYE-
CKOM 3 (EKTUBHOCTH MOJICPHHU3AIIHH.

Pe3y.]'[bTaTbI HCCJICA0BAHUSA U UX oﬁcym)lelme

B nanHOli paboTe B KayecTBE TEXHOJIOTHYECKOTO
npoliecca-aHaaora Obiia BRIOpaHa TEXHOJIOTHS IHITaM-
HOBKU TIOKOBKH «JIMCK» W3 aFOMMHHEBOrO CIulaBa
AB (puc. 2). TIpu 3TOM JOHKHO OBUIO BBIOIHATHCS
YCIIOBHE, YTO MOJEPHHM3ALUS JTaHHOW TEXHOJIOTHH
JOJDKHA 00€ECITEYNTh ITOBBIIIEHHE HSKOHOMHUYHOCTH
TEXHOJIOTMYECKOTO MpOIecca W HE COMPOBOXKIATHCS
3aMEHOM HCIONB3yeMOro JieopMUpyIOIIero odopy-
JIOBaHUsl, CYLIECTBEHHOM INEPEICIIKON MPHUMEHSIEMOro
NPECCOBOr0 HMHCTPYMEHTa, a TakkKe H3MEHCHHEM
(OpMbI M Pa3MEpPOB IITAMIIOBAHHOM TTOKOBKH.
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Puc. 2. litamnoBaHHas nokoBKa «[uCK»
u3 cnnasa AB

TexHonOrug-aHaNoOr 3aKJI04aeTCs B CIEAYIO-
meM. lcxomHeIM MarepualioM A LIITaMIOBKU
CIIy’)KUT TOPSIYENPECCOBaHHAsI 3aroTOBKAa KPYIJIOro
cedyeHusd. [ mrTaMIoBKY NMPUMEHSIOT BEPTUKAb-
HBI THUapaBanueckuid npecc ycunuem 100 MH u
pazbeMubli mTaMi. HecMoTpss Ha UCHOJIB30BaHUE
OJIHOTO IITaMIIa, INTaMIIOBKY OCYILECTBISIOT (ak-
TUYECKH B TPH, MO CYTH, IPEIBAPUTEIBHYIO IITaM-
MOBKY W, HAKOHEII, 32 TPETHI pabounii X0/ BBITOJ-
HSIOT OKOHYATENbHYIO IITAMIOBKY (IOIITAMIIOBKY).

AHanu3 ONMMCaHHOW TEXHOIOTHH, TPOBEICHHBIN
C y4ETOM NepedHCICHHBIX BbIII€ OTPaHUYEHUMN, Ka-
CaloIIMXCsl COXpaHeHUs] 000pyIOBaHUS U HHCTDY-
MEHTa, TMO3BOJMI c(OpMYyIMpPOBaTh 3agady IIo
M3BICKaHUIO BO3MOYKHOCTH COKpAIIeHHs KOJIMYECTBA
MEepPexoJI0B MpH HITaMIlOBKe. B cBs3m ¢ Tem, 4rTo
ITaMIOBKY TMPOBOJSAT B OJHOM IHITamIe, ObLIO
MPEIIOIOKEHO, YTO COKpAILIEHHUsI KOJIMYECTBa Iie-
PEXOA0B MOXKHO JOCTHYB 3a CUET ONPENEICHUS Oll-
TUMaJbHBIX YCIOBUH TpEHHUs NpPU IITAMIIOBKE W
KOPPEKTUPOBKH CKOPOCTH IITAMITOBKH.

ITocmenoBaTenbHOCTE MOJEIHMPOBAHUS TEXHO-
JIOTUYECKOTO TIpoliecca 3aKIoyYanach B CIEAYIO-
meM. [locne aHanu3za 1elcTByrOENd TEXHOIOTUH IO
yepTekaM ¢ TOMOInblo mporpammer  SolidWorks

CO3aBAIM TPEXMEPHbIE MOJECIH IITaMIIOBAHHON
NOKOBKH «JIuCK» U mTamma (puc. 3), KoTopsie 3aTeM
3arpyKaid B TPENpOIeccop KOMIBIOTEPHOH BbI-
YUCITUTEILHOW CHUCTEeMBbl B Bujie ¢aiios. Ilocne
9TOTO BBOJWJIN TEMIIEpaTypHbIE, CKOPOCTHBIE U CH-
JIOBBIE DPEXHUMBI JIeOPMHUPOBAHUS, KOTOphIE CO-
TJIACHO MapaMeTpaM 3aBOJICKOTO TEXHOJIOTUYECKOTO
mpolecca COCTaBISUIM: — TeMmIeparypa HarpeBa
mramna 360—450°C, temmnepaTypa HarpeBa 3aroTo-
BoK 400—470°C, ckopocTb mramnoBku 2—10 Mmm/c, a
compoTHBIIcHHE JedopMaluu JJisl TMepeUruCICHHBIX
3HaueHud Opanuch w3 [11]. Ha BbIxonme mosydanu
0a3y maHHBIX MpoIlecca MTAMIOBKH.

C y4eToM HakJaJpIBaeMbIX OrpaHUYCHUH, He T03-
BOJISIFOIINX MEHSTH IITAMIIOBYIO OCHACTKY M TeMIIepa-
TYPHO-CKOPOCTHBIE ~TIapaMeTpbl  J1eOpMUPOBAHHS,
OBbLTH IPOBECHBI HCCIICAOBAHMS 110 BIMSHUIO TTOKAa3a-
Tenst TpeHus 1o 3ubemto Ha 3((EKTUBHOCTD 3alloJIHe-
HUS IITaMIa [Py IITaMIioBKe. B mponsBozacTee (Tex-
HOJIOTHSI-aHAJIOT) TSl HWDKHEW TOpPIEBOW MOBEPXHO-
CTH UCTIONB3YIOT CMAa3KYy, MPEACTABIISIONIYIO TOPOILIOK
rpaduTa ¢ HeOOIBIINM CoAepkaHneM Macna «Barmop-
T», KoTOpast oOecneunBaeT MoKa3aTellb TPSHHUS OKOJIO
0,7. DTy BemMUMHY MOKa3aTelNsl TPEHUS Uil HIDKHEH
TOPLEBOW TIOBEPXHOCTH TPUMEHSUTH U TIPH MOJICITUPO-
BaHuu. [locTaBuB 3amavy MOOUTHCS OPOPMIIEHHS TTO-
KOBKH 3a OJINH MIePeX0/, MPOBOAMIIUCH SKCTICPUMEHTHI
NPH PA3JIUYHBIX MOKA3aTeIsIX TPEHUSI 0 OOKOBOW U
BEpXHEH TOPIIEBOI MOBEPXHOCTSX, BAPLUPYS UX B UH-
teprasie ot 0,2 1o 0,5. [Ipu 3TOM CKOpOCTH paboyero
X0J1a mpecca U3MeHsUM ot 3 110 5 Mm/c. B pesynbrate
YCTaHOBHJIM, YTO PABHOMEPHOE 3aIOTHCHHE TPaBIOPHI
HITaMIa 3a OIMH MEePeXOo/] TOCTUTAETCs TIPH MOKa3aTe-
Jie TPEHUs 10 BEpXHEW TOpIeBOl U OOKOBBIM MOBEPX-
HocTaM cocTtaBisttommmM 0,3-0,4, a ckopocTh pabodero
XO0/1a TIpecca IpY 3TOM He JJOJDKHA PEBBILIATh 5 MM/C.

Bo3MOXHOCTH TPOTrpaMMBbl TMO3BOJIHIN TaKKE
W3y4YUTh TEUEHUE MaTepuayia W MPOCIEeAUTh 3aIod-
HEHME IITaMIla METAJIOM C HPUBSI3KOH K H3MEHe-
HHIO YCUITUSI IITAMITOBKH Ha Pa3HbIX dTanax (puc. 4).

Puc. 3. TpexmepHble moaenu nokoBku «[uck» (a) u aetanen wramna (0, B)
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Puc. 4. U3meHeHMne ycunusa wtamnoBku U hOpMbI 3aroTOBKM NpU BUPTYanbHOM aKCNepUMeHTe

TakumM 00pa3oM, KOMITBIOTEPHOE MOJCTHPOBAHUE
MMO3BOJIIIO0 OOOCHOBAThL M3MEHEHMS B TEXHOJIOIMYE-
CKOM TMpoIlecce-aHajiore. B pe3ynbTare HITaMImoBKH
MO HOBOW TEXHOJIOTUM B MPOU3BOJCTBEHHBIX YCIOBH-
SIX 32 OJIMH Tepexo]] ObUIM TONyYEHBI MTOKOBKH, Ie0-
METPHSL U CBOWCTBA KOTOPBIX YIOBICTBOPSUIH TPeOO-
BaHUSIM HOpMaTI/IBHI)IX I[OKyMeHTOB HpI/I YMeHI)H_[CHI/II/I
ce0eCcTOMMOCTH IIOKOBOK He MeHee ueM Ha 10%.

3akiaoueHne

[lo pesynbraTam uccienoBaHuii ObLta pazpabo-
TaHa METOJIOJIOTUSI MOJIEPHU3ALUH TEXHOIOTHUECKUX
MPOLIECCOB TOpsiueii 0OBEMHON ILTAMIIOBKH MOKOBOK
13 aJIOMUHMEBBIX CIUIABOB JJIS1 MOBBILIEHHUS UX KO-
HOMHUYECKON 3()()EKTUBHOCTH Ha OCHOBE KOMIIbIO-
TEPHOTO MOJEIHUPOBAHUSI C HCIOJIB30BAHUEM IIPO-
rpamMHoro komiuiekca DEFORM-3D. OnpoOoBanue
METOJIOJIOTUHM Ha NpHUMeEpe AEHCTBYIOIIEH TEeXHOIO-
UM ITOJIyYEHUs IITAMIIOBAHHOW TIOKOBKM «/{UCK» 13
AMOMHUHUEBOrO cruiaBa AB mokaszano, 4To Koppek-
TUPOBKA TEXHOJOTUYECKOTrO IMpOIecca ITaMIOBKU
MOXeET OBbITh IPOU3BECHA 0€3 U3MEHEHHUS HUCIIOJIB3Y-
eMoro oOOpyAOBaHUS M NPHUMEHAEMOH IITaMIOBON
OCHACTKH B JIJAHHOM CJIydae 3a CHeT periiaMeHTaIn
YCJIOBUI TPEHMS M CKOPOCTH IITAMIIOBKU. B pe3yiib-
TaTe MOJECPHHM3ALMU IIOBBIIIAETCS SKOHOMUYECKAs
3¢ GEKTUBHOCTH TIpoIIEcca.
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Abstract. On the basis of computer simulation, upgrad-
ing procedures of hot aluminum-alloy forging process tech-
nology have been developed to improve the cost effective-
ness of forged parts. This article outlines the following pat-
terns of upgrading: the analysis of a parallel process, devel-
opment of the virtual process structure, SolidWorks-based
design of forging and die models, computer simulation for-
mulation, simulation parameter setting, start-up and analysis
of the process computational model, analysis of the virtual
process technology, and formulation of recommendations on
upgrading of the existing process followed by pilot testing of
the process technology. The process technology of forming
“Disc” forgings from AB aluminum alloy examplifies the
parallel process. It was specified that upgrading should im-
prove the process cost effictiveness and skip replacement of
the deforming equipment in the use and extensive modifica-
tion of pressing tools as well as changes in forging shape and
sizes. The analysis of the parallel process technology has
made it possible to formulate a problem of finding a possibil-
ity to reduce the number of transitions during forming by
improving forming friction conditions and forming velocity
conditions. After the analysis, 3D models of forgings and
dies were designed according to the drawings with the aid of
the SolidWorks software. The models were file-uploaded into
the DEFORM-3D preprocessor program. From here on, ac-
cording to the factory process specifications, the temperature,
speed and power conditions of deformation were set as fol-
lows: die heating temperature 360-450°C, billet heating tem-
perature 400-470°C, forming speed 2-10 mm/s. The strain
resistance value, however, was borrowed from the literature.
A forming process database was obtained in the output. As a
result, we found out that a uniform die cavity fill for one tran-
sition can be achieved at upper-end and lateral friction coeffi-
cients of 0.3-0.4, with the press stroke speed no more than 5
mm/s. The software features also enabled the study of the
metal flow and to follow the die fill with reference to the
change in the forming force at different stages. Using new
process technologies, one transition of on-plant forming re-
sulted in forgings with the shape and properties complying
with the regulatory requirements with reduction on the cost
of forgings of no less than 10%.

www.vestnik.magtu.ru

Keywords: Aluminum alloys, hot forging, computer
simulation, forgings.
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Annomayus. B paboTe paccMOTpEHbI BONPOCH! COBEPIICHCTBOBAHWS TEXHOJOTMH IIOMYYCHHUS OalIMCTHYECKOTO
ocTpHs TH00enb-TBO3/EH Ha OCHOBE MaTeMaTHIECKOTO MOJIEITMPOBAHUS M Pa3pabOTKH HOBBIX KOHCTPYKIMH HHCTPYMEHTA U
n3zienuid HoBoi (opmbl. HalineHb! palioHanbHbIe apaMeTpbl HHCTPYMEHTA IS POU3BOJICTBA to0enelt ¢ puduieHol 1o-
BEpXHOCTBIO cTepxkHs. [IpescTaBieHbl pacnpe/eneHns] HHTEHCUBHOCTEH CKopocTed aedopMaiyy, a Takke HOpMalbHbIe
HaIpsDKEHUS B MONEPEYHBIX CEYEHHUSX OCTPHUS HAKATBIBAEMOT'O JAI00EIIS M0 JUTHHE o4ara JieopMaluy JUisi He3aBepILeHHOTO
nporiecca Mpokatky. [lomydeHo n3MeHeHNe YCWINKH HHCTPYMEHTA TP HaKaTKe Jr00eis B HAllPaBJICHNN BEPTHKAILHON OCH
TI0 JUTMHE Ae(OPMHUPYIOIIEH 30HBI. XapaKkTep N3MEHEHHS YCHINKA OT BpeMEHN Ha 00eHX IUIAIIKaX TOBOPUT O PABHOMEPHO-
CTH TIpoIlecca OCTPEHHUsI 3arOTOBKU. [IpOBECHBI ONBITHO-TIPOMBIIIICHHBIE SKCTIEPHIMEHTHI 110 TIPOW3BOCTBY MI00ENeH ¢
IJIaJIKON TTOBEPXHOCTBIO CTEPIKHS, BHIBEJICHBI PAI[OHAIBHBIE ITapaMeTphl HHCTPYMEHTA ISl TOTIepedHO-KIMHOBOM MTpoKat-
k. ITokazaHa BO3MOXKHOCTh UMIIOPTO3aMEIIIEHHS CTPOUTEIbHBIX PACIIOPHBIX Aro0esel (aHKEepOB), KOHCTPYKIMU KOTOPBIX
OCHOBaHBI Ha (pUKcaluM M3JENHs B 3apaHee MPOCBEPICHHOM OTBEPCTHH B OETOHHOI KOHCTpYKIMH. PaccMoTpeHa cxema u
MpeAnI0oKeHa HOBasi KOHCTPYKIMS MHCTPYMEHTA POJIMK — CETMEHT. IHCTpYMEHT NpeiHa3HaueH Ul OJHOBPEMEHHOIO HaKa-
TBIBaHUS Pe3bObI U MPOGUIMPOBAHNS MOBEPXHOCTH. KOHCTPYKIMS COCTOMUT U3 POJIMKA M CETMEHTA, KaXKIIbIi M3 KOTOPBIX
BBITIOJTHEH B BHJE Pe3b00BOH U Mpoduimpyronel NoBepxXHOCTH. HOBH3HA KOHCTPYKIMN 3aKIIFOYaeTcsl B TOM, YTO MPOdH-
JIMPYIOIIAs TOBEPXHOCTh POJIMKA BBIMOJIHEHA C HECKOJIBKIMH, a MPO(MINPYIOIIas MOBEPXHOCTh CETMEHTa C OHON pabo-
YUMH YacTSIMH, BKITIOYAIOIMMH U3TOTOBIICHHBIE SKCIIEHTPUYHO OCH MHCTPYMEHTa 3a00pHYI0 M Ae(OPMHUPYIOIIYIO 30HbI, a
TaK)KEe M3rOTOBJIEHHYIO COOCHO OCH MHCTPYMEHTa KaJHOPYIOLIYI0 30HY, C MpoduieM, TOBTOPSIONMM KOHTYP TOTOBOTO
n3aenus. [IpuMeHeHne HHCTPYMEHTa POJIMK-CETMEHT TaKiKE MO3BOJISIET MOBBICUTH MPOU3BOJUTENBHOCTD MPOLIECCA OCTpPE-
HUS JIF00ETb-TBO3/IEH B CPaBHEHUHM C HAKATKOH INIOCKUMH ITaMH. [lomaHs! 4 3asBKH Ha TOJIE3HBIE MOJIEIH.

Knrwouegvie cnoea: nmropro3aMeIeHue, T00eb, MOJETHPOBaHIe, MporpaMMHBIH koMiutekc «DEFORM 3Dy, more-
PEYHO-KIIMHOBAS MIPOKATKA, MOHTa)KHBIE ITHCTOJICTHI.

CTBaMH. CeFOILHH, B 4aCTHOCTH, Ha PBIHKEC METH3-
HOU MNPOAYKIIMU UMCIOTCA THICAYU PA3JIUYHBIX BH-
0B HSﬂQHHﬁ, B TOM YHCJIC IIOCTABJISICMBIC H3-3a
py6e>x<a, HC HUMCIOIHUEC aHaJIOTOB pOCCHﬁCKOFO
MpoOU3BOACTBA. OquI/I,Z[HO, 494TO Ha CTOHMMOCTB

BBeaenne

AnanTanusi OpeArnpusTHs K YCIOBUSM COBpe-
MEHHOT'O PhIHKa ONPEAEIsIeT ero KOHKYPEHTOCIO-
cobHocTh. Mcnons3yemoe o0opynoBaHUE W TMPHU-

MEHSEMbII TEXHOJIOTHYECKHI Mpolecc YHUDHUIIH-
pOBaHBl MU 3alIUIICHBl ABTOPCKUMU CBUACTEIb-

* Crartes o MaTepuasam J0KjIaa Ha MEeXIyHapOIHOW MOJOASKHON Hayd-
HO-TEXHHYECKOH KoH(pepeHmn «/IHHOBAIMOHHBIE TPOLECCH 00padOTKU
METaJUIOB JaBIeHHEM: (pyHIaMEHTAIbHBIC BOIPOCH! CBSI3U HAYKH H IIPO-
HM3BOACTBAY», cocrosBineiics 15-17 wmrons 2015 r. B ®I'BOY BIIO
«MI'TY» (r. Marautoropcek) mpu (prHaHCOBOH Tojyiepxke Poccuiickoro
(oHna pyHIaMeHTANBHBIX HccieoBaHuii (poext POOU Ne 15-38-10185).

© buproko M.A., Tlecun A.M., Uykua M.B., KaptynoB A./l., Bak-
nmHoB B.A., buprokos A.B., 2016

MPOJYKIIUU WHOCTPAHHBIX (PUPM OKa3BIBAIOT BIIH-
AHUEC TPAHCIOPTHBIC OII€paluu, U3MCHCHHUA KYPp-
COB BalIOT, YTO JOJKHO IOJIOKUTEIBHO CKa3bl-
BAaThCS HA pEAM3aLUH NPOAYKLIUHU POCCHHCKOTO
MPOU3BOJICTBA HA BHYTPEHHEM pbIHKE. Takum 006-
pas3oM, Ha CETOJHSIIHUMN I€Hb Y POCCUHCKUX MPO-
I/I3BOIIPIT€.]'IGI71 IMoABUJIaCh BO3MOXXHOCTb MMIIOPTO-
3aMEIEeHUs OTJEIbHBIX BUJOB KpeIlexka, B 4acT-
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HOCTH [t00eNb-rBO3/IeH (r00eeif), pacropHBIX
mo0enell (aHKEpOB) C HCIIOIb30BAHHEM CYIIle-
ctBytomero ooopynoBaaust OAO «MMK-Metus».

AHAJIM3 ¥ CPaBHEHHE CIIOCOO0B MOJTyYeHHS
02JLTHCTHYECKOT0 OCTPHS T100e1b-TBO3/1el

B mHacrosmiee Bpems MmHUpPOKOE pa3BUTHE B
CTPOUTENHCTBE IOITYYNIIa TEXHOJOTHUSA MPSMOTO
MoHTaxa (TIIM) cTpOWTENbHBIX KOHCTPYKIHMH K
OCTOHHBIM, KEJIE300€TOHHBIM OCHOBAHUSM, KHP-
A9y, KOHCTPYKIIMOHHOM cTanu (C MpeaenoMm Te-
kydect g0 450 MIla) Ge3 mpenBapUTEIBLHOTO
3aCBEPIMBAHUA U TOAKIIOYCHUS K IHEPrOUCTOU-
HukaMm. Takum oopazom, TIIM sBiseTCS BBICOKO-
3 hEeKTHBHBIM pelIeHHEM MHOXKECTBA 3a1aq — OT
KPEIUICHUS OTPaXkJACHUN M onanyOKH O MOHTaxKa
npoduneld m peex, MOABECHBIX CHUCTEM M WHXKe-
HEPHBIX KOMMYHHUKalUM{. TexHonoruss mpsiMoro
MOHTa)Xa IIO3BOJISICT MOJIHSITH IPOU3BOIUTEIIb-
HOCTh TIPU KPEIUICHUH CTPOUTEIBHBIX Yy3JI0B H
neraned. Ilpu DpUMEHEHHMM aBTOMAaTHYECKHX
MOHTQXHBIX TIUCTOJIETOB CKOPOCTh KPETUICHUS
yBennuuBaeTcst 10 700 touek B wac [1]. OcHOB-
HBEIM 3JIEMEHTOM JaHHOW TEXHOJOTHH SBISETCS
pa3BUTHE W COBEPIICHCTBOBAHHE KOHCTPYKIUU
MOHTAXHBIX [MHCTOJIETOB PA3IUUYHOTO HA3HAUCHUS
MOIIHOCTHU U MPOU3BOAUTEIBHOCTHU. Pacmupsercs
MPUCYTCTBHE Ha PBHIHKE BEIYIIHX MHUPOBBIX MPO-
MU3BOJUTEICH  MOHT@XHBIX  IHUCTOJETOB  —
«Trusty» (TaiiBans), TOUA (Kuraii), «SPIT»
(Dpanmus).

OcHoBHOI 00BeM Jr00eel s pydHOil 3a0UBKH,
a TaKKe JUIsd 3a0MBKU TPU MOMOIIM MOPIIHEBBIX 0~
POXOBBIX MOHT&)KHBIX MHCTOJIETOB HEABTOMATHUYECKO-
ro neiictusi B Poccun Ha cerogHsAIHUN IEHb TPOU3-
Boautcst Ha mnpeanpustuu OAO «MMK-Metuzy.
[[Iupokoe pa3BuTHE Ha PHIHKE IONYYAIOT CKIICCHHBIE
B 000MMBI Jr00€IL-TBO3AM Ul aBTOMATHYECKHUX I10-
POXOBBIX mHcTONETOB. Ha pocchiickoM pbIHKE
JIF00CIILHOM TIPOYKIIMK PUCYTCTBYIOT TIPEICTABUTE-
m Kuras, ['epmanun, TaiiBans, Amepuku. Haubonee
Pa3BHUTO TIPOW3BOJICTBO AFOOEIBHON TeXHUKH B EBpo-
ne: «FISCHER» (I'epmanms) u «HILTI» (JluxTten-
mreitn), «TOX» (I'epmanns), «KEW» (I'epmanus).

B nactosimuit MomenT B MMK-MeTus npowns-
BOJSITCSL Jt00ENsST METOIOM TOTEepEeYHO-KIMHOBOM
MPOKATKU C PUQIICHHEM CTEPXKHS M IMaHOOoU, Mpu-
MEHSEMBIE IS IMOPOXOBBIX MOHTAKHBIX ITHCTOJIE-
TOB cTapoil koHCTpyKimu (tuna I1L[-84, cHumae-
MBIX C MPOU3BOJCTBA). TeXHOIOrH4ecKas Iernoyka
Mmpou3BojcTBa At00enb-reo3aeii B OAO «MMK-
Metu3» BKIIOYaeT B ceOS omeparid BOJIOYCHUS
MIPOBOJIOKH, TEPMOOOPAOOTKH, BBICATIKA U PEIyIIU-

pOBaHMS KOHIIEBOM YacTH W3JENHUs, INPOLEcC
OCTPEHHsI 3arOTOBKH, TEPMUYECKOE YIMPOYHECHUE
(mmst goCcTMXEHUST HEOOXOUMOTO YPOBHS MEXaHMU-
YeCKMX CBOMCTB), HaHECEHHE 3aIUTHBIX TOKPHI-
THI, HacagKa IaiosI.

WHOCTpaHHBIMH TPOU3BOAUTEISIMU HCIIOJIB3Y-
IOTCS CIIEAYIONIME CIOCOOBI MOyYeHUs] OayuIiCTH-
YECKOT0 OCTPHsl JH00eNb-TBO3/CH [2]: poTanoHHast
KOBKa U (pe3epoBaHue. VX OTIHUNTEIbHbBIE YEPTHI:

— HHU3Kasi IPOU3BOIUTEILHOCTH (10 50—60 m3me-
JUH B MUHYTY);

— BBICOKHI M3HOC M CTOMMOCTh HHCTPYMEHTA;

— AJMHHAS TEXHOJIOTMYECcKas LIeNoyKa (i mo-
TMy4deHus] OaITUCTHYECKOTO OCTpHUSl TpedyeTcs He-
CKOJIbKO €AMHUI] 000py10BaHUS).

Kak cnencrtBue, BbICOKas ce0eCTOMMOCTh HPO-
1ecca OCTPEHHS.

Uro kacaercs npeanpuatust MMK-Merus, To u3-
HavYalbHO 3/1€Ch TPUMEHSUTUCh MEXaHUYECKHE CIIOCO-
Ob1 (hopMHUPOBAHUS OCTPHSI IO0ETST — (Ppe3epoBaHme
Ha aBTomare 6290/IM. JlaHHbIe oneparuy XapakTepu-
3YIOTCS CIICAYIOUIMMH OTIMYUTEIbHBIMA YePTaMHu:

— HM3Kasl IPOM3BOJUTEIBHOCTE;

— BBICOKAasl CTOMMOCTb HHCTPYMEHTA;

— pa3orpeB MHCTPYMEHTa MOXKET MPHBECTH K
MOJIOMKaM U IPOCTOSIM.

Ceromust 1yl MPOU3BOJCTBA AIO0ENEH HCIOINb-
3yercsi Oosiee MPOM3BOAMTENBHBIA MpOIECC TOTe-
PEYHO-KIIMHOBOM NMpPOKAaTKH. MHCTPYMEHT, a Takxe
obopynoBanue (aBTomMar-komOaitH A1918M) moxa-
3aHbI Ha pUC. 1.

ITo cpaBHEHHWIO C BBIIEU3IOKEHHBIMH TIPOIIEC-
camH, MOINEPEYHO-KJIMHOBAasI NPOKAaTKa HMEET psij
PEUMYIIECTB:

— TPOU3BOJIUTENBHOCTh — (AKTHYECKH MOMXHO
nony4ats 10 140 nrobeneli B MUHYTY;

— pecypcocbepexxenne (K03QPHUIUEHT UCTIONb-
30BaHMsI MeTaJuIa OJIM30K K eIMHHIIE, MaJIbIi COCTaB
000pyZIOBaHMsI — COKpAIlleHHe TPYAOEMKOCTH IIO-
CIIEIYIOIINX ONepanuii);

— ONaronpusATHOE HANpPSHKEHHO-1Ee(OPMHUPOBAH-
HOE COCTOSIHME TpU HaKaTKe OCTpHs JFOOENsl, 4TO
0COOEHHO aKTYyaJIbHO JUISl KOHCTPYKLMOHHBIX CTallel
TUna ctamu 70, u3 KOTOPOM U IMPOU3BOASAT BBICOKOKA-
YECTBEHHYIO JIFO0CIIbHYIO ITPOIYKIINIO;

— BBICOKAsI CTOMKOCTh HMHCTPYMEHTA;

— BBICOKas TOYHOCTH M3TOTOBIICHHS OCTPHS IO
CPaBHEHHIO C JIPYTUMH CIIOcO0aMH TIPOU3BO/ICTBA;

— BBICOKasi PEHTaOENBbHOCTh W3JICNUS 3a CYET
HU3KOH ce0eCTOMMOCTH;

— CHIDKCHHE KalHWTAIBHBIX 3aTpaT Ha PEMOHT U
00cCITy )KHBaHUE.

www.vestnik.magtu.ru
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Puc. 1. UHcTpymeHT 1 06opyaoBaHue ans HakaTku 6annmcTuyeckoro ocTpus grobens

Takum 00pa3oM, cOMOCTaBIsAS pa3HBIE CIOCO-
OBl IPOU3BOCTBA AO0CNCH, MOKHO CIENaTh BHI-
BOJl O TOM, YTO HamboJjee parnuoHAIbHBIM H TIPO-
M3BOAUTENHHBIM IPOIECCOM SIBIISIETCS MOMEeped-
HO-KJIMHOBAsI IIPOKATKa.

Kak Obuto oTMedeHO paHee, IIHUPOKOE Pa3BH-
THE Ha PBIHKE IOJIyYalOT CKJICCHHBIC B O0OHMBI
JI00eNb-TBO3/IH 1T aBTOMAaTHYECKHUX TTOPOXOBBIX
MUACTOJNETOB. B TO e Bpems Il MMIIOpTO3aMe-
HIEHUs] HEOOXOJMMO OCBOEHHE IMPOM3BOJICTBA
mobeneit tuna «Coil nailsy mo 6etony st mHEB-
MaTHYEeCKUX NHUCTONeTOB. lIpuMeHeHWe naHHBIX
THIIOB TTUCTOJIETOB CYIIECTBEHHO YIIPOIAEeT MOH-
TaXHbIE PabOTHI, CHUXasA Ce0ECTOMMOCTh CTPOU-
TeNbHBIX pabor. OcBoeHHE TIIamKuX (AN yIoyd-
IIEHUs BXOJAMMOCTH B 0€TOH) ar00eiieil MeTo0M
MOTMEPEYHO — KJIMHOBOHM MPOKATKH MO3BOJHT CY-
IIECTBEHHO PACIIUPUTH PBHIHOK COBITA, OPraHU30-
BaTh NPOU3BOJACTBO MMIIOPTO3aMCIIAIOIIUX BUIOB
nponykuuu. HHIUpoko NpuUMEHSIOTCA B CTPOUTEN b-
CTBE pacIiopHble J00ens (aHkepa), KOHCTPYKIUS
KOTOPBIX OCHOBaHA Ha (pUKCAIMH U3JENHs B 3apa-
Hee MPOCBEPICHHOM OTBEPCTHU B OETOHHOH KOH-
CTPYKIIMH 32 CU€T pacropa METaNTNIECKOH TpyO-
ku (0Ocuaiiki) Ha KOHYCHOM 4YacTH H3JCIUS IpH
€ro W3BJICYeHUH 3 oTBepcTHs. Ha Texymuit mo-
MEHT OCHOBHAs JIOJS MIOCTaBOK TaKHWX M3JIEIHi Ha
Halll PBIHOK OCYIIECTBISIETCSI HMHOCTPAaHHBIMH
¢upmamu. Beraer Bonpoc ummnopro3amenieHus. B
HaCTOSAIMHA MOMEHT TIPOBEJCH aHaiu3 CyIle-
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CTBYIOIIMX CIOCOOOB MPOUW3BOJICTBA TAKUX H3[E-
JIMH, UIET M0J00p MAaTepUajoB I OLCHKHU MPO-
1ecca MPOKATKA HA CYMECTBYIOIIEM 00OpyIoBa-
Hun OAO «MMK-MeTu3z», mianupyercs mocra-
HOBKa OIIBITHO-TIPOMBINUICHHBIX JKCIEPUMEHTOB,
nogadsl 4 3asIBKU Ha MaTeHTEI PO.

Co3aanue ¥ MccJIe0BaHHe
MaTeMaTH4YeCKOi Moae I
MOTEPEeYHO-KIMHOBOW MPOKATKH

OyHaMeHTaNbHbIE OCHOBBI TpoIiecca IMoJTyye-
HUS 63J’IHI/ICTI/I‘ICCKOI‘O OCTpUA METOJOM MOIIEPECUHO-
KJIMHOBOW NMPOKATKU ObLIM pa3paboTaHbl KOJIIEKTH-
BoM yueHbix: Manun B.IL., IloBapuu B.B. u mp [3].
B nmanpHelimeM KOHCTPYKIUS ae(popMHPYIOMIETO
KIIMHa Oblla yCOBEpIIEHCTBOBaHa B paboTe bupro-
koBa A.B., lleatnepa I'.A. u np [4]. Cerogus co-
BEPLICHCTBOBAHUE HMHCTPYMEHTa [yl MOIEPEYHO-
KIIMHOBOW NPOKATKH MpeJIaraeTcs OCYLIECTBIATh C
npumenenuem mnporpammel «DEFORM 3D»  anst
pacuéra HanpspKEHHO-IE(POPMHUPOBAHHOTO COCTOSI-
HUSl MeTaJula B oudare aedopmanuy Opu HpOKaTKe
3aroTOBKH Je(QOPMUPYIOIIUMH KIMHbSIMH.

Takum 00pa3zoM, HENbI0 JAHHOTO HCCIeNI0Ba-
HUSl SBIISETCS COBEPILIEHCTBOBAHUE TEXHOJIOTHH
MOJIy4eHHs OaJNTMCTUYECKOTO OCTpUs Ar00emnb-
TBO3JEH HAa OCHOBE MAaTeMaTHYECKOTO MOJEITUPO-
BaHHS U Pa3pabOTKH HOBBIX TEXHHYECKHX pelle-
HUW B 00JIaCTH NOTIEPEUHO-KJIMHOBON MPOKATKH, a

BecmHuk MI'TY um. I'. Y. Hocoea. 2016. T. 14. Ne1
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TaKKke pa3padoTKa MMIIOPTO3aMEUIAIOMINX BHIOB
W3ENUil Tpy MPUMEHEHUH CYLIECTBYIOIIEro 000-
pyaosanus OAO «MMK-Metusy.

3amaun UCCIeqOBaHMS:

1. AHanu3 HM3BECTHBIX MOJIXOAOB K MOJEITHPO-
BaHUIO U IPOU3BOJCTBY Ar00OeNeH.

2. MaremaTtuueckoe MOJACIMPOBAHKHE Hampsi-
JKEHHO-Ie()OPMUPOBAHHOTO COCTOSIHUSI TIPH TIOTIe-
PEYHO-KIMHOBOM MpoKaTke arodeneit ¢ pudieHo u
TTIQIKOH TIOBEPXHOCTSIMH.

3. Pa3paboTka HOBBIX TEXHUYECKUX PELICHUN C
[eNIBI0 TIPOM3BOJCTBA MMITOPTO3aMENIAIONINX BHU-
noB kperexa (mo6enb-rBo3np tuna «CNy, pac-
MOPHBIN A100€b).

[ peleHust mocTaBICHHBIX 3a/1a4 TPOBOJUTCS
MOJICJIUPOBAHUE IIpollecca MONEePEUHON-KIMHOBOU
MPOKaTKH B mporpamMMHoM komiuiekce «DEFORM
3D» ¢ menmpio HAaXOXKICHUS palMOHAIBHBIX Iapa-
METPOB Je(pOpMUPYIOIINX TTOBEPXHOCTEH KIIMHA.

Hcxonnas 3aroToBka mojaeTcsi Ha 3a00pHYIO
30HY HEMOJABMXHOTO HHCTpyMeHTa (pUC. 2, a, 0).
JBrxymeiics (BepxHeil) Iuamke coodmaeTcs mo-
CTynaTeabHOE IBUKEHHE CO CKOPOCTHIO, COOTBET-
CTBYIOIIEH 3apaHee pPACCUYUTAHHON MPOU3BOIH-
TETBHOCTH. 3aXOJHble YacTH HMHCTPYMEHTOB
BHEJIPSIIOTCSL B 3aTOTOBKY C JUAMETPaIbHO MPOTH-

[ebopmupytoLuuil yuacTok

3abopHbIi y4acToK

a

Kanubpytowini yuacrok

BOIIOJIO’KHBIX CTOPOH, BBI3BIBAIOT €€ BpalleHue. B
pe3yabTaTe Ha nehOpMHUPYIOIIEM Y4acTKe MpPOU3-
BOJIUTCS MOCTENIEHHOE MPO(UINPOBaHNE 3aTOTOB-
KA UHCTpyMeHTOM (puc. 2, B). Ha 3akmouurtesb-
HOM cTamuu, Ha CThIKe AchOopMUpPYIOMEH U Ka-
JTUOPYIOIICH 30H, OCYIIECTBISETCS OOPBIB 00CeU-
KH U JanbHelee KaTuOpoBaHUe OCTPUS U3CIHSL.

[Ipu MonmenmpoBaHNM OBIIM HPUHATHI CIIETYIO-
mye JOMyIeHNS:

1. Cxema HanpshkEHHO-1e(HOPMUPOBAHHOTO CO-
CTOSIHUSI — TPEXMEpHAsL.

2. Ilpouecc sBuseTcss M30TEPMHUYECKHM (KOM-
HaTHasI TEMIIEPaTypa).

3. HHcTpyMeHT Hec)knMaeMblii (abCONIOTHO
KECTKUI).

4. Medhopmupyemas cpena — KeCTKOILUIACTHYC-
cKasl.

5. NedopMupyeMsiii MaTepran — OJHOPOIHBIN 1
M30TPOTHBIN BO BCEM 00BEME.

6. YcioBue TpeHHsI Ha KOHTAaKTe MeTaula ¢ UH-
CTPYMEHTOM oTpeesiercs 3akoHoM KyroHa.

7. Koaddunuent tpenuss B ovare aedopmaru
MIOCTOSIHHBIH, MPOLIECC OCYILIECTBISICTCS 03 UCTIONb-
30BaHUS CMAa3bIBAIOMIEH KHUAKOCTH (B MPOU3BOJI-
CTBEHHBIX YCJIOBHSIX MPUMEHSIETCS Macio WHIYCTPH-
anbHoe M-20A unu U-40A o TOCT 20799 [5)).

Puc. 2. MopenupoBaHue npouecca nonepevyHo — KIIMHOBOW NPOKaTKM
B nporpamMmmHom komnnekce «DEFORM 3D»

www.vestnik.magtu.ru
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UuncneHHble pacdeTsl MPOBOJSATCS A peayLu-
pPOBaHHOW 3aroTOBKU nuaMmeTpoM 4,5 MM, AJIUHOU
crepskast 60 MM u3 cranu mapku AlSI-1070 (ame-
pukaHCKuit aHamor cranu 70), HadaIbHBIN TIpeae
TeKyuyecTu KoTopoil cocrtaBiser 750 MIla. Cko-
pPOCTh HWHCTPYMEHTa 3aJaeTcsi B COOTBETCTBHU C
MIPOU3BOAUTENBHOCTBIO aBToMaTta A1918M u co-
otBeTcTByeT 180 MMm/c. KomndyecTBO 31eMEHTOB B
CEeTKE 3aJaeTcsl pa3IMYHbIMU BEJIMUYMHAMH C LIETbIO
ajanTaguy MOJIENH AJISl MONYyYeHHUs OajmucThye-
cKoro octpus uzaenus u coctasnsieT ot 100 no 150
ThICsi4. Bee ameMeHTh! ObIIIM pPaBHOMEPHO pacipe-
JIeTIeHbI 110 00bEMY 3arOTOBKH.

Ha puc. 3, 4 npencraBieHsl HEKOTOPBIE Pe3yJIbTa-
TBl pacyeTa IMapaMeTpoB HANpPsHKEHHO-IEPOpMHU-
poBaHHOTO cocTosiHUs. Ha 3THx pacmpeneneHusx mo-
crnenoBarenbHO (mo3uimu A, b, B) mokazansl morme-
pEUHBIC CEUEHHUs] HAKaThIBAEMOIO I00ENs 0 JJIMHE
ouyara geopMaly B COOTBETCTBUH CO CXEMOH, Ipe-
CTaBIICHHOH Ha PUC. 5. Y KaXKAOTO pUCYHKA (TIO3HIHS
I') mpencraBneHa yuciieHHas IIKala, TO3BOJISIOIIAS

OTIPENICSTUTh KOHKPETHBIC BEIMYUHBI TapameTpa B
Pa3IUYHBIX TOYKAX MOTEPEYHOTO CCUCHUS TIPOQHIIS.

Cremyer OTMETUTh, YTO COOTBETCTBYIOIIME pac-
TIpeIeTICHUsT WHTEHCHBHOCTEH CKopocTel medopma-
WM, & TAK)KEe HOPMAJIBbHBIX HAMpPsHKEHUH B MOMEped-
HBIX CEUCHHSX HAKATHIBAEMOTO MI00CNA MO JJIMHE
oyara JiehopMaryy TPHUBEICHBI T HE3aBEPIICHHOTO
nporecca HaKaTKU, KOTJIa YIAaeTcsl MOMYYUTh TIOJTHOES
3arojTHeHne ovara jgedopmarmy 0e3 MpeKIeBpeMeH-
HOTO OOpbIBa 00CEYKH, HAIMIIAHUS 3JICMEHTOB CETKH
3arOTOBKH HA WHCTPYMEHT BCJICACTBUC BapHAIIAM IS
nojdopa  palMoOHAIBHBIX — TapaMeTpoB  Tporiecca
HakaTKd. TakuMm 00pa3oM, OCYIIECTBIISICTCS TPOIIECC
aJIanTaIlid MOJIEH K YCIOBHSAM TEKYIIIETO MPOU3BO/I-
CTBa B COOTBETCTBUH C OCOOCHHOCTSIMH pacyeTa
HaIPSOKEHHO-Ie(DOPMHUPOBAHHOTO COCTOSIHUSL B TIPO-
rpamMHoM Komiuiekce «DEFORM 3Dy.

Ha puc. 6 npeicTaBieHo W3MEHEHHE YCHIIUS HA
HAKaThIBACMOM H3JICITUU MPH MOMEPEYHO-KIUNHOBOM
MPOKaTKe B HAIMpPAaBICHHWH BEPTHUKAIBHOW OCH IO
JUTHHE Ae(hOopMHpPYIOLIEH 30HBI.
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Puc. 3. UHTeHCMBHOCTH ckopocTel AechopmaLmn B nonepeyHbIX CeHEHMAX HakaTbIBaeMoro arobens
no AnuHe ovara gechopmanum npu hopMMpoBaHUM GaNNUCTUYECKOTO OCTPUA
Cnoco6om nonepeyHO-KINMHOBOM NPOKATKM
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Puc. 4. HopmanbHble HanpskeHUs! B nonepeyYHbIX CeYeHUAX HakaTbIBaemMoro arodens
no AnuHe oyara aechopmaumu B HanpasneHUn NPOJONbLHON OCH
npu popMupoBaHMM 6anIMCTUYECKOro OCTPUA CNOCOBOM NonepeyHo-KIMHOBOW NPOKATKM
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Puc. 5. CxeMa nonyy4eHHbIX NonepeyHbIX CeYeHUi HakaTbiBaemMoro groens
no AnuHe ovara fedopmauum
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Puc. 6. U3meHeHMe ycunus Ha HakaTbIBaeMOM M3AENNUU NPy nonepeyHo-KNMHOBOW NpoKaTke
B HanpaBneHUn BepTUKaNbHOKU OCKU NO AnNuHe AedOPMUPYIOLLEN 30HbI

Xapaktep W3MEHEHHUs] YCHIMHA OT BpEMEHH Ha
00eHx IUIallKaX BhIPAKEH OJMHAKOBO, O YeM CBHUIIC-
TEJNBCTBYET TPEACTABICHHOE PACIPEICICHNE YCUITHAL.
Hanoxenue ycunuid, moy4eHHBIX Ha IDIAIIKaX, TOBO-
PHT 0 PaBHOMEPHOCTH TIPOIIECcca OCTPEHHS 3aTOTOBKH.
Taxxe BUAHA TEHACHUMS K CHUXKEHHIO YCWIMH, YTO
TOBOPUT O TIEpEpaCHpENEICHU DJIEMEHTOB CETKH B
00CEUKY M TIOCTEIICHHOM PaBHOMEPHOM YMEHBILICHUU
nramerpa u3nenus B odare nedopmanmu. Cpemnee
3HaYEHHE JUI 00euX IUIaliek cocraBmio 22,8 kH.

3akIoueHne

OMBITHO-TIPOMBINUIEHHBIM ~ CIIOCOOOM  HaliJICHBI
palMOHAIBHBIE  IApAMETPbl ~ MHCTPYMEHTa UL
MpOM3BOACTBA [ro0enell ¢ pudIIeHoi NOBEPXHOCTHIO

CTEPIKHSI. MoepHHU3UPOBAHO CYIIIECTRYIOIIEE
o0opymoBaHKe JUIs BBIMyCcKa [H00ENel C TiafaKoi
MOBEPXHOCTHIO (TUI «CNY).

[Ipemnaraemple criocoObl mponsBoacTBa «CNy»-
Jir00esIel, NCTIONb3YEMbIX B TOJTyaBTOMATHUCCKUX U
aBTOMAaTUYECKUX MOHTAXKHBIX MUCTOJICTAX, a TAKXKE
pacmopHoro  mro0ensi,  MO3BOJSIT  IOJyYaTh
MMITOPTO3aMEIIAIOIINE U3/ICNIUS BHICOKOTO KauecTBa
¢ ¢akTu4eckoll Cce0eCTOMMOCTBIO, TPAKTUYCCKH
paBHOW CEe0ECTOMMOCTH TPOBOJIOKH, W3 KOTOPOH
OyIleT M3roTOBICHO U3/CIHE.

IMonans! 4 3astBKU Ha ToNIe3HbIe Mojean PO [6-9].

OnBITHO-IPOMBILIUIEHHBIE  3KCEPUMEHTHl  MOKa3aln
aJICKBaTHOCTh ~ pa3pabOTaHHBIX  MaTEMaTHYECKHX
MOJIEJIEH.

www.vestnik.magtu.ru
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Abstract. This article considers the improvement of a
technology of dowel-nail ballistic pointing on the basis of
mathematical modeling and the development of new de-
signs of a tool and products with new forms. Rational pa-
rameters of a tool used to produce dowels with a grooved
rod have been found. The authors have shown the strain
rate intensity distributions and normal stresses in cross-
sections of a dowel point along the length of the defor-
mation zone for an incomplete rolling process. Tool force
variations at dowel knurling in the vertical axis line along
the length of the deformation zone have been obtained. The
manner of the force variations with time on both dies indi-
cates the uniformity of the blank ponting process. Pilot pro-
duction of dowels with a smooth surface of a rod has been
carried out; rational parameters of a cross-wedge rolling
tool have been derived. The authors have shown the possi-
bility of import-substitution of constructional expanding
dowels (anchor bolts) with their designs based on retention
of an item in a pre-drilled hole in a concrete structure. A
diagram has been studied and a new design of a roller-
segmented-die tool has been proposed. The tool is designed
for simultaneous thread-rolling and surfacing. The construc-
tion is made of a roller and a segmented die, each of the
parts designed as a thread and shaping surface. The novelty

58

of this construction lies in the fact that a shaping surface of
a roller is built with several operating parts while a shaping
surface of a segmented die is built with one operating part.
The operating parts include pick-up and deformation zones
which are made eccentrically against the tool axis, as well
as a gauging zone which is arranged in line with the tool
axis with a profile following the contour of the end-product.
The application of the roller-segmented-die tool also en-
hances improvement of dowel-nail pointing efficiency if
compared with flat-plate knurling. Four applications for
utility models have been submitted.

Keywords: Import-substitution, dowel, modeling,
DEFORM 3D software package, cross-wedge rolling,
dowel-driver.
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PA3ZBUTHUE TEXHOJIOI'MX TIPOU3BO/JACTBA
KEJE3HOAOPOXXHbIX KOJIEC

Kymmnapes A.B.", Boratos A.A.%, Kupuukos A.A.", [Ty3sipes C.C.>

1 OAO «EBPA3 HimxHeTarunsckuii MeTammyprudeckuii kom6uuay, Hrkanit Tarn, Poccust
2 VYpanbckuii GpenepanbHblil yHuBepcuTeT UMeHH repBoro [Ipesunenta Poccnu b.H. Enbruna, ExatepunOypr, Poccns

Annomayus. B paboTe npecTaBlieHbl pe3ylbTaThl HCCICIOBAHMS TEXHOJIOTMUECKOTO MPOLIEcca POU3BOICTBA JKeEIe3-
HOJIOPO’KHBIX KOJIEC, HAIPABJICHHbBIE HA CHIDKEHNE PACXOIHOr0 KO3 GHIMeHTa MeTallla, MaTepUATIbHBIX M SHEPIeTHYECKHX
3aTpar, MOBHIMICHUE CTAOMIHFHOCTH XapaKTepPHUCTHK KadecTBa U goiroBeqHocTH Koec. B OAO «EBPA3 HTMK» BeImon-
HEHa KOMIUICKCHas IMpoKoMaciuTaOHas paboTa, HaiiieHbl M BHEAPEHBI B IIPON3BOJCTBO HOBBIC TEXHUUECKUE PEIICHUS
COBEpPILICHCTBOBAHUS KOHBEPTEPHOTO TIE€pEiea U BHETIEYHOW 00pabOoTKH cTany, moiydeHus ciautka Ha MHJI3, ocBoe-
HUSI HOBBIX TEXHOJIOTHYECKUX CXeM Je(opManmoHHOH 00pabOTKH IpH ITAMIOBKE, IPOKATKE, PECCOBOH TMOKe, MpaB-
Ke U KaJIMOpOBKe KoJeca.

B pesysbrate coBMelleHHsi ONepanuii OCaiku, pa3roHKH U KaJMOPOBKM 3arOTOBKM HA CTaJMU IPEIBAPUTEIILHON
LITAMIIOBKH, a TAK)Ke MPUMEHEHHs! CrIoco0a CaMOLIEHTPUPOBAHKsI TOKOBKHU B LIITAMIIaX OKOHYATENBHOW (POPMOBKH 0becrtie-
YEHO IOBBIIICHHE TOYHOCTH YEPHOBOTO KOJIECAa W YMEHBILIEHHE MacChl MCXOMHOM 3aroToBKu. [IpeccompokaTHast JIHHHS
MMeeT BBICOKHH ypOBEHb aBTOMATH3aLlK BCEX OINEpaliii, a METPOJIOTHIECKOE 00ECTICUeHHE TEXHOIOTHIECKOTO poliecca
CIOCOOCTBYET TOSIBIICHUIO PEKOMEHALMI 10 KOPPEKTHPOBKE IapaMeTPOB HACTPOWKH B PEXXMME PEaIbHOTO BPEMEHH H
MHUHHMH3AIMN Opaka. YikecToueHne TpeOOBaHMI TOYHOCTH HarpeBa KoJIec IOJl 3aKaJIKy M MCIIOJIb30BaHHE PalMOHAIBHON
CKOPOCTH OXJIQXKJCHHUSI 000/1a KOJleca Ha 3aKaJIOYHBIX CTOJIAX CIIOCOOCTBOBAIN OCBOCHHIO MTPOM3BOJICTBA TBepABIX (320 HB)
n ocob6o TBepabIx (350 HB) xonec co cTabuiIbHBIMHU MOKa3aTesIMU KauecTBa. DKCINTyaTallMOHHbIE XapaKTePUCTHKH JKelle3-
HOJIOPOKHBIX KOJIEC YBEIMYEHBI B 1,5 pa3a, B TOM uuciie Onaromapsi BHSAPCHUIO MOTHOMPOGUIBHON MeXaHMIeCKoH 00pa-
OOTKH KoJeca, NPOOEMETHOMY YIPOYHCHHUIO AMCKA M Y)KECTOUEHHIO NMPUOOPHOIO YIBTPa3ByKOBOTO M MarHUTOJIIOMUHHC-
LEHTHOT'O CITIOCOO0B KOHTPOJIS KA4eCTBa.

Kniouesvie cnoga: >xene3HOA0POKHOE KOJIECO; JINTast 3ar0TOBKA; [IITaMIIbI; IITAMIIOBKA; BHETIEYHast 00paboTKa cTany;
HETIpepbIBHAS PA3JIMBKa; MOAN(UKAIS; BAKYyMHPOBAHHE; KOMITBIOTEPHOE MOJEINPOBAaHUE; METPOJIOTHS; TOYHOCTh pa3-
MEpOB; 3aKallka; OTITYCK; MeXaHn4deckas 00paboTKa; JpoOeMeTHOE YIPOUHEHHUE; TPUOOPHBIN KOHTPOJIb KaueCcTBa.

3arOTOBKM; TIPOKaTKa INTAMIIOBAaHHOW TIOKOBKM Ha
KOJIECOTIPOKAaTHOM CTaHe; MPOIINBKA CTYIHIBI, Ipec-
coBasi TMOKa, TIpaBka W KaJUOpoBKa Koseca. YepHo-

BBeaenne

HpOPBBO}ICTBO JKCJIC3BHOAOPOKHBIX KOJICC OCHO-

BaHO Ha OOIIel TEXHOJIOTUYECKOH CXeMe: TOITyueHUe
HEIPEPHIBHOJIMTON 3arOTOBKMA M PAaCKpOi €e Ha Mep-
HBIC JJIMHBI, HArPEeB 3arOTOBKH W TUAPOCOWB OKAIH-
HBbI; MPENBAPUTENIbHAS M OKOHYATEJIbHAsg IITaMIIOBKA

© Kymnapes A.B., boratoB A.A., Kuprukos A.A., ITy3seipes C.C., 2016
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BbIE KOJIeCca TMOJIBEPraroTCs 3aKalke M OTIIYCKY, ITOJI-
HONpOUIIbHON MexaHH4yecKod o0palboTke, OaiaHCH-
POBKE M IpoOEMETHOMY YIIPOYHEHHIO JAUcKa. [ oToBOE
KOJIECO TIOJ[BEPraeTCsi MarHUTOIFOMHHHUCIICHTHOMY H
VABTPa3BYKOBOMY KOHTPOJIIO JUISl BBUIIBJICHHS IIO-
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BEPXHOCTHBIX W BHYTPSHHUX jAeexToB. MHorue u3
MEPEUNCIICHHBIX OTIepaIiii BIIEPBbIE OBLTH OCBOCHEI B
OAO «EBPA3 HTMK» u crocoOCTBOBaId CHHKE-
HUIO TIPOW3BOJICTBEHHBIX 3aTPAT M MOBBIIICHUIO CITy-
KEOHBIX XapaKTEPUCTUK KOJICC MPU SKCILTyaTalHH.

1. IloBbIIIEHHE KaYeCTBA
HENMPEePBLIBHOJHUTHIX 3aT0TOBOK

KauecTBO KoJIECHOW CTanu, XUMHYECKUNA COCTaB
KOTOPOH ISl TPEX MapoK MpuBejaeH B Tabn. 1, dop-
MUpYETCsl Ha CTaanuax aecynbdyparun u nedocdo-
paluy Y4yryHa Wik MOJyIpOAYyKTa, IPH BHEIICUHOU
00paboTKe ¢ 1eIbl0 MpeAoTBpaIleHHsT 00pa30BaHUs
HEMETATHYECKIX BKJIFOUCHHN, MUKPOJIETUPOBAHHUS
1 MOJU(PUIMPOBAHUS CTallM, NMPH MPOJYBKE apro-
HOM B TEYH-KOBIIIE U BaKyyMupoBaHuw [ 1-4].

U JOOWIIKMCH TONYYEHHUsl CIUTKA C IUIOTHOH Mel-
KO3EPHHUCTON CTPYKTYpOH 0€3 PBIXJIOCTH U Tpe-
IIMH B OCEBOW 30HE CIIMTKA, MPEAOTBPATHIH BTO-
pUYHOE OKHCIEHHE CTald B METaJUIOMPOBOAKAX
MHJI3, BHempuiau paMOHAIBHBIA PEXUM OXJIa-
JKIICHUSI CIIATKA [5].

2. MoaepHu3amus TEXHOJOTHH HArpeBa
H 00:KaTHsI 3aTOTOBKH
HAa MPECCONPOKATHON TUHUH

JKene3sHomopoxkHBIE KoOJieca W3rOTaBIMBAIOTCS
U3 BBICOKOYTJICPOIHBIX MapoK cTajiu (cM. Tabn. 1),
K HarpeBy KOTOPBIX MPEIBSBIAIOTCA 0COObIE Tpe-
0OBaHUS MO CKOPOCTH M PaBHOMEPHOCTH Harpena.
Ha narpeBaTenbHOU ne4u A0 PEKOHCTPYKLUHU pas3-
HUI]a TEMIepaTyp MO CEUEHHIO 3aro-
ToBKM Jocturaira 50°C, a Mexay

Tabnuua 1 2
. OTIEBHBIMU 3arOTOBKAMH B OJHON

XUMMYeCKuii COCTaB KONEeCHLIX Mapok ctanu, % o
maptuu g0 60°C, oTkinoHeHue ¢ak-
Mapa| Mn S o Ni v S P THYECKUX PE3YJIbTaTOB HarpeBa 3a-
cranm JaHHBIM TapaMeTpaM COCTaBJISIO
2 |055-0,63/0,50-0,90 | 0,22-045| <030 |<030| <0,10 | <0025 |=<0,030| (10-15)°C, yrap Meramia AOCTUTa
0 -
T [062-070{050-100[022-065| <040 |<030| <015 |00050025] <0030 | 370> Ha MOBEPXHOCTH 3aroTOBKH 00

C ]0,68-0,77|0,66-1,00 | 0,22-0,65 |0,10-0,50 | <0,35|0,05-0,15

<0,015

pasoBBIBANaCh  TPYAHOOTHAENSEMAs
<0020 | okammma. Ilocme peKOHCTPYKIMH

HoBble TeXHOJNIOTMYECKHE PEIICHUsS, HaMpaB-
JICHHBIE HA COBEPIICHCTBOBAHUE TEXHOJIOTHUU Iie-
pepaboTKku BaHaJMIiCOAEpKAILET0 YyTryHa JIyT-
JIEKC-TIPOIIECCOM, OCBOCHHME TEXHOJOTHH JCCYb-
bypauuu noaynpoaykra, KOMOMHHPOBAHHOHN MpPO-
JYBKH CTalld ¥ MPUCAAKH IIIaK00Opa3ymoIux Ma-
TEPUAIOB B KOHBEPTOpPE, OOCCIECUMIIH BBICOKYIO
CTaOMIIBHOCTh PE3YJIbTATOB OT IUIABKH K IUIABKE,
CHIDKEHUE OKHCICHHOCTH CTAJM U MOTEPh METaia
CO NUJIAKOM, YMEHbIICHHE pacxojia GeppocIliaBoB,
CHIKEHHE cojepxanusi cepbl u docdopa. Ocroe-
HUE TEXHOJIOTMM BHEMEUHOW 00pabdOTKM CTaiu
CIMOCOOCTBOBAJIO BBIPABHUBAHHIO TEMIIEPATYPHI H
YCPEIHEHHI0O XHMHUYECKOTO CocTaBa B OObeMe
KOBIIIA, YAAJCHHIO W MOIU(DUIUPOBAHUIO HEMeE-
TaJUIMYECKUX BKIIOYCHUH, Jera3alid MeTaluia |
BHEJIPEHUIO TEXHOJOTMH OE3aFOMUHUEBOTO pac-
KHCJICHHSI CTalM 32 CYET BBOJA KPEMHUI- U Mapra-
Hercoyiepkamux  ¢eppociuiaBoB.  CozaepikaHue
001IIero KHUCIopo/ia CHU3MIIOCH ¢ 82 ppM mepen
MeYbI0-KOBIIOM JI0 15 ppMm mocliie BaKyyMHpOBa-
HUSI, COJiep)KaHWe BOJOPOJa B BaKyyMHPOBaHHOU
CTaJH HE MPEBBICWIIO 2 ppm. 3arps3HEHHOCTh CTa-
J¥ HEMETAJUIMYECKUMH BKJIIOUEHHSIMH IO CpPaBHE-
HUIO C MapTCHOBCKOM TEXHOJIOTHMEH CHU3HJIACH B
pasbl, a Opak konec mo Y3K cumsuics ¢ 1,4 no
0,1%. IIpn ocBOeHUYU HENPEPHIBHOMN Pa3IUBKH CTa-

MEYH 3TU MOKA3aTeNH ObUIM 3HAYUTEIBHO YIIy4Yllle-
HBI: PAa3HOCTh TEMIIEpATyp IO CEUYCHHUIO 3arOTOBKHU
He npeBblmaer 15°C, a BenuuyuHa yrapa MmeTaiia
meHee 0,75%. VYcmemHo BHeIpeHa TEXHOJIOTHUS
THIPOCOMBa OKAJIHMHBI Iepes 00XKaTHeM 3aroTOBOK
Ha Mpecce, OJlarojaps 4eMy OTCYTCTBYIOT 3a0pa-
KOBaHHBIE KOJIeca 110 BKaTAHHOH OKaJluHe.
TexHonornyeckas cxema nedopmaru
HEINPEPHIBHOJIMTON 3arOTOBKM Ha IPECCONpPOKAT-
HOW nuHMM pas3paborana ¢dupmonr «SMS
EUMUCO» u mpeagycMaTpUBaeT INpeBapUTENh-
HYI0O M OKOHYATENIbHYI0 WITAMIIOBKY Ha OJHOM
nub0 pa3fenbHO Ha JABYX IIpeccax, MPOKaTKy
IITAMIIOBAHHONW ITOKOBKHM Ha KOJECONPOKATHOM
CTaHe, NPOLIMBKY CTYNHIBI, BBITMOKY JHUCKa,
NpaBKy M KaJMOpOBKY YEpPHOBOI'O Kojeca Ha
npecce. McciaenoBanue (HOpMOM3MEHEHHS 3aro-
TOBKM WM CHJIOBBIX IMMapaMETPOB yKa3aHHBIX TeX-
HOJIOTUYECKHUX IPOLECCOB OCYIIECTBIAIOCH Me-
TOAOM KOMIBIOTEPHOTO MOJEIHPOBAHUS C HC-
nonb3oBanueM mnporpammel DEFORM 3D. Ile-
JbI0 WCCIIEJIOBAHMS SBIISJIOCH ONpEIEIeHNE pa-
[MUOHAJIIBHOT'O COOTHOIICHUS 00XaTHs TIPH IITaM-
MOBKE M MPOKaTKe [6], olleHKa BIUSHUS GOPMBI H
pa3MepoB IOKOBKM TMOCJIE MpeABapUTEIbHON
LITAMIIOBKM Ha KayecTBO O(OPMIICHHUS MOKOBKH
npHu OKOHYaTenpHOW mramnoBke [7—14]. Ha Ho-
BbIE TEXHUYECKHE PEIICHUsS TOJNYYEHBI MaTEeHTHI
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P® [7, 8]. BaxkHbIM pe3ynbTaTOM KOMIBIOTEPHO-
0 MOJEITHUPOBAHUS TEXHOJOTHMYECKOT0 IMpolecca
SIBUJIOCH M3YyYEHUE aCHMMETPUIHOTO pajlhalibHO-
ro TEUEHHs] MeTaJlla TOJ BIHUSHUEM OTKIOHEHUS
($opMBI M pa3MEpOB 3aroTOBKH OT HICAILHOTO
UWINHAPA, HETOYHOCTH HACTPOMKH MHCTPYMEHTA
nedopMaul M YCTAaHOBKH 3arOoTOBKH B MEXK-
ITaMIIOBOM IIpocTpaHcTBe [15].
HeynosnerBoputenbHas HACTPOIlKa TEXHOJIOTH-
YecKOro Impolecca Ha CTaJud HpeABapHTEIbHON
MITAMIOBKH XapaKTepU30BaJlach CIEAYIOUIMMHU 3Ha-
YEHHUSIMH: OBAJIBHOCTE 3aroToBku AD = 6,5 MM; Ko-
cuHa pe3a S = 5 MM; HETOYHOCTh YCTAaHOBKH 3aro-
TOBKH Ha HWKHEM IITaMIe d; = 3 MM, OTKJIOHEHHE
oCeil HIDKHEr0 M BEPXHEro ITaMIla OTCYTCTBOBA-
10, 01 =0 mm. HccnegoBanue (GpopMOU3MEHEHHS
3arOTOBKH, MOJYYE€HHOE B MITAMIIaX C TPaBIOpOH,
paspaborannoii pupmoit «SMS EUMUCOy, no-
Kas3ajo, 4To Iepenaj Mo ToJIuHe 0001a AOCTH-
ran 12 MM, a pa3HuLla paJlycOB MOKOBKH H3-3a
AKCIIEHTPUCUTETA PACTIONOKEHUS CTYIHIBI OTHO-
cutenpHO 0060ma coctaBimsuia 7 MM. llpuawnHoin
3TOTO HECOOTBETCTBUS SBISETCS CBOOOAHOE HC-
TeUEeHHE MeTajllla U3 LEeHTPATbHOW YacTH IITaM-
MOBOTO TMPOCTpaHCTBa B Tmepudepuiitnywo, 0e3
OTpaHUYECHUSI HAPYXHOUW MMOBEPXHOCTH 000/ To-
KOBKH. B IMPOMBIINIJICHHBIX OIIBITaX MPU OCBOCHUHA
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texnonorun SMS EUMUCO Teoperudeckue pac-
YeThl MOJYYWIN MOATBEPKICHHE: MaKCUMalbHAs
pa3HHUIa B HapyXHBIX JAMaMeTpax Ha OJHOM 3aro-
TOBKe jocTuraia 23—25 MM, a o mmpuHe 00013
21 mM. Takum o0Opa3oM, TEXHOJOTHS MpeIBapH-
TEJIbHOM IITAMIIOBKH OKa3ajdach YyBCTBUTEJIbHOU
K HacTpoilke mpecca U IMpUBOAUIIA NPU JalIbHE U-
nreif 00paboTke K HEpaBHOMEPHOMY paclpenene-
HUIO MaccChl 110 MepUMETPy MOKOBKH, a 3aT€M dep-
HOBOTO KOJIeca, TOSIBJICHUIO N1e()eKTOB MPOKATHO-
ro mpoucxoxaeHus. CymMmapHblii Opak Kojec Mo
nedexram mpokara He omyckaics Huxe 24,9%.
OcBoeHne TpeABapUTENbHON MITAMIIOBKH 3aroTo-
BOK 110 HOBOMY cmiocoOy [7] cmocobcTBOBamO 1MO-
BBIIIICHUIO TOYHOCTH YEPHOBBIX KOJEC U YMCHb-
menuto Opaka mo 1,5%. PasButue naen coBmerre-
HUS [PU NPEIBAPUTEIbHON MITAMIIOBKE ONEpaui
0CaJIKM, Pa3sTOHKH M KaluOpPOBKH, a TaKKe MpH-
MCHCHHA OII€pallu CAMOLUCHTPHUPOBAHUA ITOKOBKHU
B IITAMIIaX OKOHYaTelbHOU (hopmoBKH [8] obec-
MEYMIIO OBBIIIICHHE TOYHOCTH YEPHOBOTO KOJIeca.
Jns nByx pa3pa0OTaHHBIX CIIOCOOOB IMpeaBapu-
TEeNbHOW IMITaMIIOBKH [7, 8] METOAOM KOMITBIOTEP-
HOTO MOJENHPOBaHMS OBUT BBIMOJIHEH CpPaBHU-
TeNbHBIH aHaIu3 q)OpMOI/IE}MeHeHI/IS{ 3aroTOBKH H
oJIst CKOpocTeit (CM. PUCYHOK).
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®opmou3MeHeHHe U Nnosie CKOpoCTel HeNpPepbLIBHONMUTOW 3aroTOBKM NpyY ABYX cnocobax npeaBapuTeNbHONU
WITaMNOBKMU: &, 8, 0 = B NNOCKMX LWITaMNax ¢ NOABWKHbLIM KanubpoBOYHbLIM KONbLOM (cnocob 1);
6, 2, e — B NpOhMNMPOBaHHbIX WTaMNax ¢ HeNOABUKHbLIM KONbLOM (cnocob 2)
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Ha pucyHKe mpuBeneHBI pe3yibTaThl KOMITBIO-
TEPHOTO MOJCITUPOBAHUS JBYX HOBBIX CIOCO0OB
YepHOBOW IITAMITOBKH: HA TUIOCKWX IITaMIIaX C TI0-
JIBOKHBIM KaJTMOPOBOYHBIM KOJBIIOM (criocod 1) [7]
Y Ha NPOGWIMPOBAHHBIX MITAMIIAX C 3aKPETICHHBIM
KoOJBITOM (crtoco0 2) [8]. Macca 3arotoBku B 000uX
ClIy4yasiX IOpHUHITA  OJMHAKOBOM M pPAaBHOU
m = 482 kr, oBajgbHOCTh 3aroToBku AD = 6,5 MM,
KocwHa pe3a Ha oboux Toprax C =5 MM, cMmere-
HUE 3aroTOBKM OT OCH IITaMIoB dJ, = 3 MM.
HavanpHast cragus ocaJkKu 3aroTOBKM B 000uX
ClIy4asiX XapaKTepU3yeTCs OCECHMMETPUYHOW Jie-
dbopmanueir 6e3 HWCHpaBICHUS T€OMETPHICCKHUX
HapymieHui odara nedopmanuu (cM. PUCYHOK, @ 1
6). Jlns mepBoro crnocoba 3Ta CTaaus IpoJI0JIKaeT-
Cs 0 MOMEHTa OJTHOCTOPOHHET0 KOHTaKTa TMOKOB-
K C KaJIMOPOBOYHBIM KOJBIIOM, B Pe3yJIbTaTe KO-
TOPOT0 OHO TMEpeMeNaeTcsi 10 COOCHOTO TOJOXKe-
HUS C 3aroToBkoi. Ha BTOpoi cramum (cMm. pUCy-
HOK, B) TIpoucXoauT (hopMmupoBaHue OOKOBOH TO-
BEPXHOCTH IMOKOBKH C OJHOCTOPOHHUM TEUCHHEM
MeTajlla, @ Ha TPEThbeH — YMEHbBIIICHUE HEIOIITaM-
MOBKH /O MHUHUMyMa, a AeQopMaius SBISETCS
OCECHMMETPHYHOM (CM. PUCYHOK, A).

s BTOpOro crocoba Ha MEpPBOW CTaiWH MPU
0CaJIKe Ha BEPXHEM TOPIIC MOKOBKH ()OPMYETCS BbI-
CTYIl B BUJI€ TIOJYTOpa, OCh KOTOPOTO COBITAJAET C
OCBIO BEPXHETO IITaMIa U KaJuOPOBOYHOTO KOJIbIIa
mpecca R5000. Kpome TOro, Ha mepBOW CTaguu

OCYILECTBIISIETCS Pa3rOHKa MeTaia U ¢opmyercs
0001 YEpHOBON IOKOBKHM YBEIWYCHHOW MacCHhl.
Bropasi cragua npenBaputenbHOM —IITAMIOBKHU
HaYMHAETCSl ¢ MOMEHTA CONPUKOCHOBEHHUSI OOKOBOM
MOBEPXHOCTH MOKOBKU C KaJTHOPOBOYHBIM KOJIBLIOM
U XapakTepu3yeTcs OAHOCTOPOHHUM TEYEHHEM Me-
Tajjia 10 MOMEHTA 3aBepIleHHs (POPMOBKH ITOKOBKH
B KaTMOPOBOYHOM KOJIbIE TAKUM 00pa3oM, 4To IIH-
pUHAa KOHTAaKTa KOJbIda C IOKOBKOW CTaHOBHTCA
OZIMHAKOBOW IO IepuMeTpy MokoBkH. C 3TOro mMo-
MEHTa HAaYMHAETCS TPEThsl CTAAMs LITAMIIOBKU C
XapakTEepHOM OCEeCMMMETPHYHON JedopMalnet,
COIPOBOXKIA€MON YMEHBILICHUEM BBICOTHI IIOKOBKHI
U yBEJIWYCHHEM IIMPHHBI KOHTAKTa €€ ¢ Kaaulpo-
BOYHBIM KOJIbLIOM. B pesynbTaTe oOpasyercs oce-
CUMMETpPHUYHAsI 4YEepPHOBas IOKOBKAa, KOTOPYIO Iie-
penaloT  poOOTOM-MaHMIYJISATOPOM Ha  IIpecc
R9000. YepHoBas TMOKOBKa Ha HIKHEM IITaMIIC
MOXET OBITh LEHTPUPOBaHA JBYMS CIOCOOaMMU:
00 0 KOHTYPY HIDKHETO IITaMIia B 00acTH Te-
pexona aucka K 0001y, 0o mociie KAaHTOBKH T10-
KOBKH Ha 180° ¢ MOMOIIBI0 OCECUMMETPUYHOTO BhI-
CTyla Ha TOPLEBOI MOBEPXHOCTH NOKOBKU B BUE
nosrytopa (cM. PUCYHOK, €).

Pe3ynbTaTel TEOpeTHYECKOro aHalu3a TEeYSHHS
MeTaJula IPH OKOHYATEIbHON IITaMIIOBKE Ha Ipecce
R9000 mokazausl B Tabn. 2 u 3 B 3aBHCHMOCTH OT
¢dopMBl TIOKOBKHM, TONydeHHOH Ha mpecce R5000
pa3HbIMH CIIOCOOAMU.

Tabnuua 2
Bpemsi okoH4aTenbHOI WTaMNOBKU T U PaanyC HENTPanbHOTO ceyveHns Ry
B 3aBMCMMOCTH OT BEJIMYMHbI HeOWTaMNOBKK & Ans NOKOBKM,
nonyyeHHoli cnocobom 1 npeaBapUTENbHOMN LTAMMNOBKY
0, MM 65,1 55,9 46,2 36,5 26,7 17,6 13,2 9,1 45 0
Ry, Mm 200 210 210 211 209 205 201 0 0 0
R1, Mm - - - - - - - 150 100 25
T,C 1,25 2,18 3,14 4,12 5,10 6,01 6,44 6,85 7,31 777
Tabnuua 3
Bpems okoH4YaTenbHOM WTaMMNOBKM T U paguyc HeNTPanbHOro ce4eHusi Ry
B 3aBMCMMOCTM OT BeJIMYMHbI HeOWTaMNOBKK & Ans NOKOBKM,
nony4eHHoli cnocobom 2 npeABapUTENbLHON LWTAMMNOBKM
0, MM 51,5 33,0 249 20,6 13,5 7,2 41 2,0 0,0
Ry, Mm 201 207 209 214 214 214 202 0 0
R1, Mm - - - - 60 50 45 40 25
T,C 1,4 3,24 4,06 4,37 5,09 5,72 6,02 6,25 6,44
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Pagnyc HelTpanbHOTO ceYeHus OmpenesieT ABe
30HBI TEUCHHUS] METAJIa P OKOHYATEIBHOM MITaM-
MOBKE — B CTyNHILY U B 0007. V3 Tabiuil BUAHO, 9TO
panuyc HEHTPAIbHOI'O CEYCHHUS B Pa3IUYHBbIE MO-
MEHTBl OKOHYATENbHOW IITAMIIOBKH, MOTYYEHHOU
crmocobamu 1 ¥ 2, HaXOAWTCS B JHMAIla30HE 3Haye-
muii R, ot 200 no 214 MM, TO ecThb HabIrOmaeTCs
MPEeUMYIIECTBEHHOE TeUeHHe MeTaiuia B 0ooxa. On-
HaKo B 00omx ciydasx o0¢OpMIIEHHE CTYIHIIBI
HACTyIMaeT paHblle, dyeM oboma. Bemwumna Hemo-
LITaMIOBKHA B MEpBoM ciydae J = 13,1 mm, a BO
BTOPOM clly4yae 0 = 2,5 MM COOTBETCTBYET MOMEHTY,
KOT/Ia paJnyC HEHTPaIbHOTO CEUEHHS CTaHOBUTCS
paBHBIM HymO R, =0, To ecThb HacTymaeTr OJHOCTO-
pOHHEe TeYeHHEe MeTaia OT CTYMUIBI K 000ay Mo
BCEW KOHTAKTHOU MOBEPXHOCTH ITOKOBKH. ITO TIPH-
BOJHT K PE3KOMY POCTY CHIIBI IIITAMITOBKH, KOTOpast
B MOMEHT 3aBEpIICHHUs] OKOHYATEILHON MITaMIOBKA
JUTSI TIEPBOTO ciryvasi coctasisieT 74 MH, a mist BTo-
poro 67 MH. OTmeueHHBIE OCOOCHHOCTH TEYCHUS
MeTajula IpU OKOHYATEIbHOH (POPMOBKE MOKOBKH,
MOJIy4EeHHOHU 10 criocobam 1 u 2, OKa3bIBaIOT BIIUS-
HHUE Ha KadecTBO (hOpMOBKH 000718, KOTOPOE MOKHO
XapaKTepH30BaTh 3HAYCHUEM pajuyca opopMIeHUS
000/1a ¢ Hapy»KHOW CTOPOHBI Koieca. [y mepBoro
ciydas Tipu HegomTamioBke d = 9,1 mMm, R;= 150
MM, B TO BpeMs Kak st BTOporo ciaydas Ry= 50 mm
pu ¢ = 7,2 MM. BaykHbIM TOKa3aTeneM npeumyiie-
CTBa MPUMEHEHHS TOKOBKH, TOJyYEeHHOU 10 CIOCO-
Oy 2, 0 CpPaBHEHHUIO C MOKOBKOW, MOIYYEHHOH MO
cnoco0y 1, siBiseTcst yMeHbIICHHE BpPEMEHH Ha
OKOHYATEIIFHYIO IMTAMIIOBKY ¢ 7,77 ¢ 1o 6, 44 c.

Kpome Toro, moBbIllIeHHe TOYHOCTH TTOKOBKH U
YEepHOBOT'O KoJieca OBLIO JOCTUTHYTO Ojaromaps
pa3paboTKe U MPUMEHEHHIO TEOPETHYECKOTO METO-
Jla OIIEHKW TOYHOCTH MOKOBKH M YEPHOBOTO KoJjeca
[16]. TexHruuecKUM pe3yJabTaTOM NPUMEHEHUS TEO-
PETUYECKOTO METOJIa OIIEHKH TOYHOCTH MOKOBKU U
yepHoBoro kojeca 957 HW3N sBuiochk passuthe
HOBBIX CIIOCOOOB MTPOU3BOCTBA JKEJIE3HOJOPOIKHBIX
KojieCc [8], OCHOBaHHBIX Ha CaMOLICHTPUPOBAHHE
MOKOBKM B MITaMIIOBOM MPOCTPAHCTBE IIpecca
OKOHYATENbHOW mTaMIioOBKH. (OCBOEHHE HOBOTO
crocoba crocoOCTBOBAIO CHM)KEHHUIO MAacChl 3aro-
TOBKH Ha 6 KI', YMEHBIICHHUIO MIPHUITyCKa HA MEXaHU-
YEeCKyH0 00pabOTKY, MOBBINICHUIO MPOU3BOIUTEIb-
HOCTH U HaJIe)KHOCTH paboThl ctankoB VDM 120-12
JUTS TTOJTHOTIPO(UITEHON OOTOYKHM KOJIEC.

Pe3ynbpTathl KOMITBIOTEPHOTO MOJIEIHPOBAHUS
MOJIOKEHBl B OCHOBY ONPEAETICHUS PAalMOHAIBHON
TpaBIOPHI IITAMIIOB MTpeABapUTEIbHON popmoBku. B
pe3ynbraTe Oblna paspaborana CAIIP kanmuOpoBku

MHCTpYMEHTa JeopMaliu Ha HPECcCCONpPOKATHON
JIMHUY, OJarogapsi 5ToOMy Ha KOMOMHATE OCBOEHO 47
TUIIOPAa3MEPOB 3aroTOBOK M IEJIPHOKATaHbIX KOJEC
JUT HYXJ KeJe3HOAOPOKHOro TpaHcmopTa. Cepb-
€3HBIM JTOCTH)KEHHEM SIBUJIOCH OCBOCHHE LIETbHOKA-
TaHBIX Koyec auaMeTpoM 1250 MM 1Sl CKOPOCTHBIX
JIOKOMOTHBOB. BHeapeHHe parmoHaIbHONH Kaiuo-
POBKHM MHCTpyMeHTa AedopMaruy, HalJeHHOH ITy-
TE€M KOMIIBIOTEPHOTO MOJEIUPOBAHUS IIpoLecca
MpEBAPUTEIIbHOM U OKOHYATENbHOW IITaMIIOBKU
3arOTOBKH Ha Tpeccax, a TakkKe MOoCcIeayouen mpo-
KaTku 00ecreymsio MojydeHue MOKOBKU MOJ Mpo-
KaTKy C pa3MepaMH BBICOKOH TOYHOCTH, CHJIOU
mramnoBky Ha pecce R9000 menee 8OMH u Bem-
YHHOHN HemomTaMIioBku Menee 0,5 mm [13].
CoBepIIEHCTBOBAaHUE KOHCTPYKLIUHU BaJKOB KO-
JIECONPOKATHOTO CTaHA M KOPPEKTHUPOBKA MapamMeT-
POB, BBOAMMBIX B MPOrpaMMy YyIpaBlieHHS CTaHa,
MO3BOJIMJIM YCIIEUTHO OCBOMTH MPOHM3BOACTBO IIEITh-
HOKAaTaHbIX KOJIEC U 3aTOTOBOK KOJIEC AUAMETPOM OT
710 mo 1250 MM, a Tak)Ke KOJIECHBIX LICHTPOB U 3a-
TOTOBOK 3yOUaThIX KoOJieC C IUIMHIPHYECKOH IIO0-
BEPXHOCTBIO Kpyra KaTaHus 0e3 rpeOHs. OCBOeHO
MIPOU3BOACTBO KOJIEC AUAaMETpoM 957 MM C KpuUBO-
TUHEHHBIM (S-00pa3HbIM) AMCKOM Ui TPY30BBIX
BArOHOB C IMOBBILICHHOH OceBOM Harpy3kou. s
€BPONEHCKOr0 M CEBEPOAMEPUKAHCKOI'O PHIHKOB
OCBOCHO TIPOM3BOJACTBO IIEIBHOKATAHBIX KOJIEC
nuameTpoM 920 u 914 MM ¢ KpUBOJMHEHHBIM AMC-
KOM U1l TPY30BBIX BarOHOB.
TeXHUKO-9KOHOMUYECKHE TOKa3aTeNnu IPOu3-
BOJICTBa MPOAYKIMU HAa MPECCONPOKATHON JINHUH B
3HAYUTENBbHOW Mepe 3aBUCAT OT CTOMKOCTH WH-
ctpyMmenTa nedopmanui. OCHOBHBIMH (haKTOpaMH,
BIUSIOIIMMHU Ha CTOMKOCTh HHCTPYMEHTA, SIBIISIOT-
Ccsi: TeMIepaTypa MOBEPXHOCTH IITAMIIOB U BaJKOB;
rpaBiopa ITaMIIOB U KaJMOpPOBKA BAJIKOB; BEIUYH-
Ha HOPMAJIBHBIX KOHTAKTHBIX HANpSHKEHUH U CKO-
POCTh CKOJIBKEHHUSI METallla; Ka4eCTBO TEXHOJIOT -
YECKOM CMa3KM U OXJIAXIEHHS WHCTPYMEHTA.
HawnbGonee HeOmarompusTHIe yCIOBUS paOOTHI MH-
cTpyMeHTa uMerT Mecto Ha mpecce R9000. [pu-
YHHAMH BBIXOJa IITAMIIOB M3 CTPOS SIBISIOTCS:
CEeTKa pasrapa, BhIKpAlIMBAHNE, HAJUIIAHUE METall-
Jla, o0mui M3HOC. TeXHUYECKHE PEIICHUS MOBBI-
HICHUS CTOMKOCTH MHCTPYMEHTa JeopManuu Obl-
JM HaWJeHbl B COOTBETCTBHM C MPOIPaMMON HM-
nopro3aMenieHus. TeXHOJOTHS  U3TOTOBJICHUS
NITAMIIOB W WX BOCCTAaHOBIEHHS  CIOCOOOM
HaIulaBKU ObUla OCBOGHa Ha KoMmOuHare. Bmecrto
UMIOPTHBIX MAapOK TE€XHOJIOTHUYECKOH CMa3Ké OBI-
Jla OCBOEHAa OTEUECTBEHHAs CMa3Ka «ATJIAHTHK
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Jlancon 1001». braronaps BHEAPEHUIO YKa3aHHBIX
BBIIIIE MEPOTNPUATHH HOpPMa pacxojla IITaMIIOB B
2012-2014 romax IO CpPaBHEHHIO C IICPHOIOM
2007-2011 rogax ymeHbinuiachk B 1,6 pasza, MOBHI-
CHJIMCh KadecTBO O(OpMIICHHS MOKOBOK M TPOH3-
BOJUTENBHOCTh IPECCONPOKATHOW IJIMHHUH, IIHKI
npokara coctasmi 39—40 ¢ [17].

3. HayuHoe 06ocHOBaHMe U BHeJIpeHHEe HOBOW
TeXHOJIOTMU U 000py10BaAHMA
IJISl TEpMOOOPaAdOTKH KoJIec

AHanu3 pe3ynbTaToOB MPOMBIIUICHHBIX 3KCIIe-
PUMEHTOB, HPOBEIEHHBIX C IEJbI0 ONpPENeIICHUS
palMOHATIBHOTO XMMHYECKOTO COCTaBa KOJECHOM
CTaji, TeMIlepaTypbl HarpeBa MOJ 3aKajKy H OT-
IIyCKa, PacXoAa BOABI U CKOPOCTH OXJIAXKICHHUS, I10-
Ka3all, 9To 000pyZA0BaHHE ydacTKa TepMOOOpabOTKH
He o0ecreunBaeT CTaOMIbHBIC PE3yJIbTAThI M0 TBEP-
JOCTH W3-3a HEYIIOBJICTBOPUTEIIBHBIX TEXHUYECKUX
XapaKTePUCTUK HArpeBaTEIbHOM I€UH, 3aKaJIOYHbIX
CTOJNIOB. B TexHMYEeCKOM 3aJaHMW PEKOHCTPYKIHU
TEPMUYECKOTO OTIENICHUs ObUIH CPOPMYIUPOBAHBI
cleayromuye TpeboBaHus:

— TeMIepaTypa HarpeThIX KOJIEC MO 3aKalKy U
OTITYCK YCTaHABJIMBACTCS HA ONTUMAIBLHOM ypOBHE
C TOYHOCTEIO £+ 5°C;

— palMOHAaJbHbBIC 3HAYEHHUsI CKOPOCTH OXJIaXKae-
HUS 00ecIeunBaloTCsl 000pyI0BaHUEM 3aKaJlOYHBIX
CTOJIOB YCTPOHCTBAMH 10 PETYIUPOBAHUIO Pacxona
oxyaauTens (Bojaa, BO3IyX);

— 3aKaJIOYHBIE CTOJBI UMEIOT BBICOKHI YPOBEHb
aBTOMATH3allM M OO0ECIEUYNBAIOT BOCHPOHU3BOIM-
MBbI€ PEXXHMBI HE3aBHCHMO OT pabOTHI olepaTopa.

HccnenoBanne BIUSHUS CKOPOCTH OXJIaXKIe-
HUsT Ha (OPMUPOBAHHUE CTPYKTYPHI M TBEPIOCTH
ctanu Tpex Mapok 2, T u C, pa3zpaboTaHHBIX B
OAO «EBPA3 HTMK» coBmectHo ¢ OAO
«BHUWXXT», npoBoauiaoch MeTO0M (hu3nuecko-
ro monenupoBanus Ha komiuiekce Gleeble 3500
COBMECTHO C COTPYIHHKaMH MarHuTOropcKoro
roCyAapCTBEHHOTO TEXHUYECKOI'0 YHHBEPCUTETa
I'"'. Hocosa [18]. Pe3ymbTaThl HCCIETOBAHUS
npejcTaBieHbI B Tabn. 4.

W3 ananusa naHHbIX Tabn. 4 cienyer, 4To ¢ yBe-
JTUYEHUEM COJICpKaHMS B CTAJId YIJIEpOJia U JIETH-
pytoutux amnementoB (Cr, Ni, V), kotopsie MoBbI-
HIAI0T YCTOMYMBOCTH TMEPEOXIAKIECHHOTO aycTe-
HUTA W CIOCOOCTBYIOT YMEHBIICHHIO pa3zMepa
3epHa W TIOBBIIICHHIO JIUCIIEPCHOCTH TIEPIUTA,
BEpXHEE 3HAUEHUE CKOPOCTH OXJIAXKIEHHUS, OIpe-
Jensiiollee pacnaja aycTeHUTa 1mo AuQQy3HoHHO-
My MEXaHu3My ¢ oOpa3oBaHueM (eppuTO-

KapOMIHOH cMmecu ® u30bITOYHOrO (eppura,
yMeHbIIaercs. s cranm Mapku 2 3Ta CKOPOCTh
paHa 7°C/c, nns cramu mapku T — 4°C/e, a mus
cramu Mapkun C — 3°C/c. YBenuueHue CKOPOCTH
OXJIQKJIEHUs BBIIIEC YKAa3aHHOT'O 3HAYECHUS MPHUBO-
IUT K OOpa30BaHUIO MIOJBYATHIX COCTABIISIOLINX
CTPYKTYpbl OC€HHHTa ¥ MapTEHCHUTAa, KOTOpHIE
CHWKAIOT JKCIUTyaTallHOHHBIE XapaKTEePHCTUKH
JKEJIE3HOLOPOXKHBIX KOJIEC U MPHUBOAAT K BBIKpa-
IIMBaHUIO METajlyla Ha MOBEPXHOCTH KATaHUS KO-
neca. YKa3aHHBIE 3HAU€HHUs CKOPOCTH OXJIaXie-
HUS TOJILIMHA QEPPUTHBIX MIIACTHHOK B NEPIUTE U
TBEPIOCTH IJIs cTanu Mapku 2 paBHBI 0,195 MM 1
303 HB, s cranu mapku T — 0,140 Mxm u 342
HB, nns cranu mapku C — 0,119 u 371 HB. CraH-
JapTaMH peryiaMeHTUPYETCsl 3Haue€HUEe TBEPAOCTH
Ha r1yOWHE OT MOBEPXHOCTH KaTaHusg 30 MM s
TBepAbIx Kosiec He MeHee 320 HB, a ans ocobo
TBepAbIX kojiec He mMeHee 340 HB. Takum obGpa-
30M, BUAHO, YTO U3 CTaJld MAapKu 2 HU TBEPABIE,
HU 0c000 TBepAbIe KoJieca MOJYYHTh Henb3s. [Ipu
OCBOCHMHM HOBOTO OOOpYAOBAaHHUS [IJISI TEPMO-
ymnpounenust komec [19-21] Obum oTpaboTaHBI
OCHOBHBIE TIapaMeTPbl HOBOW TEXHOJIOTHH:

— TemIeparypa HarpeBa KOJIeC TOJ 3aKajKy
(950+5)°C;

— TNPOAOJDKUTEIBHOCTh OXJIAaXKACHUS Ha 3aKa-
nouHbIX MammHax 300 c;

— TeMmmepaTrypa BOJbI
(354£3)°C;

— MUHUMAJILHBIA Pacxoj] BOIbI 12 JI/MUH;

— MaKCHUMaJIbHBIH pacxoj1 Bojibl 60 J1/MUH;

— TemrepaTypa otmycka xoinec (510+£10)°C.

s uckmoueHus ciydaeB (OpPMHUPOBAHHS He-
OJTHOPOJIHOM CTPYKTYpHI pa3paboTaHbl U BHEIPEHBI
TeXHUYECKUe perneHus [22—24]:

— YMEHBIIEHO KOIM4ecTBO (opcyHOK ¢ 16 10
6en.;

— paspaboTaHbl KOHCTPYKIHH  (OPCYHOK,
Ha/Ie)KHO padoTaIOMIUX MPU MaJIbIX PACX0/AaX BOJBI;

— BBEJICHa B 3KCIUIyaTaluio cucrema «Bypass»
JUTS YIIPaBJIEHUS CKOPOCTBIO OXJIaXIeHus [22];

— pa3paboTaHa cxema pacroioKeHU POPCYHOK
Y M3TOTOBJICHBI IAOJIOHBI AJsl OBICTPOM M TOYHOM
UX HACTPOUKU;

— JUId KaXIOW MapKu cTaju paspaboTaHa u
OCBOGHAa  TEXHOJIOTHS  Ju(QepeHIupOBaHHOTO
oXJIaXIeHH pabodero ciiosi 0601a U ero TopIia BO
Bpemenu [25, 26].

B pesynabrate OCBOGHHS HOBOM TEXHOJOTHH
TEPMOYIPOYHEHHUSI KOJIEC IOCTHINIM CTaOUIBHOTO
YPOBHSI MEXaHUYECKHX CBOUCTB (Tabn. 5).

IIpru 3aKaJIKEe KOJIeC
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Tabnuua 4

Xapaxrepucmxw MUKPOCTPYKTYPbI M TBEPAOCTU KONIECHbLIX MAPOK CTaniu B 3aBUCUMOCTU OT CKOPOCTU oxnaxaeHus

Mapka CkopocTb OTHocuTensHas 0bbemHan AonA CTpyk- MexnnacTuHyatoe pac- TseppocTb
ctanu | oxnaxgeHus, °Clc TYDHEIX COCTRBNAIOLINX, %6 CTOSIHWE B NEPIUTE, MKM
' o OKC b M ’ HVs HRC HB
4 6 94 0 0 0,233 303 30 276
2 7 5 95 0 0 0,233 321 32 303
10 4 84 0 12 0,150 335 34 319
1 3 97 0 0 0,155 334 35 323
T 4 2 98 0 0 0,140 360 36 342
5 2 38 26 34 0,130 380 39 363
25 2 98 0 0 0,120 329 36 34
C 3,0 2 98 0 0 0,119 390 40 37
3,25 1 97 19 33 0,118 408 41 390
Tabnuua 5
MexaHnueckue cBoiicTBa cTanm (cpeaHve 3HaueHus 3a 6 mec. 2013 r.)
Mapka BpemeHHoe OTHocuTenbHoe OtHocuTenbHoe | YgapHasi BsiskocTb | TeepgocTtb HB Ha
COMPOTUBIEHNE Ts, H/IMMZ, yanuHerue 0, %, CyxeHve g, %, npu +20 °C, KCW, | rnybure 30 Mmm o1
cTamm
Ha obone Ha oboae Ha obone [Dx/cm2, Ha oboge | noBepxHoCTH oboga

2 1016 15 33 44 285

T 1161 14 31 25 341

C 1272 14 28 35 368

OTH 3Ha4YeHHs TIONy4eHBI B Pe3yJbTare yCpeaHe-
HUsI TAHHBIX WCTIBITaHUs 00pasIoB 3a mepuoj 6 Mec.
2013 r., 9TO CBUIIETENBCTBYET O CTAOMIHPHOCTH TEXHO-
JIOTUUYECKOTO IMTpoliecca MPOU3BOJICTBA KOJIEC.

4. PuHumHasg 00padoTKAa U KOHTPOJIb KA4eCTBA
JKeJIe3HOJOPOKHBIX KoJieC Ha MOTOYHOMH JIMHUHA

OnHrM 13 HarboJIee OMACHBIX IKCIITYaTAIIMOHHBIX
Ne(heKTOB SBISIFOTCS YCTAIOCTHBIE TPEILMHBI B IUCKAX
LIETPHOKATaHBIX KoJiec. Yaille BCero Takuhe TPEIIHBI
BO3HMKAIOT C BHYTPEHHEW CTOpPOHBI Kojieca B MecCTe
conpspkeHus iucka ¢ obogoM. [lonuronnsie u naGopa-
TOpPHbIE WCTBITAaHUS KOJIEC IOKa3ald, YTO HaJIMYhe
Ne(heKTOB METALTYPrUUECKOro JIMOO MPOKATHOTO TIPO-
HCXOK/ICHUS CIIOCOOCTBYIOT YCKOPEHHOMY Pa3BUTHIO
TpemyH. Hammume pacTArmBaromyX OCTATOYHBIX
HaIpSDKEHUM B OIIACHON 30HE TAKXKE CHWKAET BPEMs
PaboThI KoJIeca 10 MOSIBJICHUS YCTaJIOCTHON TPEILUHBI.
JpobectpyitHas 00pab0OTKa JAUCKA MPUBOIUT K CHIKE-
HUIO YPOBHS M CMEHE 3HaKa OCTAaTOYHBIX HAIPSHKSHUM.
Brenpenve nomHONpoGMIEHON MEXaHUYeCKOl o0pa-
OOTKH KOJIeC HA aBTOMATU3MPOBAHHOW MOTOYHOH JIU-
HUM CTAHKOB C YHCJIOBBIM TPOTPaMMHBIM YTIPABJICHH-
eM o0ecnevmio MOBBIICHNE SKCILTyaTallMOHHOTO pe-
cypca Ha 15-20% 3a cueT OTCyTCTBHS TOBEPXHOCTHBIX
neeKToB 1 00pa3oBaHUs CKUMAIONINX HAIPSHKESHUH
nocynie apodeHakiena B npenenax 100-150 MITa. Io-
BBIIICHUIO CTAOMILHOCTH XapaKTePHCTUK KadecTBa
KOJIEC CIOCOOCTBYET OCBOEHHE MPHOOPHOTO Hepaspy-

www.vestnik.magtu.ru

HIAIOIIETO KOHTPOJIsI, KOTOPBIN BKITIOYACT:

— KOHTPOJIb U OIIEHKY TOYHOCTH Pa3MepoB KoJIec;

— YJIBTPa3BYKOBOW KOHTPOJIb 000713, IUCKA U CTY-
bl C HOEJIBIO BBIABICHUA BHYTPCHHUX [IC(bCKTOB u
MPOBEPKH OHOPOJHOCTH CTPYKTYpPBI MeTaiuia 000a;

— MarHUTONOPOIIKOBBI KOHTPOJb OOKOBBIX IT0-
BerHOCTCI\/'I C HCJIbIO BBIABJIICHUSA IMOBCPXHOCTHBIX
Je(hEKTOB;

— YJIBTPa3BYKOBOW KOHTPOJb pPAaCIpeeNeHus
OCTaTOYHBIX HAIpsDKEHUI B o0one (i KoJsiec Io-
BBIIIEHHOW TBEPJIOCTH);

— KOHTPOJIb TBEPAOCTH MeTajuia oboja U CTy-
MULIBI.

3akaouenne

[poBenenne koMIuiekca padoOT MO YITyUIICHHIO
KauecTBa CTajiM, PEKOHCTPYKIUH TIPECCONPOKATHON
JMHUMA ¥ MOJEPHU3ALMH TEXHOJOTMHU IIaCTUYECKOH
00pabOTKM 3aroTOBOK, COBEPIICHCTBOBAHHIO 00OpY-
JIOBaHUSI U TEXHOJOTMH TEPMUYIECKON 00pabOTKH, a
Taroke (PUHUITHON 00pabOTKe KOJIEC U Y)KECTOUCHHUIO
NPUOOPHOTO Hepas3pyILIAOIIEro KOHTPOJS KayecTBa B
OAO «EBPA3 HTMK» obecneunso yBenmmueHne
9KCIUTYaTAIIMOHHOW HAJIeKHOCTH, JOJITOBEYHOCTH JKe-
JIE3HO/IOPOXKHBIX KOJIEC M 0E30MacHOCTH TPY30BBIX
niepeBo3ok. KommdectBo Kkoiec, 3a0pakoBaHHBIX TO-
TpeOuTensiMu B cTafauu noctask B 2015 roqy B cpas-
Heanu ¢ 2008 rogom, cokparwioch B 3,6 pasa, a 3a-
OpaKOBaHHBIX B MPOIIECCE IKCILTyaTaluy — B 4,7 paza.
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Abstract. This work summarises the results of research
on the railway wheel manufacturing process focused on
reduction of the metal consumption index, material and
energy savings, and better wheel performance reproducibil-
ity and durability. "EVRAZ NTMK" Open Joint Stock
Company has completed a comprehensive and ambitious
initiative to find and apply new technical solutions for im-
proved converter treatment and secondary metallurgy, con-
tinuous casting processes, new process flow charts of wheel
deformation processing by forging, rolling, dishing, restrik-
ing, and preforming.

The rough wheel accuracy increased and the wheel
block weight decreased due to a combination of upsetting,
spreading and sizing of wheel blocks at blocker-type forg-
ing, as well as the application of the method of forging self-
alignment in final molding dies. The forging and rolling
line is highly automated; process measurement capabilities
ensure occurrence of online setting correction prompts and
minimization of wastes. Hard wheels (320 HB) and super
hard wheels (350 HB) of sustainable quality have been
manufactured due to strengthening of requirements on
wheel austenitizing temperature accuracy and the applica-
tion of a rational wheel-tread quenching rate. Railway
wheel service performance has been increased by 50% due
to the implementation of a full-profile wheel machining,
wheel plate shot peening, and tougher ultrasonic and fluo-
rescent magnetic particle methods of quality control.

Keywords: Railway wheel; cast billet; dies; forging;
secondary metallurgy; continuous casting; modification;
vacuum degassing; computer simulation; measurements;
size precision; quenching; tempering; machining; shot
peening; instrumental quality monitoring.
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Abstract. The high-strain-rate method of materials for dynamic strength investigations under micro and sub-
microsecond durations of shock loads on the base of electrical explosion of conductors have been developed. The experi-
mental investigations of dynamic properties for bulk metallic glass on the base of Ti and Zr under shock loads of sub-
microsecond duration (~0.5-0.7 ps) in the pressure range up to 12 GPa have been carried out. The values of Hugoniot elastic
limit (HEL) and spall strength for these amorphous alloys have been received. The Hugoniot shock adiabat parameters were
determined in the space U, - u,. The result of microstructure analysis of saved specimens revealed areas of recrystallization.

Keywords: bulk metallic glass, shock load, electrical explosion of conductors, dynamic strength, Hugoniot elastic limit,

spall strength.

Introduction

The solution of many technical problems is con-
nected with understanding the processes of the ap-
pearance and the propagation of shock waves, with
knowledge on physical-mechanical parameters de-
fining behavior of materials under high-strain-rate.
The investigation of shock-wave processes in the
materials gives possibility to receive information on
interconnection for materials microstructure and
macroscopic parameters defining their behavior un-
der pulse loading and about the influence on the dy-
namic strength of solids.

More information on the influence of correlation
of material scale level structure and dimensional-
temporal spectrum of shock loading on material be-
havior under high-strain-rate and on threshold and
peculiarities of fracture process can be received under
improvement and development of experimental tech-
niques for creation of shock loads with different tem-
poral profiles. The reproducibility of techniques for
different experiments play important role in these
investigations. The application of electrical explosion
of conductors is one of perspective directions for re-
alization of such problems [1]. This technique per-
mits up to 40-50% of provided electrical power to
transform to kinetic energy of explosive products.

Bulk metallic glasses are very attractive field for
investigations because of their unique chemical and
physical-mechanical properties last time. Neverthe-
less the brittleness of the amorphous materials hin-
ders their broad application [2, 3]. The different
specimens of the amorphous alloy with the same

© Atroshenko S.A., 2016
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composition can have essentially different plasticity
levels depending on cooling velocity under crystal-
lization, presence of nanocrystalline phase, concen-
tration of the free volume.

The investigation of the bulk metallic glass be-
havior under high-strain-rate was the aim of this
work. It was developed technigue using the electri-
cal explosion of conductor phenomenon for the
shock load generation in solids [1]. This method
permit to extend essentially the changing range of
the shock load parameters. The application of the
modern interferometric methods for checking of the
load parameters and the metallographic investiga-
tions of the specimen structure before and after
shock loading allow to receive considerable infor-
mation on the development of deformation process-
es, structure kinetics and fracture of the materials
under high-strain-rate.

Material behaviors under conditions of high
strain rates are of practical importance with the rap-
id development of military and aerospace technolo-
gy. Bulk metallic glasses (BMGs), as a class of ad-
vanced structural and functional materials, which
possess a combination of outstanding properties in-
cluding ultrahigh strength, high hardness, large elas-
tic limit, unique fracture toughness, and excellent
corrosion resistance [2-3], have gradually gained
considerable attention from materials science com-
munity. It should be of scientific and technological
interest to probe the deformation behaviors of
BMGs under plate impact loading in order to shed
lights on the high strain-rate response of this ad-
vanced materials and for their great potential appli-
cations, such as kinetic energy penetrators.
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I. Dynamic behavior of bulk metallic glass
on the base of Ti

Authors [4] studied the shock wave response of
(Hf,Zr)-based bulk amorphous alloy specimens sub-
jected to peak stresses of 4-16 GPa in plate impact
experiments and their response was compared to a
previously studied Zr-based BMG and reported that
the (Hf,Zr)-based BAA displayed a Hugoniot elastic
limit (HEL) of 7.4 GPa corresponding to an elastic
strain of 4.3%. Turneaure and his co-workers [5,6]
reported that the HEL stress of
Zr56_7CU15_3Ni12_5Nb5_0A|10_0Y0_5 BMG was determined to
be 7.1 £ 0.3 GPa and 8.97+0.61 GPa in [7]. In[5] a
Zr-based BMG subjected to uniaxial tensile strain in
plate-impact experiments under compressive loading
with peak stresses ranging between 3.9 and 6.1 GPa, in
the result of wave interactions produced tensile loading
leading to spallation in the BMG samples. Tensile
fracture or spall, observed in these experiments, was
initiated at a tensile stress of 3.840.3 GPa and
3.6+0.1 GPa in [7]; this value was independent of the
impact stress and is significantly higher than that ob-
served for crystalline metals. T. Mashimo with co-
authors [8] stated the HEL stress of ZrssAlgNisCuszg
BMG was 6.2 GPa. The Hugoniot elastic limits
were determined to be 6.9 to 9.6 GPa [9]. Yuan et
al. [10] conducted plate-impact experiments to
investigate the shock response of a Zr-based BMG,
in the normal stress range of 5-7 GPa. The HEL of
the BMG was estimated to be 6.15 GPa. The above
experiments are of importance to understand the
equations of state (EQOS), constitutive equations and
damage mechanism of bulk glass-forming alloys
upon dynamic loading. However, very limited data
are currently available for the dynamic compression
properties of Ti-based bulk glassy alloys.

In this paper, shock wave compression experi-
ments were performed on the TigZrsNizCui,Besg
BMG in order to gain better understanding of the
response features upon shock loading. Recovery
experiment was also carried out in order to investi-
gate the structure of shock-compressed samples.

In the present work, the shock responses of
TizZrosNisCus.Bey bulk metallic glass (BMG) were
investigated by using a planar impact technique on
an electrical explosion of conductor (EEC) installa-
tion. The spallation occurs even if the stress behind
the shock front is less than the Hugoniot elastic limit
(HEL) stress of the Ti-based BMG. When the veloc-
ity of aluminum flyer with thickness of 1.7 mm is
570 m/s, the spall strength of the alloy sample is 2.9
GPa while the stress, strain and particle velocity
behind the shock front are 4.3 GPa, 2.8% and 150
m/s, respectively. The calculated yield strength for
the alloy upon the dynamic loading is much larger
than that under the quasistatic compressive loading.
The microscopy observation indicates that, after
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dynamic loading, the free surface of the sample ex-
hibits formation of a lot of shear bands and cracks.
Optical microscope shows that cracks and mi-
crovoids, which caused the occurrence of the spalla-
tion of the sample, are distributed on the cross-
section of the recovered Ti-based BMG sample.

1.1 Experimental

Alloy ingots with the nominal composition
TigZrsNizCui,Beyy (at. %) were prepared from a
mixture of constituent elements with purities better
than 99.9% (wt. %), by non-consumable arc melting
under a Ti-gettered argon atmosphere. To ensure
composition homogeneity, each ingot was remelted
at least four times. Bulk glassy samples were pre-
pared by remelting the button ingots and drop cast-
ing the molten alloy into a copper mold with an in-
ternal cavity of 3x30x80 mm”. The structure of the
plate-shaped samples were identified by X-ray dif-
fraction (XRD) using the Cu Ka radiation [3].

Before dynamic compression experiments elas-
tic characteristics for the glass were measured. Den-
sity, po, of the sample was measured by an Archi-
medean method and averaged over several samples
cut from different positions of each plate. Longitu-
dinal C, and transverse C; wave velocities were de-
termined by testing the acoustic signals oscillograms
in glassy samples. Elastic constants of the glass
were calculated and listed in Table 1 [3].

Table 1
Density and elastic characteristics for TisZr2sNisCui2Bezo
bulk metallic glass

po, glcm3 | G, m/s | C, mis |E, GPa|K, GPa|G, GPa| v

5.44+0.01|5295+10 |3180+£30| 134 | 79 55 |0.218

here K is the bulk modulus, G is the shear modulus,
E is the elastic Young’s mudulus, and v is the Pois-
son ratio.

The dynamic strength investigations of the bulk
glassy samples were performed by plane plate im-
pact technology on an electrical explosion of con-
ductor installation (EEC). The glass samples were in
the form of plate with a size of 3x30x30 mm® and
the flyers were in the form of a disk, 20 mm in di-
ameter and 1.7 mm in thickness. The parameters of
EEC are as follow: capacitance C is 6 uf, voltage U
is 50 kV, total energy E is up to 7.5 kJ, short circuit
duration T is 11 ps. Velocities of the aluminum im-
pactor range from 250 to 750 m/s, controlled by a
differential laser interferometer. Plasma energy gen-
erated by explosion of conductors is used for projec-
tile acceleration, allowing the investigations of
submicrosecond shock duration within a velocity
rate of 1000~1500 m/s. The scheme for spall testing
is presented in Fig. 1. The fracture morphology of
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the tested samples was examined by microscopy
using Axio-Observer Z1 M microscope to reveal the
deformation and fracture mechanism.

’ Laser interferometer

t ()scil!()scopc

Sample

NN
\\M\\\\\\\\\k\\

Lz

Fig. 1. Schematic illustraion of the set-up
for spall strength investigation: 1 - exploding foil
(aluminum foil with dimensions 0.01%20x50 mm?3);
2 - plate-flyer from aluminum alloy
with dimensions &20x1.7 mm? [3]

1.2 Results and Discussion

Fig. 2 shows the XRD pattern of the
TisZrsNisCui,Bey alloy, which consists of only a
typical broad diffused peak. No evidence of any
Bragg crystalline peaks can be observed from the
XRD pattern within the detectable limitation of the
XRD, typical of a glassy nature.

Intensity (arbitrary unit)

20 40 60 80 100
2 theta (degree)

Fig. 2. XRD pattern for the as-cast TisZr2sNisCus2Bezo
bulk glassy sample [3]

Fig. 3 shows the interferogram and the correspond-
ing velocity profile at the free surface for
TigZrsNisCu,Be,y BMG samples impacted by Al
flyer at the impact velocity of 570 m/s. As can be seen
from Fig. 3, the free surface particle velocity firstly
raised to 300 m/s without a kink, suggesting that only
elastic shock wave propagated within the sample and
the stress behind the shock front was lower than the
HEL stress. Then the free surface particle velocity rap-

www.vestnik.magtu.ru

idly dropped down to 90 m/s, followed by a small fluc-
tuation, indicating the occurrence of spallation within
the sample under dynamic loading.

()—\
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U/Ujn

=
<
)

J
=
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300 S
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100 = Ymin

Free surface velocity (m/s)

t(us)

Fig. 3. Interferogram (a) and corresponding free
surface velocity profile (b) obtained for
TisoZrasNisCus2Bezo glassy samples impacted by Al
flyer at the impact velocity of 570 m/s [3]

Fig. 4 shows a schematic of wave propagation in
the flyer and the target BMG sample (t-X diagram) for
a typical plate-impact spall experiment. The horizontal
coordinate represents the distance in the target and the
flyer from the impact surface, while the longitudinal
coordinate represents the time after impact. As shown
in Fig. 4, upon impact, compressive waves are generat-
ed in both the target and the flyer plates. After reflect-
ed from the free surface of the flyer or target BMG,
compressive waves would change into the rarefaction
waves and propagate to an opposite direction. When
the rarefaction waves reflected from the free surfaces
of the flyer and the sample interacts at a pre-
determined location, A, within the BMG sample, the
sample begins to subject to tensile stress. As we know
for a material when the tensile stress reaches a level
beyond its ability to resist fracture, it fails in a process
known as spallation (Region 7). The material’s spall
strength can be calculated by the following equation:

Gspall

1
= B PCiAu )

where Au can be calculated by the difference be-
tween the free surface particle velocity u ., and

U, » Which can be obtained from free surface ve-

locity profile shown in Fig. 3b. According to Eq. (1),
the corresponding value of spall strength for
TizZrsNizCuy,Bey, glassy samples can be estimated
to be 2.9 GPa.
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Fig. 4. Wave propagation in the flyer and the target

BMG sample (X-t diagram) for a typical plate-impact

spall experiment. The arrows indicate the direction
of wave propagation [3]

When the stress behind the shock front is less than
the HEL stress of the material, the shock wave velocity
could be replaced with the longitudinal wave velocity
of the material. The stress and the strain behind the
shock front can be evaluated by the below relations:

o, = PCiu )
U
G,

E =

©)

where u is the particle velocity behind the shock
front which is equal to half of the maximum free
surface particle velocity. The corresponding values

for o, and ¢ are 4.2 GPa and 2.7 %, respectively.
Using the von Mises yield criterion, the yield

strength, Y,, under uniaxial stress loading can be

readily computed by the following expression:

1-2v
Y, = 1=, Owa 4
—v

Considering that o, is below the HEL stress of
the material in this study, replacement of o, with
o, into equation (4) gives:

1-2v
1-v

Y, > o

x ()
Using the ambient value of v, accordingly, Y,
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of the glassy alloy studied is larger than 3.0 GPa.
For comparison, the quasistatic compression tests on
the Ti-based alloy with the same composition

givesY,= 1.8 GPa [11]. Such discrepancies in the

yield strength obtained from different types of load-
ing have been previously observed in Zr-based
glass, for which the yield strength obtained from
plate impact experiments (uniaxial strain) and qua-
sistatic compression experiment (uniaxial stress) are
2.83 and 1.9 GPa, respectively [12, 13]. HEL and
yield stress in a ternary BMG, ZrsoCusAlyg are de-
termined as 6.8 GPa and 2.8 GPa, respectively [14].

After the dynamic loading experiment, the soft-
recovered samples were observed under mycroscopy.
Fig. 5 shows the typical micrograph for free surface of
the shocked sample. Many cracks and shear bands can
be observed on the free surface of the shocked sample.
The similar phenomenon - multiple parallel shear
bands oriented at 45° to the loading direction were
observed on the surfaces of the deformed specimens
Zr41.5Ti13.5CU12_5NiloBezgl5 BMG [15] The formation of
the shear bands and cracks on the free surface of the
shocked sample is caused by to the shear localization
within the sample during the shock loading.

To characterize the damage area around the spall
plane of the TigZrsNisCuBe,y BMG, the cross-
section of the shocked samples were observed. Fig. 6
shows the typical cross-section optical microscope
image of the recovered Ti-based BMG sample.
Cracks, which lead to the occurrence of the spalla-
tion, can be clearly seen in the damage area around
the spall zone. Careful examination reveals that the
cracks are formed due to the coalescence of mi-
crovoids, as it is seen in Fig. 6 similar data presented
in [16], where fracture occurs mostly through the
growth and coalescence of damage cavities. There-
fore, the spall plane was formed due to the growth
and coalescence of those microvoids.

Based on the free volume theory and Spaepen’s
model [17-18], one can conclude that the free-
volume concentration is strongly sensitive to the
strain rate, i.e. increasing strain rate could result in an
significant increase in the free-volume concentration.
Under the shock wave loading, a large number of free
volumes would be created in the amorphous alloy
due to extremely high strain rate (higher than 10* s™).
The free volumes in the pre-determined location, A,
as marked in Fig. 4, where the rarefaction waves in-
teracts, would spontaneously coalescence to mi-
crovoids due to the tensile stress. The local increase
in microvoids has been suggested as the main mech-
anism for nucleation of cracks. Once the cracks nu-
cleate, they will propagate rapidly, therefore, causing
the spallation of the sample. Thus, lots of microvoids
and cracks could be seen in the damage area around
the spall plane of the sample.
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Fig. 5. Typical free-surface micrograph of the recovered Ti40Zr25Ni3Cu12Be20 BMG sample after shock loading

Fig. 6. Typical cross-section optical micrograph of the recovered TisZr2sNizCu12Bez BMG sample showing
the damage area around the spall zone

1.3. Conclusions

From the results discussed above, several con-
clusions can be drawn as follows:

(1) Spallation of the Ti-based bulk metallic glass
in dynamic loading occurs prior to yielding.

(2) The yield strength of the Ti-based metallic
glass under the dynamic loading is larger than the
reported quasistatic value.

(3) Cracks and microvoids, which caused the
occurrence of the spallation of the sample, are dis-
tributed on the cross-section of the recovered Ti-
based BMG sample.

I1. Dynamic behavior of bulk metallic glass
on the base of Zr

The purpose of this study is to experimentally
investigate the deformation and microstructural

www.vestnik.magtu.ru

changes of Zr-based bulk metallic glass (BMG) un-
der high-strain-rate.

2.1. Experimental procedure

The investigation of the dynamic properties
for metallic glass was carried out using the elec-
trical explosion of conductors installation with
following parameters: capacitor C = 6 pf, voltage
U up to 50 kV, stored energy E < 7.5 kJ, short-
circuit duration T = 10.5 ps [2].

The technique for the creation of shock load was
developed: direct or via plate-waveguide loading of the
specimens by shock wave under foil explosion. The
temporal dependence of the specimen free surface ve-
locity at the outlet of the pressure pulse on the surface
has been checked with the help of the differential laser
interferometer (delay time © = 0.4 ns) [19, 20].
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Fig. 7 shows the chart of the tech-
nique using symmetry of the foil ex-
plosion which permits to receive the

Table 2

The results of measurements and calculations

information about shock load parame-
ters both at the front and in the back

Amorphous alloys

p,glemd | C,m/s | C,m/s |E,GPa|G,GPa| v

specimen surface with good accuracy.

TisoZr2sNisCu12Be2o

5.44+0.01 |5295 £10|3180+30 | 134+ 3| 55 £1.5/0.218

6.810+0.005 | 4900+10 | 2360+20 | 102+ 2 | 38+1.0 |0,349

Specimens were in the form of ZrNiCuAl
plates with dimensions ¢30%3 mm.
Specimens were prepared by arc melting and

continuous casting.

1 2

\ 3 3\ sample’
ko 5 A ko
[ « = g
5 L 5
g % 2
7] 2
E E

Fig. 7. Shock wave loading by foil explosion:

1 - aluminum foil 0.03x20%35 mm, 2 - electrodes,
3 - the frame from dielectric, 4 - waveguide
(ceramic, polymer), 5 — optical window (PMMA,
quartz glass, sapphire) [2]

The movement velocities of free surfaces for
waveguide and specimens were monitored using
differential interferometers. Exploding aluminum
foil was placed between two ceramic waveguides
935 mm in diameter and equal thickness, the optical
glass and specimen were in acoustic contact with
these waveguides on different sides from them. This
technique permitted to define with good accuracy
both the moment of the specimen loading and the
starting load parameters. At the same time this tech-
nique could determine the load transformation under
pulse passing across the specimen.

2.2 Results and Discussion

Experimental investigations of the behavior of
the amorphous metallic glass on the base of Zr un-
der shock loads of 0.5 ps duration in the pressure
range <12 GPa could be carried out due to devel-
oped techniques.

Preliminary velocities of elastic waves were
measured in metallic glasses specimens with the
help of optical-acoustic technique [21] and elastic
modulus was calculated (Table 2). For comparison,
this table also shows the data for the metallic glass
on the base on titanium.

Temporal profiles of the free surface velocity un-
der different loading intensities are presented in Fig. 8.

u, ,m/s
S

800

600

400

0,0 1,0x107 2,0x107

Fig. 8. Temporal profiles of the free surface velocity
for specimens from ZrNiCuAl alloy under different
intensity of the loading. The dotted line shows
the profile of mass velocity of particles
at the boundary of the ceramic waveguide
and the optical window

It is clearly seen two-wave structure of the wave
typical for elastic-plastic response of the materials.
Still further this structure is specific for almost ide-
ally plastic response. It follows from the presence of
practically horizontal part of the profile after loading
front. It is seen the specific tooth of flow. Dynamic
elastic limit determined in the experiments is equal
ope =4.57£0.05 GPa and spall strength for
ZrNiCuAl alloy is equal os,=4.43+0.05 GPa. The
spall strength was calculated by the method based
on the difference between the peak velocity and the
first minimum in the free surface velocity profiles
and the product of the initial density and longitudi-
nal wave speed [20].

The parameters of the shock Hugoniot adiabat in
the space of velocity of the shock wave Ug, and the
particle velocity u, are presented in Fig. 9.

Several Us-Up curves of Zr based BMGs report-
ed in literatures [7]. It can be seen that a kink ap-
pears at particle velocity 380m/s ~ 660m/s (pressure
range 14GPa ~ 26GPa) for Zr-based BMGs, and for
Zrs:NbsCuys 4Nigp 6Alig BMG, a second kink appears
at 1.7km/s. In present experiments a kink appears at
lower particle velocity ~180m/s.

Becmuuk MITY um. I. N. Hocoea. 2016. T. 14. Ne1
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Microstructural examination of samples after
high-strain-rate showed that the free surface cracks
have an oval semi-closed form, forming a chain
(Fig. 10a). Also, on the free surface of the sample
multiple deformation bands placed parallel each
other are seen (Fig. 10b — in polarized light). Shear
bands are typical for the microstructure of the shock
loaded Zr based BMG material.

52004 U
50004
4800 -
4600

4400 -

In the test modes, the material is characterized
by the appearance of specific areas of localization of
deformation in the form of increased etched regions
as it shown in Fig.10 (c, d).

The cross-section shows typical spall split
(Fig. 11a), perpendicular to the wave propagation
direction or spall zigzag split (Fig. 11b), placed at an
angle of 450 to the direction of wave propagation.

—<— ZrNiCuAl

4200 &

4000

u,m/s
p

0 100 200

300 400 500

Fig. 9. Dependence Usk = f(up) for ZrNiCuAl alloy

c

Fig. 10. Free surface of ZrNiCuAl shock loaded specimens
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c

d

Fig. 11. Microstructure of the cross-section for ZrNiCuAl BMG shock loaded specimens

The shear bands are arranged in the wave prop-
agation direction (Fig. 11d), and at a certain angle
(close to 45°).

Microstructural studies of the samples showed
the presence of non-etched areas with fine-grained
structure. In these areas under shock loading the
conditions necessary for the occurrence of dynamic
recrystallization are created. Near free surface of the
specimen, i.e. in the region of high strain rate, it is
seen in polarized light the areas of dynamic recrys-
tallization (white in Fig. 12) consisting on nanocrys-
tals [22]. Figure 12a presents the cluster of recrys-
tallization areas near the free surface. Typically,
recrystallization region in the samples of the materi-
al have a shape close to a circle (Fig. 12b). At the
same figure it is seen shear bands along the wave
propagation direction (Fig. 12a).

The presence of localized shear bands and areas
of recrystallization can be conditioned by the suffi-
ciently great amount of free volume (i.e., structural
defects), which is formed in the manufacture of the
specimens [17, 18]. The localization of defects leads
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to the formation of zones with the different material
parameters and hence to the nucleation of shear
bands and to the transformation of the grains.

Mescheryakov and Atroshenko et al. [22, 23]
have shown that in the field of shear localization can
be quite large absolute values of shear strain and
significant, although insufficient to melt, rise of
temperature. So in the fields of the shear localization
can be expected the processes with formation of the
new crystal structure.

XRD analysis of samples Nell and Nel7 showed
(Fig. 13, Table 3) that the appearance of the crystallized
structure is observed: a sample Nell — 4,6% of crys-
tals, in a sample Nel7 — 0.7%. At the same time the
increasing of the percentage of crystallinity leads to
decreasing of the average size of the zones of re-
crystallization (the average size of the regions of
recrystallization for sample number 11 is 9.7 mi-
crons, and for the sample Nel7 is 16,0 microns). Al-
S0, one can see an increase in the values of micro-
hardness for sample Nell HV = 3758 MPa and
sample Nel7 — HV = 3438 MPa.
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b

Fig. 12. Dynamic recrystallization in cross-section of the ZrNiCuAl specimens after shock loading:
a) nucleus; b) “pancake” pocket of the nanocrystallization
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Fig. 13. X-ray measurement profile for specimen Ne11

Table 3
Dependence of crystallinity quantity in shock loaded
specimens on microhardness and dynamic
recrystallization areas

Size of areas of dynamic

0,
Sample | % of the HV, recrystallization, ym

Ne crystallinity | MPa Average | Minimum |[Maximum

11 4,6% 3758 94 2,9 79,6

17 0,7% 3438 16,0 3,7 49,4

2.3. Conclusions

From the above results one can draw the follow-
ing conclusions:

The investigations of amorphous metallic alloys
on the base of Zr justified the qualitative picture for
response of these materials on shock loading.

It was found that for our alloy composition on the
base of Zr the HEL value cng. and spall strength o,
are 4.57 and 4.43 GPa correspondingly. Nevertheless,

despite the value of the spall strength of less than
HEL on the fracture surface are observed local re-
gions with shear bands and grains of recrystallization.
The experimental results indicate a complex de-
formation process during shock compression.

Acknowledgements

Work was financially supported by RFBR pro-
jects Ne 16-01-00638, 16-51-53006 NSFC and by
St. Petersburg State University (Project no.
6.39.319.2014).

References

1. Berezin, G.V., Sudenkov, Yu.V. Investigation of shock waves from the
electrical explosion of conductors on the dynamic response of solid
barriers, Physical mechanics, 4, 119, 1980 (in Russian).

2. |. Smirov, Atroshenko S., Yu. Sudenkov, N. Morozov, Wei
Zheng, N. Naumova, Jun Shen. Dynamic properties of bulk
metallic glass on the base of Zr. Shock Compression of Con-
densed Matter — 2011, Proceedings of the Conference of the

www.vestnik.magtu.ru

77



TEXHO/10r O6PABOTKU MATEPUAJIOB

American Physical Society Topical Group on Shock Compres-
sion of Condensed Matter held in Chicago, lllinois, USA June
26 — July 1, 2011. American Institute of Physics Melville, New
York, 2012, pp. 1121-1124

3. S.A. Atroshenko, N.F. Morozov, W. Zheng, Y.J. Huang, Yu.V.
Sudenkov, N.S. Naumova , Jun Shen. Deformation behaviors
of a TiZrNiCuBe bulk metallic glass under shock loading.
Journal of Alloys and Compounds 505 (2010) 501-504

4. Jaglinski, T.; Turneaure, Stefan J.; Gupta, Y. M., Effect of compo-
sitional variation on the shock wave response of bulk amorphous
alloys. Journal of Applied Physics, Volume 112, Issue 6, pp.
063529-063529-8 (2012)

5. S.J. Tumeaure, S.K. Dwivedi and Y.M. Gupta. Shock-wave in-
duced tension and spall in a zirconium-based bulk amorphous al-
loy. J. Appl. Phys. 101, 043514 (2007)

6. S.J. Turneaure, J.M. Winey, Y.M. Gupta. Response of a Zr-based
bulk amorphous alloy to shock wave compression. J. Appl. Phys.
100 (2006) 063522

7. Bingiang Luo, Guiji Wang, Fuli Tan, Jianheng Zhao, Cangli Liu,
and Chengwei Sun. Dynamic behaviors of a Zr-based bulk metal-
lic glass under ramp wave and shock wave loading. AIP
ADVANCES 5, 067161 (2015)

8. T. Mashimo, H. Togo, Y. Zhang, Y. Uemura, T. Kinoshita, M.
Kodama, Y. Kawamura. Hugoniot-compression curve of Zr-based
bulk metallic glass. Appl. Phys. Lett. 89 (2006) 241904

9. Feng Xi, Yuying Yu, Chengda Dai, Yi Zhang and Lingcang Cai.
Shock compression response of a Zr-based bulk metallic glass up
to 110 GPa. J. Appl. Phys. 108, 083537 (2010)

10. F.P. Yuan, V. Prakash, J.J. Lewandowski. Spall Strength of a
Zirconium-based Bulk Metallic Glass. Proceedings of the Xlth In-
ternational Congress and Exposition June 2-5, 2008 Orlando,
Florida USA. 2008. Society for Experimental Mechanics Inc.

11. Huang, Y. J., Shen, J. and Sun, J. F. Bulk metallic glasses:
smaller is softer, Applied Physics Letters, vol. 90, 081919, 2007

12. S. J. Tumeaure, J. M. Winey and Y. M. Gupta. Compressive
shock wave response of a Zr-based bulk amorphous alloy. Appl.

Phys. Lett. 84, 1692 (2004)

13. ZF. Zhang, F.F. Wu, G. He, J. Eckert. Mechanical properties,
damage and fracture mechanisms of bulk metallic glass materi-
als. J. Mater. Sci. Technol. 23 (2007) 747

14. L. Lu, C. Li, WH. Wang, M.H. Zhu, XL. Gong, S.N. Luo. Ductile
fracture of bulk metallic glass Zr50Cu40AI10 under high strain-rate
loading. Materials Science & Engineering A 651 (2016) 848-853

15. J. Lu and G. Ravichandran. Pressure-dependent flow behavior of
Zr412Ti138Cu125Ni10Bezzs bulk metallic glass, Journal of Materials
Research, 18, 2039-2049 (2003)

16. E. Bouchaud, D. Boivin, J. L. Pouchou, D. Bonamy, B. Poon and
G. Ravichandran, Fracture through cavitation in a metallic glass,
Europhysics Letters, 83, (2008)

17. Frans Spaepen, David Tumbull The activation volume of the
diffusivity in amorphous metals. Scripta Metallurgica et Materialia
Volume 25, Issue 7, July 1991, Pages 1563-1565

18. F. Spaepen, A microscopic mechanism for steady state inhomo-
geneous flow in metallic glasses. Acta Metall. 25 (1977) 407.
Volume 25, Issue 4, April 1977, Pages 407-415

19. Barker, L.M., and Holenbach, R.E., “Interferometer technique for
measuring the dynamic mechanical properties of materials”, Re-
view of Scientific Instruments, 36, 1617, 1965.

20. Zlatin, N. A., Mochalov, S. M., Pugachev, G. S., and Bragov, A.
M., “Time dependence of the process of metal failure under inten-
sive loads”, Fiz. Tverd. Tela, 16(6), 1753, 1974 [in Russian).

21. Sudenkov, Yu.V., and Sazhko, Z.A., “Acoustooptic Spectroscopy
of Metal Structure Modifications under Plastic Deformation Due to
Submicrosecond Impulsive Shock Loading”, Technical Physics,
Vol. 48, N1, 125, 2003

22. Atroshenko, S.A., “Shock-Induced Dynamic Recystallization in
Metals”, in Recrystallization and Grain Growth (eds. Gottstein, G.
and Molodov, D.A., Springer-Verlag), 2001.

23.  Mescheryakov, Yu.l., and Atroshenko, S.A., “Dynamic recrystalli-
zation in shear bands”, in Metallurgical and Materials Applications
of Shock-Wave and High-Strain-Rate Phenomena (Eds. L.E. Murr
et al Elsevier Science, Amsterdam), 1995, 443-450.

Martepuan noctynun B peaakumto 26.01.16.

HHDOPMALIMA O CTATBE HA PYCCKOM A3bIKE

DOI:10.18503/1995-2732-2016-14-1-69-78

XAPAKTEPUCTUKA OB BEMHOIO METANNNMYECKOIO CTEKIA

NMPU YOAPHOM HAIPYXXEHUN
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Wuctutyt npobiem mamuHoBeaeHus PAH, Cankr-IletepOypr, Poccus

Annomayus. Ha OCHOBE 3IIEKTPHYECKOTO B3PHIBA
TIPOBOJIHUKOB pa3pabdOTaH METOJ BBICOKOCKOPOCTHOH Jie-
(opmarn MaTepruanoB I UCCISIOBaHUH TMHAMHIECKOH
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Ha WM IMPKOHWS TIpU YAApHBIX Harpyskax cyOMHKpoce-
kynaHo# mmutensHocTH (~0.5-0.7 MKc) B amana3oHe JaB-
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3HAYeHHs TIpejieNa YIpyrocTd ['FOroHHO U mpejiena mpod-
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yIapHOE HArpyXeHHe, JJICKTPUYCCKUI B3PbIB IPOBOIHU-
KOB, TMHAMHUYECKAs TIPOYHOCTb, MpPEIeN ynpyroct ['roro-
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Hot shortness cracks formation in a low alloy steel ...
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ON THE CRITICAL CONDITIONS
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Abstract. In this work the effect of the temperature on the growth of the shortness cracks and consequently on the me-
chanical properties of a 20Mn4 steel was studied. Uniaxial tensile tests were carried out on the thermo-mechanical simulator
Gleeble 3800™ in a range of temperatures between 1000° and 1280°C. Heat treatments at different temperatures and hold-

ing times were performed in a tubular furnace.

After the tensile test and the heat treatments, the samples were characterised by secondary electron microscopy in order
to evaluate the effect of microstructural evolution on the hot shortness behaviour. The copper agglomeration at the met-
al/scale interface is mainly responsible for the hot shortness phenomenon: for a characteristic range of temperature, a copper
enriched liquid phase penetrates along grain boundaries promoting crack formation and hot shortness behaviour.

Keywords: Steel, heat treatments, hot-shortness, mechanical properties, microstructural evolution.

Introduction

Surface Hot Shortness (H-S) is caused by the
enrichment of residual elements during oxidation
that can give rise to a liquid phase, which subse-
guently weakens austenite grain boundaries. H-S
is not a new problem; it has been known since the
early 1900, and the topic arose again in the late
1950 and 1960, when the increasing of the electric
arc furnace steel production has led a constant
growth of copper amount in the final product. The
results of the research showed that copper was
the main element responsible of the formation of
surface cracks or “surface cracking” [1]. At the
end of the 70’s the main mechanism of the hot
shortness was explained by the diffusion the cop-
per in the steel during heat treatment [2].

The H-S behaviour is defined as the embrit-
tlement of the metal in the field of the hot work-
ing, and it occurs mainly in steels containing trac-
es of elements nobler than iron and with low melt-
ing point, in particular copper [3]. At tempera-
tures higher than 400°C, the oxide scale of the
steels is formed by three continuous and compact

© Brunelli K., Bruschi S., Ghiotti A., Lencina R., Dabala M., 2016
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layers: hematite, magnetite and wustite. In these
conditions the nobler alloying elements remain
unoxidized and concentrate at the steel/oxide in-
terface, where they form low melting zones,
which are responsible of the so called heat embrit-
tlement in the material structure.

In copper containing steels, oxidized at tempera-
ture higher than 900°C, large areas of Cu were
found at the steel/oxide interface. The H-S in these
steels is caused by the penetration of the liquid Cu
into the cracks (Cu is completely liquid a 1100°C) at
the surface or along grain boundaries and it depends
strongly on the temperature, time, residual elements
concentration and atmosphere [4, 5].

The characteristics and causes of the H-S phe-
nomenon take different connotations: at lower tem-
peratures the hot-shortness depends only on the rate
and the intensity of the scale formation on the mate-
rial surface, whereas at higher temperatures, the
process of occlusion of Cu into the scale is more
relevant, and the hot-shortness depends mainly on of
copper content [6-9].

According to Salter, the main factors that influ-
ence the evolution of the H-S phenomenon, exclud-
ing the steel oxidation rate, are in order of im-
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portance: copper solubility in austenite, penetration
of the molten copper phase along grain boundary
(wettability), and temperature of diffusion of the
copper enriched phase [9-12].

In this work, the operative conditions were se-
lected for the realization of tests in order to de-
termine the conditions which are useful to block
the formation of copper rich phases and/or to min-
imize the phenomenon of copper enrichment at
grain boundaries and. The tensile tests at elevated
temperature were conducted in order to evaluate
the effects of the microstructural changes on duc-
tility characteristics of the investigated steel.

Experimental

The material studied in this work is a 20Mn4 steel
commonly employed for structural application. It was
supplied as round bar (60 mm diameter). The chemical
composition of the steel is reported in Table 1.

The copper content in this steel is 0.33% wt%,
but the effect of copper is increased by the presence
of Sn, according to the Eq. 1 [13]:

9%6CU,, = %CU, .y + K -%6SN, .y (1)

where %Cugq is the “equivalent copper content” and
K is a constant between 7 and 10. Assuming an in-
termediate value of K equal to 8.5, the equivalent
copper value corresponds to 0.495 wt%. The pres-
ence of Sn diminish copper solubility in steel and
thus it promotes the formation of dangerous en-
riched zones. Moreover, its presence produces the

lowering of the melting point of the enriched copper
phase, facilitating the penetration of the molten
phase along the grain boundary.

The tensile tests were carried out on the ther-
mo-mechanical simulator Gleeble 3800™ in a
range of temperatures between 1000°C and
1280°C. The metal sample was heated up to the
testing temperature by Joule effect at 10°C/s, held
in temperature for 15 minutes, and then strained
until fracture by applying a constant strain rate
equal to 10 ' s™*. After testing, the sample was left
cooling in calm air. The ductility characteristic
chosen as a reference in this study was the total
elongation of the sample at fracture.

In order to determine the conditions of tem-
perature, which are useful to minimize the phe-
nomenon of copper enrichment at grain bounda-
ries and to block the formation of copper rich
phases, samples of steels underwent heat treat-
ments in a tubular furnace for 60 min in a temper-
ature range of 1000-1230°C in air and in atmos-
phere with a lower amount of oxygen (15% and
10%) (Table 2).

The treatment temperature was reached by a
heating rate of 10 °C/min. The samples were
cooled in air.

After heat treatments, the cross-section of spec-
imens was included in epoxy resin and polished by
metallographic procedures and then characterized by
a Cambridge Stereoscan 440 SEM equipped with a
Philips PVV800 EDAX probe.

Table 1
Chemical composition of 20Mn4 steel (wt%)
C Mn S P Si Ni Cu Sn N Mo
0.2104 1.044 | 0.0259 0.0118 0.1699 0.0776 0.0732 | 0329 | 0.0195 0.00113 0.0283
Table 2
Conditions of the heat treatments.
1000°C 1050°C 1100°C 1140°C 1180°C 1230°C
Air, 60 min X X X X X
10% O2 60 min X X X X
15% 02 60 min X X
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Results and discussion

A preliminary characterization of the round bar of
the 20Mnd4steel was performed before the tensile test
and the heat treatments to examine the copper distribu-
tion in the structure. In the central areas of the bar,
manganese sulphides were found, while copper segre-
gation was not detected. Near the surface of the round
bar, small particles of the copper enriched phase were
observed at grain boundary. The average size of these
agglomerates was in the order of the micron, and their
depth from the surface was about 15 um (Fig. 1). This
agglomeration of copper is the consequence of the
previous hot working, to which the steel has been sub-
jected to obtain the final shape.

Fig. 1. SEM-BSE image of the section
of initial round bar (interface scale-substrate)

Therefore, the samples for all experiments were
obtained from the central area of the round bar,
where no segregation of copper was detected.

Uniaxial tensile tests

Samples of steel underwent to tensile test at

temperature between 1000°C and 1280°C. The pho-
tos of the strained samples are shown in Fig. 2,
where it is evident the different amount of post-
necking deformation exhibited by the steel at differ-
ent testing temperatures.

In Fig. 3 the graph of the total elongation of the
samples at fracture as a function of the testing tem-
perature is reported: the effect of liquid embrittle-
ment due to presence of copper is well exhibited. As
a matter of fact, the steel ductility is drastically re-
duced at temperatures higher than 1000°C and lower
than 1230°C, confirming that above the copper
melting temperature the copper enriched phase,
which grows at the interface metal/scale, promoted
the formation of surface cracks and embrittled the
steel structure. At higher temperatures, the oxidation
rate is so high that the copper enriched phase is en-
capsulated on the scale and the metal exhibits higher
ductility. However, it was expected higher ductility
of the sample heated at 1230°C, but tensile tests
were made with higher heating rate which involves
a lower sample oxidation. In these conditions the
temperature range where the hot shortness is exhib-
ited is shifted at higher temperature.

The SEM-BSE images of the section of the
samples submitted to tensile test at the different
temperatures are reported in Fig. 4. As expected, at
the lowest temperature (1000°C) the sample does
not exhibit agglomeration of copper at the interface
metal/scale. Increasing the temperature (1140°C and
1230°C) a copper enriched phase (lighter zone) at
the interface scale/metal and along grain boundary
was detected. Moreover, in the sample tested at
1140°C many intergranular surface cracks, due to
the penetration of the liquid along grain boundaries
combined with the oxidation of the steel, were ob-
served [4]. At the highest temperature (1280°C)
globules of copper were found in the scale.

Fig. 2. Image of samples after mechanical tensile test at different temperatures
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Fig. 3. Graph of the total elongation of the samples at fracture as a function of the testing temperature

Fig. 4. BSE-SEM images of the section of the samples after mechanical tests at

a) 1000°C; b) 1140°C; c) 1230°C; d) 1280°C

Therefore, after the tensile test at elevate tempera-
tures, it is possible to conclude that the hot shortness
behaviour in this steel is more pronounced at 1140°C.

For a better understanding of the effect of tem-
perature on the segregation of copper at the surface
of this steel, heat treatments at different tempera-
tures, were carried out in a tubular furnace.

Effect of the temperature

The first tests was carried out at 900°C and
1000°C, at which temperatures is expected the copper
enriched phase remains solid, because this temperature
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is just lower than the melting point of the copper. As a
matter of fact, the SEM analysis revealed that the
globules of copper enriched phase were localised in-
side the scale and distributed parallel to the interface
metal/oxide (Fig. 5, Fig. 6). At 900°C was possible to
detect the presence of only some small globules in the
scale, while at 1000°C their presence was more pro-
nounced and with higher dimension. In both cases it
was not found penetration of copper into the material,
since copper enriched phase remains solid during the
length time of the treatment. Therefore, the treatments
carried out at lower temperatures than the one of en-
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riched phase liquefaction would not produce H-S, and
thus do not represent a dangerous condition for the
steel hot working, in agreement with the results of ten-
sile tests. In fact, the embrittlement under hot working
is closely linked to the penetration of the molten phase
along the grain boundary and to the formation of ag-
gregates of lens situated at the interface between the
metal and the scale, which may transform into molten
phase during the treatment. As long as the globules
remain occluded in the oxide scale and separated from
the metal, the metal is protected by the embrittlement.
In Fig. 7, the section SEM-BSE images of the
samples surface treated at 1050°C, 1100°C and
1230°C for 60 min are reported. It was observed that
after the heat treatment at low temperatures, 1050° and
1100°C, a planar interface metal/scale has developed,
while at 1230°C the interface is characterized by a no-
ticeable roughness [14]. In the first case, the copper
enriched phase is distributed along the interface and at
grain boundary, and it is constituted mostly by pure
copper. Moreover, at 1050°C the copper enriched
zones was predominant near the oxidized interface

-

whereas increasing the temperature at 1100°C the ag-
glomeration of copper is more pronounced at the grain
boundaries. This behaviour is always inter granular;
because the copper rich phase at this temperatures is
molten ™ and it wets the austenitic grain boundary. In
fact, it was observed a penetration along the bounda-
ries due to the high diffusivity of the iron in the molten
phase of copper, in a similar way as it happens in
the alloys FeCu [16]. At 1230°C the interface met-
al/scale was irregular and copper accumulation
near the interface was not detected: the particles of
copper enriched phase were occluded inside the
scale. These occlusions were also constituted by a
significant amount of nickel (Fig. 7d). At this tem-
perature the oxidation rate was higher, therefore
the oxidised interface was able to occlude the cop-
per enriched phase into the scale before the melting
was completed. In addition to the formation of an
external scale, the steel was subjected to an internal
oxidation behaviour. This behaviour is character-
ized by the development of a 1-2 pm globular FeO
particles along the austenitic grain boundaries.

10um

Fig. 5. BSE-SEM image of the section of the sample processed for 1h,
in atmosphere with 20% oxygen, at a) 900°C and b) 1000°C
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Fig. 6. EDS analysis in correspondence of the white globules in the scale of the sample treated at 1000°C for 1h
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At temperature between 1050°C and 1100°C,
the formation of small dihedral angles (6) was ob-
served between the austenitic solid phase and the
molten phase, near the triple point.

The value of the dihedral angle 0 is function
both of the surface tension between the phases and
of the wettability between the molten phase and the
surrounding solid phases, which induces the so
called “intergranular” penetration. [17] .This value
can be determined by the equation (2)

1 . 7Fe—Fe

= cosg (2)
2 7/Fe—Cu 2

where the surface free energy of the austenite grain
boundary is denoted by vy re and the surface free
energy of the austenite-molten phase boundary is
denoted by Y cy. The shape of the molten phase
adjusts itself such that the surface energy of the sys-
tem is minimized.

The maximum of H-S is observed for temper-
atures where the value of 6 approached zero,
which is the value for complete wettability of the
austenitic grain by the liquid copper enriched
phase. Moreover, at these temperatures it was
observed the highest copper enrichment at the
interface metal/scale [9].

Surface tension plays an important role in the H-
S embrittlement of steel. The value of the equilibri-
um dihedral angle depends on the temperatures of
treatment, and the minimum value is reached when
maximum amount and maximum penetration of the
enriched phase along the austenitic grain boundary
occur. When combination of maximum amount of
molten phase with the deeper penetration of the
molten phase along the grain boundaries is obtained,
the maximum H-S effect takes place.

The treatments made at lower temperatures of
1050° and 1100°C exhibited the formation of the
dihedral angles between the molten phase and
the austenite; the penetration of the molten phase
appears evident at both temperatures; the molten

84

phase enclosed completely the first grain beneath
the surface.

At 1230°C, the copper enriched phase is in-
stead enclosed in the scale, and shows a globular
morphology. There were no signs of penetration
along the grain edge. As discussed above, at
higher temperatures the high diffusion rate of the
copper allowed the migration of copper inside
material preventing the formation of the enriched
zones near the interface; the part of copper which
is not able to diffuse inside of the material is
quickly enclosed in the oxide scale. Because the
wettability between the oxide and the molten
phase is very low, copper and nickel globules
appear.

Treatment at intermediate temperature be-
tween 1100°C and 1230°C were carried out. At
1140°C, Fig 8a, the molten phase forms a semi
continuous layer along the interface with a lens
morphology, as exhibited in the samples treated
at 1100°C. However, a deeper penetration of the
molten phase (about 50 um) was exhibited along
the grain boundary than that detectable at 1100°C
and an early stage of entrapment in the inner zone
of the oxide scale was observed. The samples
treated at 1180°C, shown in Fig. 8b, exhibited a
reduction of copper enriched zones, either near
the interface or in intergranular zone and the
presence of globules of copper occluded in the
scale. Moreover an increase of the irregularity of
the interface metal/scale, due to the higher metal
oxidation rate, was observed, with a structure
more similar to that one observed at 1230°C.
Therefore, the structure obtained at 1140°C was
the more prone to induce H-S behaviour, while at
higher temperature the increased oxidation rate
combined with the higher diffusion rate of the
copper allowed the migration of copper inside
material and gradually reduces the formation of
the enriched zones near the interface, which are
the main responsible of H-S behaviour.
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Fig. 7. BSE-SEM images of the section of the samples processed at different temperatures for 1 h:
a) 1050°C; b) 1100°C; c) 1230°C; d) EDS analysis in correspondence

Effect of oxygen concentration
in treatments atmosphere

The heat treatments in atmosphere with a lower
amount of oxygen content (15% and 10%) were car-
ried out at 1050, 1100, 1140, 1180 °C. The reduction
of oxygen concentration in the atmosphere produces a
reduction of oxidizing rate, with the subsequent reduc-
tion of the copper enriched phase penetration. In the
sample treated at 1140°C the copper phase developed
at the interface, in a globular or lens morphology, but
its penetration along the grain boundary is extremely

of the white globules in the scale of the sample treated at 1230°C for 1h

]
: 10 pm

Fig. 8. BSE-SEM images of the section of the sample heat treated for 1h at a) 1140°C and b) 1180°C

reduced when atmosphere contains 15% of O,, and it
is negligible at 10% of O, (Fig. 9 a, b). From the results
of the characterization of the treated samples at lower
oxygen content it is possible to assert that when the
oxygen content in the atmosphere is reduced the evolu-
tion of the molten phase in the material is ascribable at
those observed at lower temperature. This is due to a
reduced oxidation rate, which depletes the enrichment
of copper at the interface and, as a consequence, the
penetration of the molten phase along the grain bound-
aries. Therefore the H-S behaviour was reduced at
lower oxygen content in atmosphere.
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10 pm

10 pm

Fig. 9. BSE-SEM images of the sample treated at 1140°C for 1h in atmosphere with
a) 15% oxygen and b) 10% of oxygen

Conclusions

The effect of heating temperature on the embrit-
tlement of a 20Mn4 steel when subjected to hot
working was investigated in this work

The presence of copper enriched phases near the
surface, especially at the metal/scale interface and at
grain boundaries is due to the oxidation process
which produces the formation of the surface oxide
scale and the penetration along the grain boundaries
of the oxide into the steel.

The mechanical tests carried out on the thermo-
mechanical simulator Gleeble 3800™ evidenced a
lack of ductility of the steel for temperature higher
than 1000°C and lower than 1280°C, due to the
formation of a layer of copper enriched phase at the
metal/scale interface and to its penetration along the
grain boundaries.

From the heat treatments in furnace for a time of
1h, it resulted that the copper-rich phase forms at the
interface metal/scale at temperature in the range of
temperature between 1000°C and 1230°C. At tempera-
ture up to 1000°C the copper enriched phase remained
on solid state and therefore is entrapped into the oxide
scale in the form of globules well distributed on the
oxide scale. In these conditions the steel show high
ductility and the hot shortness behaviour is not veri-
fied. At temperature in the range between 1050—
1180°C the copper enriched phase melts and grows at
the interface metal/scale and forms a semi-continuous
layer. This molten phase penetrates along the grain
boundaries into the metal, inducing the formation of
globules inside the steel which embrittled the structure
and could promote the formation of surface cracks. For
temperatures above 1230°C, the oxidation rate is so
high to enclose entirely the surface grains and entraps
the copper enriched phase. In these conditions the
presence of molten copper enriched zones, inside the
material structure is strongly reduced and the steel has
not been affected by hot shortness.

A reduction in the oxygen content in the atmos-
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phere depleted the oxidation rate and the enrichment
of copper at the interface and, consequently, the
penetration of the molten phase along the grain
boundaries. Therefore, in order to limit the impact of
hot shortness, the suggested hot working temperature
for this steel is over 1230°C. An alternative may be to
operate at temperatures lower than 1230°C by reduc-
ing the oxygen amount in the atmosphere.
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BAINITE STEEL: STRUCTURE AND WORK HARDENING
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Abstract. Using the methods of transmission electron diffraction microscopy, a quantitative evolution analysis of defec-
tive and carbide subsystems of medium-carbon steel with a bainite structure under a compression strain up to 36% has been
performed. A quantitative analysis of carbon redistribution has been carried out, as well as the dependence established of the

concentration of carbon atoms arranged in a crystal lattice of a.- and y-iron on structural defects in cementite particles lying
in a number of bainite plates and intra-phase boundaries, and on the degree of deformation.

It has been demonstrated that scalar dislocation density, material volume with deformation twins, a number of stress
concentrators, the amplitude of crystal lattice curvature-torsion, the disorientation degree of fragments are increased with the
growth of the degree of deformation and average longitudinal fragment sizes are decreased. The long-range stress fields
have been estimated. The possible causes of the different stages of parameter changes of the carbide phase and dislocation
substructure with deformation have been discussed.

Strengthening mechanisms with the boundaries of the plates and fragments, scalar dislocation density, long-range stress
fields, and cementite particles, the interstitial atoms have been estimated. It has been shown that the largest contribution to
the amount of work hardening of the steel examined leads to substructural hardening (hardening due to long-range internal
stress fields and structure fragmentation) and solid-solution hardening, due to the introduction of carbon atoms into the crys-
tal lattice of the ferrite.

It has been suggested that the cause of softening of steel with a bainite structure at high (over 15%) degrees of de-
formation is the activation of the process of deformation fine-scale twinning.

Keywords: hardening, bainite, deformation, cementite, dislocation substructure, mechanisms, steel.
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1. Introduction

Recently the attention of researches in the field
of physical metallurgy is paid to the study of fea-
tures of bainite transformation in steels [1-5]. Steels
with bainite structure are widely used in manufac-
ture of large diameter pipes, power engineering, au-
tomobile industry, production of rails, etc. [6-10].

Bainite steels, by virtue of transformation y—a
features, have a complex multiphase structure being
formed as a result of superposition of shear and dif-
fusion mechanisms of transformation [11, 12]. The
main factors determining properties of bainite struc-
ture steel can include: the availability of carbon at-
oms and other alloying elements in iron crystal lat-
tice; boundaries of grains, packets, crystals of bain-
ite; cementite particles; inclusions of retained aus-
tenite; dislocations and internal stress fields caused
by structural elements [13-16]. A knowledge of
guantitative regularities and mechanisms of work
hardening of steel with bainite structure allows to
control purposefully the structure-phase states of
steel and its mechanical properties [11, 17, 18].

For revealing the promising fields of technolo-
gies’ application based on plastic deformation fol-
lowing heat treatment it is necessary to study the
dependence of hardening effect on structural state of
the material and deformation treatment parameters,
to establish cause and effect relationships between
the phenomena determining the complex improve-
ment of properties [19]. In its turn, a knowledge of
regularities of structure formation and steel proper-
ties in plastic deformation is necessary for control
the process of work hardening.

The characteristics of carbide phase and dislo-
cation substructure are not determined by methods
of optical and scanning electron microscopy and
can reliably be revealed with application of trans-
mission electron microscopy [11, 20, 21]. Apparent
scientific and practical importance of such results
is determined by the fact that the understanding of
physical nature and basic parameters of formation
and evolution of structure-phase states and disloca-
tion substructure is a necessary condition for de-
velopment of physical material science of bainite
steels.

The aim of the research was to investigate the
evolution of carbide subsystem, defective substruc-
ture, distribution of carbon atoms in structural steel
with bainite structure under compression plastic de-
formation and to reveal the mechanisms of its work
hardening.

2. Materials and Methods

Structural steel 30Cr2Ni2MoV was used as a test
material [22]. Austenization of steel was done at tem-
perature 960°C during a period of 1.5 hours; cooling
was done in air. Deformation of steel was carried out
by uniaxial compression of columns 4x4x6 mm?® in
size at a rate ~7-102 s* on testing machine “Instron-
1185”. Compression as a method of deformation was
convenient to use because, in this case, it was possible
to reach the deeper deformations than in extension.
Investigations of steel structure and phase composition
were performed by methods of electron diffraction
microscopy of thin foils [11, 19].

3. Results and Discussion

A characteristic form of curves of steel work
hardening is shown in Fig 1, a. Mathematical treat-
ment of curves of work hardening shows that c—
relation has a periodic form and is described by pol-
ynomial of the fourth power. Differentiation of c—¢
relation curve makes possible to determine the coef-

ficient of steel work hardening 6 = Z—U :
&

When analyzing the results shown in Fig. 1, b, two
stages of work hardening can be singled out: a stage
with parabolic o— relation or decreasing coefficient of
hardening ® and a stage with a slightly changing nega-
tive value of coefficient of hardening. Transition from
the first stage to the second one occurs in the interval
of deformation degree (19...25) %. Failure of steel
samples being tested took place at ¢ ~0.4 by brittle
cleavage with the formation of some coarse frag-
ments. It is apparent that deformation behavior of
samples is conditioned by the change of phase com-
position and defective substructure of the material.

As a result of bainite transformation on contin-
uous cooling of steel a multiphase structure is
formed which is presented by o-phase (solid solu-
tion based on bcc (body-centered cubic) crystal lat-
tice); y-phase (solid solution based on fcc (face-
centered cubic) crystal lattice) and iron carbide (in
low- and medium-carbon steels — cementite). The
characteristic image of bainite structure of steel
30Cr2Ni2MoV is presented in Fig 2.

Deformation of steel is accompanied by changing
the state of carbide phase. The increase in degree of
deformation results in reduction of average sizes
(Fig. 3), density and volume fraction (Fig.4) of iron
carbide particles. At the same time the morphology of
particles changes. First, their spatial form transforms:
initially lamellar particles (ratio of longitudinal sizes
(L) to transverse ones (d) L / d =8) transform into ellip-
soidal ones (L/d = =5) (Fig.3, insertion) at the last
stage of deformation.
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Fig. 1. Strain hardening curve (a) and the dependence of strain hardening coefficient
on deformation degree (b) of steel with bainite structure

Fig. 2. Electron microscope image of the structure of 30Cr2Ni2MoV steel,
formed as a result of cooling from the temperature of austenization;
a - light field image; b - dark field, received in reflection [201]FesC; ¢ — microelectron diffraction pattern,
the arrow indicates the reflection, in which the dark field is received
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Fig. 3. Dependence of longitudinal L (curve 1) and transverse d (curve 2) dimensions of cementite particles,
located in the volume of bainite crystals on deformation degree of steel ¢
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Second, place of location of cementite particles
changes: with the increase in degree of deformation
the volume fraction of particles located on the
boundaries of bainite plates increases markedly
(Fig. 4, curve 1).

The behavior of total volume fraction of cement-
ite (Fig. 4, curve 3) is noteworthy. The initial stage
of deformation (& ~10%) is accompanied by the in-
crease in total fraction of cementite particles in
steel; at large degrees of deformation the volume
fraction of cementite in steel decreases. It is clear
that the increase in total fraction of cementite parti-
cles under small degrees of deformation is connect-
ed with transformation of retained austenite with
formation of cementite initiated by deformation of
steel. In fact, the carried out electron microscopy
diffraction patterns have revealed the fact of rapid

2,54
6, %
2,04
1,51
1,01

0,51

0,01

0 10 20 30 40
s, %

decrease in volume fraction of retained austenite
already at low (& ~10%) degrees of steel defor-
mation (Fig. 4, b).

Third, inside of bainite crystals (on dislocations
and boundaries of fragments) the particles of round
shapes whose quantity increases with the growth of
deformation degree are detected (Fig. 5).

The discovered quantitative regularities of chang-
ing the parameters of steel structure in the process of
plastic deformation enabled the investigations directed
to the analysis of carbon atom distribution in the struc-
ture of the deformed steel to be carried out.

Estimates of relative content of carbon atoms on
structural elements of steel were carried out using
the expressions generalized in Table. 1. The results
of the carried out estimates are given in Fig. 6.

6
b
3, %
44
24
O

0 T T T T )

0 10 20 30 40
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Fig. 4. Dependence of volume fraction of cementite particles (a) and retained austenite layers (b)
on deformation degree of steel g; curve 1 - cementite particles, located on the boundaries of ferrite crystals,
curve 2 - in ferrite crystals; curve 3 demonstrates the changes of the total volume
fraction of cementite in steel

Fig. 5. Electron microscope image of 30Cr2Ni2MoV steel structure,
subjected to an uniaxial compression at & = 36%; a - light field image;
b - dark field, received in reflection [211]FesC; ¢ — microelectron diffraction pattern,
the arrow indicates the reflection, in which the dark field is received
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Table 1

Method of analysis of carbon distribution in steel

Regions of carbon locations

Estimate expression

Solid solution based on a-iron

_ A0
AC, =AV, 32 "8 gg2s
30+ 4

Solid solution based on y-iron

0

a —a
AC, =AV L —2.10°
v 7 44

Particles of carbide phases

AC, = AViek; k(FesC) = 0,07

Elements of defective structure

ACy = Cy— (AC, + AC, + AC))

“Here 4V, AV, AV — volume fraction a-y-Fe and carbide phases, respectively; a,, a,— present parameter of lattice of
a- and y-phase, respectively; a2 =0,28668nm, af =0,3555nm; C, — average content of carbon in steel.

The carried out estimates showed that with the
increase in degree of deformation the quantity of
carbon atoms located in solid solution based on -
iron (Fig. 6, curve 1), in cementite particles lying
on intraphase boundaries (Fig.6, curve 2), and
those located on defects of crystal structure (Fig. 6,
curve 3), increased. The quantity of carbon atoms
forming cementite particles lying in the volume of
bainite plates (Fig. 6, curve 4), and located in solid
solution based on y-iron (Fig. 6, curve 5), is re-
duced. Thus, plastic deformation of steel with bain-
ite structure is accompanied by appreciable redis-
tribution of carbon atoms. If in the initial state the
basic quantity of carbon atoms was concentrated in
cementite particles, then at the final stage of de-
formation the preferable location of carbon is crys-
tal lattice based on a-iron.

Martensite (shear) mechanism of ferrite for-
mation leads to the formation of dislocation sub-
structure of net-like type with a relatively high sca-
lar density of dislocations measuring ~7x10" cm™
in the tested steel in bainite plates. Plastic defor-
mation of steel leads to the increase in scalar density
of dislocations (Fig. 7, a). In this case the type of dis-
location structure is unchangeable — a net-like sub-
structure is retained.

When analyzing the results shown in Fig. 7, a,
two sections on the curve dependence of scalar
density of dislocations on degree of deformation
can be distinguished. On the first section (0% <e&<
18%) a linear increase in scalar density of disloca-
tions is observed; on the second section (18% <eg<
36%) being equal to the first one in length the
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growth of density of dislocations is practically not
revealed. This circumstance may be caused by
both the difficulty of dislocation substructure
analysis at densities of dislocations being larger
than~10" cm2, which is due to the overlapping of
nuclei of closely-spaced dislocations and the pos-
sibility of realization of non-dislocation mecha-
nism of material’s deformation.

One of these mechanisms being realized under
deformation can be twinning. In fact, the investiga-
tions carried out in the research detected the signifi-
cant increase in volume of the material containing
deformation microtwins under degree of defor-
mation exceeding ~18% (Fig. 7, b). The characteris-
tic image of steel volume with microtwins of defor-
mation origin is shown in Fig. 8.

Elastic stresses taking place in realization of
shear mechanism of transformation y—a result in
not only the formation of substructure with a high
scalar density of dislocations but fragmentation of
bainite plates as well that is the partition of plates
into regions with a low-angular disorientation that
are most clearly defined by methods of dark field
analysis.

Deformation of steel results in the decrease in
average longitudinal sizes of fragments (trans-
verse sizes of fragments are limited by the bound-
aries of bainite plates and are practically un-
changeable under deformation) (Fig. 9, a). In this
case, several stages are revealed in changing of
sizes of fragments: at the first stage this process
runs very intensively, at the second stage — signif-
icantly slower.
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Fig. 6. Dependence of carbon atom concentration, located in a crystal lattice based on a-Fe (1), in cementite
particles, lying on the internal phase boundaries (2), on structural defects (3), in cementite particles,
lying in the volume of bainite plates (4), a crystal lattice based on y-Fe (5) on deformation degree
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40
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Fig. 7. Dependence of scalar density of dislocations (a) and material volume,
containing microtwins (b) on deformation degree

Fig. 8. Electron microscope image of steel structure following deformation & = 36%;
a - light field image; b — microelectron diffraction pattern; ¢ - dark field, received in reflection [101]a-Fe;
the arrows indicate: on (a) and (c) — microtwins of deformation origin;
on (b) - reflection, in which the dark field is received
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The changing of sizes of fragments goes on
the backround of increase in degree of their diso-
rientation (Fig. 9, b). Azimuthal constituent of the
complete angle of disorientation was determined
by the relative value of broadening of reflections
of a-phase in accordance with the technique pre-
sented in [20]. When analyzing the results shown
in Fig. 9, b, three stages of development of the
process can be distinguished: at stages | and Il
the disorientation of substructure elements in-
creases relatively slow, at stage Il — it does signif-
icantly more intensive.

Deformation of steel is accompanied by the
formation of internal fields of stresses that are
revealed in analyzing the bend extinction contours
by methods of electron microscopy of thin foils
[19, 21, 23, 24].

The performed investigations showed that
with the increase in degree of deformation the
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400 ~

L, nm

300+
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0 5 10 15 20 25 30 35 40
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surface density of contours (Fig. 10, a) (a quantity
of contours per unit area of the photograph) en-
hanced and their average transverse sizes de-
creased (Fig. 10, b). The first fact is indicative of
the increase in number of stress concentrators in
the material with rise of degree of deformation,
the second one — the rise of amplitude of curva-
ture-torsion of crystal lattice of the material and
internal long-range fields of stresses, respectively
[19, 21, 23, 24]. Simultaneously with it the shape
of contours and their arrangement in bainite
plates changes. If in the initial state and at low
degrees of deformation the contours arranged
predominantly transverse to the plates, crossing
the plate from one boundary to the other, then
following the large degrees of deformation (18%
and more) ring contours encompassing some re-
gions in the volume of plates are formed in the
material.
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Fig. 9. Dependence of middle longitudinal dimensions of the fragments (a) and the value of an azimuthal
component of a complete angle of substructure disorientation (b) on deformation degree
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Fig. 10. Dependence of surface contour density (a)
and the middle transverse dimensions (b) on deformation degree
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The regulations of parameter evolution of struc-
ture-phase states and defective substructure of steel
under deformation detected above make it possible
to analyze the mechanisms of work hardening.

Hardening of the material with low angular
boundaries (substructural hardening, hardening with
boundaries of plates and fragments) can be estimat-
ed using the expression [25]:

o(L)=0c,+k'L™, Q)

where m = 1 or 1/2, L — effective size of ferrite plates
and fragments being defined with effective length of
slip plane in the plate. It is established that at m = 1 k
varies from 0.015 to 0.01 kg/mm®> at m = 1/2 k varies
from 0.2 to 0.98 kg/mm°/? [25, 26].

Dependence of value of contribution from
boundaries of fragments to work hardening of
steel with bainite structure on degree of defor-
mation is shown in Fig. 11, a. In calculations the
following values of parameters included in the
equation (1) were used: L — average longitudinal
sizes of fragments; k = 0,015; m = 1. It is clearly
seen that with increase in degree of deformation
of steel the value of hardening by fragment
boundaries increases within 330 to 790 MPa
(Fig. 11, a), and it is caused by decrease in average
sizes of fragments (Fig. 9, a).

The first term in the equation (1) op is friction
stress of material’s lattice that is stress necessary for
motion of dislocations in pure monocrystals (for ex-
ample, Peierls stress for pure metals). Consequently,
stress oy depends substantially on degree of material’s
purity and value of its work hardening. For theoretical-
ly pure material oy = 17 MPa. The experimentally de-
termined values oy vary within 27 to 60 MPa [27, 28].
For steels value oy = 3040 MPa [29].

As noted above, a dislocation substructure of
net-like type with a relatively high scalar density of
dislocations measuring ~7x10™ cm™ is revealed in
ferrite plates having been formed as a result of shear
(martensite) mechanism of transformation. Plastic

800, g 2

200+

15 20 25 30 35 40
£, %

0 5 10

deformation of steel is accompanied by growth of
scalar density of dislocations (Fig. 7, a). In this case
the type of dislocation substructure is unchangeable.
Stress needed for supporting a plastic defor-
mation i.e. flow stress o is connected with density of
dislocations in the following manner [27, 30, 31]:

o=0,+k{p, 2

where oy — flow stress of non-dislocation origin (i.e.
caused by other mechanisms of hardening); o — aver-
age (scalar) density of dislocations; k = maGb; m —
Schmidt orientation factor; « — parameter charac-
terizing the value of interdislocation interaction
being equal 0.1...0.51 [28, 32]; G — shear mod-
ules (=80 GPa); b — Burgers vector of dislocation
(0.25 nm). For steels with regard to orientation
factor m, ma 0.5 is usually taken.

In Fig. 11, b the dependence of value of con-
tribution, being determined by scalar density of
dislocations, to the work hardening of steel under
study on degree of deformation is shown. It is
clearly seen that with the increase in degree of
deformation of steel the value of the given contri-
bution is increased proportionally to the growth of
scalar density of dislocations varying within the
limits of 280 MPa to 360 MPa.

The long-range fields of internal stresses play an
important part in formation of yield point, work
hardening and failure of crystalline materials. The
application of method of electron diffraction mi-
croscopy enables one to analyze the value of inter-
nal stresses according to of material’s structure by
several methods: 1) according to radius of segment
bending of free dislocations [33, 34]; 2) according
to distance between dislocations and parameters of
dislocation aggregates [35]; 3) according to distance
between active slip planes [36]; 4) according to pa-
rameters of bend extinction contours [24]. The
fourth method was used in studying the long-range
internal fields of stresses in this research.
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Fig. 11. Dependence of contribution into the flow stress from the boundaries of fragments (a)
and dislocation «forest» (b) on deformation degree
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The procedure of estimation of value of internal
stress fields consists in determining the curvature-
torsion gradient of crystal lattice y [37]:

0 0,017
=22, 3)
ol h
where h — transverse sizes of bend extinction contour.
Further, value of excessive density of disloca-
tions p.= p, + p_(p, and p_ — density of positively
and negatively charged dislocations corresponding-
ly) is estimated [21, 37]:

1 op
==.2r 4
Pe =y e @)

Value of long-range fields of internal stresses is
estimated on the basis of the relation [19]:

o(h)=a.Gb\/p, =a.Gb %g—? =
0.017-b ®
= C!CG - h : y

where a, = 1 — Strunin coefficient [38], h — average
transverse sizes of bend extinction contour.

Investigations carried out in this research
showed that average transverse sizes of contours
decreased with the growth of degree of deformation
of steel (Fig.10, b). Following the expression (5)
value of long-range fields of internal stresses will
increase (Fig. 12, a).
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Bainite steel is characterized by the presence of
cementite particles in the structure. The particles are
obstacles to motion of dislocations and lead to hard-
ening of the material. Owing to it yield point of the

material o increases by value Aop
o,=0,+A0, (6)

Estimates of steel hardening under deformation
taking into account the presence of cementite parti-
cles should be carried out using relations obtained
for in-coherent precipitations [39]:

mG,b |A-D|
=M L , 7
O =" 2x(2- D)) n(l ab Ij @

where A — average distance between particles, D —
average size of particles, m — orientation factor be-
ing equal to 2.75 [40] for bcc lattice of materials,
@ =1 for screw and @ = (1-v)* for edge disloca-
tions, M — parameter considering the nonuniformi-
ty of distribution of particles in matrix being equal
t0 0.81...0.85 [39].

In Fig. 12, b the relation of value of contribution
to flow stress of cementite particles on degree of
steel deformation with bainite structure is illustrat-
ed. It is clearly seen that the value of the contribu-
tion varies in a complex way within ranges 210 to
260 MPa. It can be caused by process of dissolution
and repeat precipitation of cementite particles under
deformation of steel.
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Fig. 12. Dependence of contribution into the flow stress from long-range fields of internal stresses o(h) (a),
cementite particles (b) and solid-solution hardening o(C) (c) on deformation degree

www.vestnik.magtu.ru

95



MATEPUAJIOBELEHUE N TEPMWYECKASI OBPABOTKA METAJIIOB

Presence of carbon atoms in steel and their
penetration into crystal lattice leads to its asymmet-
ric distortion assisting the appreciable hardening of
the material.

Hardening of steel in the formation of solid in-
terstitial solutions is usually determined by the main
factors: first, disagreement of sizes of atoms of im-
purity and matrix, second, disagreement of elastic
modulus of impurity atoms and matrix. According
to Fleischer and Hibbard [41, 42] hardening caused
by dimensional and elastic disagreement can be cal-
culated from the relation:

5, =G.5%.5 (8)
m

where m =760, &, =|J5|+a,|5,| — parameter of dis-

agreement, o = 3 for edge and o, =16 for screw dis-
locations, n = 1/2. In researches [41, 42] it is shown
that exponent n can be equal to 1, 1/2, 1/3, 0.3.

The equation (8) is inconvenient for calculating
the hardening of solid solution of complex-alloy
steels therefore when proposing the additivity of
contributions to hardening of separate alloying ele-
ments the approximate empirical formula of the fol-
lowing type [10, 29] are used:

O, :i(ki 'Ci)v 9)

where k; — coefficient of hardening of ferrite being
the increment of yield point at dissolution of 1
weight % of i element in it, ¢; — concentration of i
element dissolved in ferrite, weight %. Values of k;
coefficient for different elements are determined
experimentally [10, 43, 44].

The decrease in sizes of cementite particles at
great degrees of deformation may be indicative of
their dissolution and escape of carbon atoms to de-
fects of steel crystal lattice (dislocations, subbound-
aries and boundaries) and into solid solution based
on a-phase.

Carbon enrichment of a-phase of crystal lattice
facilitates steel hardening whose value was estimat-
ed by the expression (9). The results presented in
Fig. 12, ¢ testify that with the increase in degree of
steel deformation the value of the given contribution
increases varying within 490 to 740 MPa, caused by
dissolution of cementite particles, penetration of a
part of carbon atoms into iron crystal lattice and
precipitation on dislocations.

Comparison of values of contribution to work
hardening of hardened steel is shown in Fig. 13. It is
clearly seen that the greatest contribution to steel
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hardening is made by solid solution hardening
(curve 2), internal stress fields (curve 3) and sub-
structural hardening (hardening with intraphase
boundaries) (curve 1) at the final stage of deform-
ing. A comparatively small hardening is shown by
dislocation substructure (curve 4) and particles of
carbide phase (curveb).
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Fig. 13. Dependence of the contribution into
the flow stress from intraphase boundaries (1),
solid-solution hardening (2), internal stress fields (3),
dislocation substructure (4) and cementite particles

(5) on deformation degree of steel
with a bainite structure

Hence, value of steel work hardening is deter-
mined by the availability of a number of mecha-
nisms: friction of matrix lattice, presence of disloca-
tion substructure, particles of carbide phases, intra-
phase boundaries, carbon atoms and alloying ele-
ments dissolved in crystal lattice. It is supposed that
total yield point of steel may be represented in terms
of linear sum of contribution of separate mecha-
nisms of hardening [10, 44-46]:

o=Ac,+Ac(L)+Ac(p)+

10

+AG(h)+AG(p)+AG(C), 10
where Aoy — contribution caused by friction of ma-
trix lattice, Ao(L) — contribution caused by intra-
phase boundaries, Ao(p) — contribution caused by
dislocation substructure, Ao(h) - contribution
caused by long-range fields of stress, Ao(p) — con-
tribution caused by the presence of particles of car-
bide phases, Ao(C) — contribution caused by atoms
of alloying elements. As seen from the equation
(10), principle of additivity suggests the independ-
ent action of each of the mechanism of hardening on
yield point of the material.

The curves of deformation hardening of steel
with bainite structure calculated by the results of
estimates of hardening mechanisms (curve 1) and
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revealed in the experiment (curve 2) are shown in
Fig. 14. It is clearly seen that relation c-¢ obtained in
analysis of mechanisms of steel hardening (curve 1)
at degrees of deformation increasing ~15% exceeds
the values revealed in experiment (curve 2). With
the growth of degree of deformation the disagree-
ment of experimentally obtained and theoretically
calculated curves of work hardening increases.

2700 - 1

0 5 10 15 20 25 30 35 40
€, %

Fig. 14. Curves of steel strain hardening,
calculated on the estimation results of the hardening
mechanisms (curve 1) and the revealed
one during the experiment (curve 2)

Electron microscopy investigations of steel with
bainite structure carried out in the research revealed
the presence of process of deformation microtwin-
ning. A characteristic image of structure of de-
formed steel with microtwins is shown in Fig. 8. At
degrees of deformation £ = 5% and 10% the defor-
mation twinning of steel is weakly expressed
(Fig. 7, b). At greater values of ¢ the volume fraction
of the material covered by deformation microtwin-
ning increases substantially. Hence, on the basis of
the results obtained in researches [47, 48] the as-
sumption can be made that the revealed discrepan-
cies of the experimentally obtained and theoretically
calculated curves of steel work hardening, that are
the most considerable at great degrees of defor-
mation, are caused by the inclusion of microtwin-
ning into the process of steel deformation.

By the present time the fundamental statement
has been established that plastic deformation always
develops nonuniformly and susceptible to localiza-
tion not only at microscopic (dislocation) level but
at meso- and macrolevels as well [49].

At degrees of deformation 36% and greater the
formation of regions of deformation localization
placed along interfaces of adjacent plates of bainite
or grain boundaries is observed. Their structure is
similar to structure of channels observed under
drawing deformation of steel 08Mn2Si and com-

www.vestnik.magtu.ru

pression  deformation  of  hardened  steel
38Cr3Ni3MoV [19, 50-52] (Fig. 15, a).

Regions of deformation localization in dark field
images in matrix reflexes have a tabby contrast. Mi-
croelectron diffraction patterns obtained from these
regions as a rule have a quasi-ring structure
(Fig. 15, b) indicating to the small (50-100 nm) size
of crystallites forming them and predominantly wide
angular disorientation of crystallites. Channel of
deformation has a layer structure resembling the
structure of martensite packet. Regions of defor-
mation localization extend to tens of microns in
length and reach 0.5 um in diameter. With growth of
degree of deformation the average sizes of defor-
mation channels increase.

Judging from the structure of microelectron dif-
fraction pattern shown in Fig. 15, b the particles of
the second phase are present in the volume of de-
formation channel. Reflexes from the particle of the
second phase are highly distorted both in radial and
azimuthal directions. This circumstance can be
caused by both distortion of crystal lattice of parti-
cles and their small sizes [20, 21]. Microelectron
diffraction pattern obtained from regions of foil ad-
jacent to the channel are point ones being character-
istic of polycrystalline material. With the growth of
degree of deformation the volume of material occu-
pied by channels of deformation increases reaching
several percents at the moment of steel failure.

In deformation channel the substructure is also
fragmented one, however sizes of fragments are far
less than in the main volume of the material. In addi-
tion, fragments in deformation channel are isotropic in
shape. Judged from the size of fragments it should be
believed that a shear exceeding several-fold the aver-
age one is localized in deformation channel.

The next feature of deformation channel structure
is connected with the behavior of extinction contours
in them. It should be noted that bend extinction con-
tours mark the regions with the same orientation of
concrete planes of reflection relative to falling beam of
electrons [20, 21]. It is established that both in defor-
mation channel and in regions adjacent to it the por-
tions of same orientation or close to it and extended
approximately parallel to the long side of channel are
present. In the context of hydrodynamics the portions
such as these are analogous to lines of flow in laminar
flow [19, 50-52]. Since under compression a consider-
able number of portions with turbulent flow come into
being as a rule a comparison such as this may throw
light on nature of deformation channels. Namely, the
conditions of deformation in them are such that work
of deformation appears to be lower than in adjacent
portions. It may be suggested that local heating of the
material plays the main part here [19, 50-52].
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200 nm

Fig. 15. Channels of deformation being formed
in steel 30Cr2Ni2MoV with bainite structure, e=43%;
a - light field; b — microelectron diffraction pattern.

The channel of deformation
is designated with arrows in (a)

One more feature of deformation channels is
considerable fields of stress localized inside them
and in regions adjacent to them. In [19, 50-52]
two mechanisms of relaxation of these stress
fields are noted. First, it is done by fragmentation.
In this case the chains of fragments of small sizes
and close orientation located along the defor-
mation channel are formed. Second, it is done by
extension of microcracks. A comparative analysis
of structure of deformation channels of bainite
steel 30Cr2Ni2MoV and steels 08Mn2Si and
38Cr3Ni3MoV [19, 50-52] is indicative of unified
nature of their formation.

4. Conclusion

The investigations of structure, phase composi-
tion and defective substructure of steel with bainite
structure subjected to plastic deformation were car-
ried out. The quantitative analysis of parameters of
steel structure that made it possible to follow the re-
distribution of carbon atoms in steel structure under
plastic deformation was performed. It was established
that with growth of degree of deformation the quanti-
ty of carbon atoms located in solid solution based on
a-iron and defects of crystal lattice as well as cement-
ite particles lying on intraphase boundaries increased;
the quantity of carbon atoms forming cementite parti-
cles lying in volume of bainite plates and those locat-
ed in solid solution based on y-iron decreased.

It was shown that carbide transformations in bain-
ite structure ran in frames of two competitive process-

es — dissolution of cementite particles having been
formed in the process of bainite transformation in vol-
ume of ferrite plates, and precipitation of cementite
particles on the elements of dislocation substructure in
the process of “deformation ageing”. Simultaneously
with it the additional transformation of retained austen-
ite initiated by steel deforming was observed.

It was shown that plastic deformation by uniaxi-
al compression of steel 30Cr2Ni2MoV with bainite
structure is accompanied by: first, increase in scalar
density of dislocations and volume of material con-
taining deformation microtwins, second, decrease in
average transverse sizes of fragments and increase
in degree of their disorientation, third, increase in
quantity of stress concentrators and curvature-
torsion amplitude of crystal lattice of the material.
The stages of changes of steel structure parameters
were revealed. The proposal was made about the
changing in steel deformation mechanism: at the
first stage of loading (0% <e< 18%) deformation
was done predominantly by motion of dislocations;
at the second stage (18% <e< 36%) — it was done by
motion of dislocations and twinning.

It was shown that steel hardening had a multifac-
tor character. The estimates of mechanisms of hard-
ening by boundaries of bainite plates and fragments,
scalar density of dislocations, long-range stress fields,
cementite particles, and interstitial atoms were carried
out. The largest contribution to the value of work
hardening of steel under study was made by substruc-
tural hardening (hardening caused by long-range in-
ternal fields of stresses and fragmentation of struc-
ture) and solid solution hardening caused by penetra-
tion of carbon atoms into crystal lattice of ferrite.

At degree of deformation & >36% the formation
of channels of localized deformation — particular
structural states of material being localized along the
interfaces of adjacent plates of bainite or grain
boundaries was revealed.

The research was done supported by the grant of
the Russian Scientific Fund (project Nel5-12-00010).
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Annomayusn. C UCTIONH30BAaHUEM METOJIOB MPOCBEYH-
BAIOIICH AJICKTPOHHON MHUKPOCKONUK IPOBEICH aHAIN3
KOJIMYECTBEHHOH OLICHKH Ne(peKTHOW 1 KapOUIHOI 1oacH-
CTEM CpEemHEYTTIEPOIUCTON cTamd ¢ OCHHUTHOH CTPYKTY-
poit ipu nepopmanmu cxatrem 10 36%. I[IpoBenen xomu-
YEeCTBEHHBIM aHAN3 TIepepaclpeaeIeHus YIIepoaa, a Tak-
K€ YCTAHOBJICHA 3aBUCHMOCTH KOHIICHTPAI[Md aTOMOB YT-
Jieposia B KPHUCTAUIMYECKON pelIeTKE O- U y-)Kene3a, B
CTPYKTYpHBIX Je(eKTax, B YacTHIaX LIEMEHTHTA, PAacIIo-
JIOXKCHHBIX B 00beMe OCHHUTHBIX IUIACTHH M Ha Mex(das-
HBIX TPaHUIAX, OT CTETICHA IeOpMAIIHIL.

[NokazaHo, 4TO IO Mepe yBeIW4eHHs CTeneHu nedop-
MAIiH CKaJApHAs IUIOTHOCTh AUCIIOKAIWi, 00beM MaTepu-
ana ¢ nedopMalMOHHBIMU TBOWHUKAMH, KOJUYECTBO KOH-
LIEHTPAaTOPOB  HANpPSDKEHUM, AaMIUIMTyJa  KpUBU3HBI-
KPYYCHHS KPUCTAIUTMUCCKOM PEIIETKH, CTCICHb Pa30pHEH-
TUPOBKH (PParMeHTOB YBEJIMYMBAIOTCS, a CPEIHHE IIPO-
TOJBHBIE pa3Mephl (hparMeHTOB YMEHBINIAIOTCS. BhimomnHe-
Ha OIICHKA JAFHOACHCTBYIOIIUX IoJiel HanpspkeHuit. O0-
CYXKIICHBI BO3MOYKHBIC MPUYMHBI CTAJAUIHOCTH M3MEHEHHS

napameTpoB KapOWIHOW (a3bl W JUCIOKAIIMOHHOH CyO-
CTPYKTYpBI IpH JiehopMariu.

[TpoBeneHa OLEHKAa MEXaHM3MOB YIPOYHEHHS C yde-
TOM TPaHHI] IUTACTHH U ()ParMeHTOB, CKAAPHOH IIOTHO-
CTH JUCIIOKAallMH, NalbHOICHCTBYIOIMX IOJIEH Hampshke-
HUH, IIEMEHTUTHBIX YacTHI], aTOMOB BHeIpeHu. [lokaszaHo,
4TO HaMOOJBUINK BKJIax B JIe)OPMaMOHHOE YIIPOYHEHHE
HCCIIelyeMOH CTalu BHOCHT CYOCTPYKTYpHOE YIIPOYHEHHUE
(ynpouHeHre, 0OyCIOBICHHOE BHYTPEHHUMHM JalbHOACH-
CTBYIOIIMMHU TIOJSIMH HalpsDKEHUH M (parMeHTanuei
CTPYKTYpPBI) ¥ TBEPAOPACTBOPHOE YIPOUYHEHHE BCICICTBHE
BHEIPEHHSI aTOMOB YIJIEPO/ia B KPUCTAIUIMIECKYIO PelleT-
Ky (deppura.

CrenaHo HpearnoNoXkKeHne, 9To0 MPUYUHON pasympoy-
HEHUSI CTaU ¢ OEHHUTHOW CTPYKTYpOH NpH BBICOKOH CTe-
nenn nedopmanmu (Oonee 15%) sBnsiercst pa3BuUTHE Jie-
(hopMaMOHHOTO MUKPOBOHHNKOBAHUS.

Knrouessle cnosa: ynpounenue, 6eiHuT, redopmarus,
LIEMEHTHT, AWCIIOKALOHHAS CyOCTPYKTypa, MEXaHH3MBI
YIIPOYHEHHS, CTallb.
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CTAHDAPTU3AUMA, CEPTUOUKALVA
W YNIPABNEHUE KAMECTBOM

V]IK 658.6 DOI:10.18503/1995-2732-2016-14-1-101-108

INPUMEHEHWUE MOJEJIA U ITPUHIUIIOB .
TEXHOJOI'MYECKOU AJAIITAIUU TIOKA3ATEJIEU KAYECTBA
B ITIPOIIECCAX ITPOU3BOJICTBA METU3HOM MMPOJYKIINN

Tomy6unk O.M., Kysnenosa A.C.%, Py6un .11}, Tyn I'.C.%, Tpist X.2

! Marautoropckuii rocy1apcTBeHHbIN TexHnueckuil yausepeutet um. .. HocoBa, Marauroropck, Poccus
2 YencroxoBckuit TeXHONOTHIECKHMIT Vuusepcurer, [lonbiia

Annomayusn. B HacTosiee BpeMsi HaOMIOAAaCTCs TCHACHIIUS YKECTOUCHHS TPeOOBaHUI MOTPEOUTENCH K METaILIO-
MPOAYKIUH. B CBS3M ¢ 3TUM i1 TOBBINICHUS CBOWX KOHKYPEHTHBIX HMPEHUMYIIECTB METAIONPOU3BOAUTENN JTOJIKHEI
OBITh CIIOCOOHBI OTNICPATHBHO AJANTHPOBATHCS K M3MCHSIOIIMMCS YCIOBHSM, YTO OCOOCHHO aKTyajbHO JUIsS PhIHKA Me-
TU3HOU Mpoaykuuu. [Ipy 3TOM MONy4aroT cBoe AaibHEiIIee pa3BUTHE TEXHOJIOTHMH, OCHOBAHHBIC HA MPUMEHEHUH HO-
BBIX MaTEpHAIIOB TMOBHIIICHHONW W BBICOKOH MPOYHOCTH, B YACTHOCTH CTalleH C YIIBTPaMENKO3EPHUCTOH CTPYKTYPOH.
BrenpeHnue maHHBIX MaTepuajoB B METU3HOW OTpAciH IMpeAroJiaraeT NPUMEHEHHE HOBBIX COBPEMEHHBIX METOJO0B U
MTOJTXO/IOB K MCCIICAOBAHUIO TEXHOJIOTHIecKuX nporeccoB. YueHsiMu @I'BOY BIIO «MI'TVY» pa3paboTana MeTom0I0-
THUs alaiTHBHOTO YIPAaBJIEHUS! KAYECTBOM METAJIONMPOAYKIIMU IIUPOKOTO CHEKTpa Ha3HAYEHUs, MPpeayCcMaTpUBaroIas
BO3MOKHOCTh TIOCTPOCHUS TEXHOJOTHYECKOTO TPOIecca ¢ rapaHTHPOBAHHBIM 00eCTICYeHHEM HOPMHPYEMOTO YPOBHS
Ka4yecTBa B YCJOBHUSAX HEMOJHOTHI ampuOpHON mHpopMmanuu. Llenbio paboThl SBISUTHCH pa3pabOTKa M UCCICIOBAHUE
TEXHOJIOTUH TIPOU3BOJICTBA KPEMEKHBIX H3ICIHH MOBBIIICHHOTO KJIAcca MMPOYHOCTHU C IPUMEHEHHUEM CTajieid Mapok 20 u
45 ¢ YM3 ctpykTypoii B ycioBusx aedctByrornero npenmnpusitasi OAO «MMK-METH3». B pabote mpencTaBieHbI
Pe3yIBTATHl KOMIUIEKCHBIX HCCIICIOBAHUH MPHUMEHUMOCTH HOBOH METONOJIOTHH Ha MpUMepe pa3pabOoTKH TEXHOJIOTHH
XOJIOTHOW 00BeMHOM mTaMroBku 60ToB M10 1 M16.

Kniouegvie cnosa: anantuBHOE ynpaBieHUE Ka4eCTBOM, POTHO3UPOBAHUE, KPETIEXK, MPOYHOCTh, Y M3 cTpyKTYpa.

HOBJICHUS IPOMU3BOJICTBA, & TAaKXE NPHUMEHEHUIO
WHHOBAI[MOHHBIX Pa3pabOTOK B 00JacTH ympaBie-
Husl KadecTBOM. OCOOEHHO 3TO AaKTyalbHO [UIS
METH3HOI TPOMBIIIJIEHHOCTH, B KOTOpPOH Ha
OONBIIMHCTBE POCCUUCKHUX MPEANPHUITHIA OTPACIH
HaOmoaeTcss mpeobiananue (GU3MYECKH W MO-
paNbHO yCTapeBIIMX TEXHOJIOTMH M 00opynoBa-
Hus. Ilpyu 3TOM Ha pBIHKE METHU3HON NPOAYKLIMHU
CYIIECTBEHHO BO3pOCIM TpeOOBaHUSA K MOBBIIIE-
HUI0O MEXaHUYECKHX M, B IIEPBYIO OYepenb, MPOU-
HOCTHBIX CBOMCTB U3JIEJIHI.

B Meramnypruueckoil NpakTUKE BCE aKTHBHEE
pacmmpseTca MpUMEHEHHE HOBOTO Kilacca cTajeH,
TakuX KaK CTaJU C YIbTPAMEIKO3EPHUCTON CTPYK-
Typoit (YM3 cTpyKTypoii), TO3BOJISIONINX B 3HA-

IHocTranoBka npooaemMbl

CBoeBpeMeHHasl ajanTtauys MPeanpUATHS K Pbl-
HOYHBIM YCIIOBHSIM SIBIISIETCSI OJHUM W3 TIPOTPECCHB-
HBIX, BBICOKOA((EKTUBHBIX TPUEMOB YIPaBICHHS
MPOM3BOICTBEHHBIMH TIPOLIECCAMH, CIIOCOOCTBYFOIINX
TIOBBIIICHUIO Ka4eCTBA TEXHOJOIMYECKUX IPOLIECCOB,
JIOXOZHOCTH TPENPUSATHH, IKOHOMUUECKOTO POCTa U,
Kak CJIEICTBUE, JIOCTHIKEHUIO BHICOKOW KOHKYPEHTO-
CIIOCOOHOCTH BBIITyCKaeMOW TPOJYKIIMH KaK Ha poc-
CHICKOM, TaK M HA MAPOBOM DPBIHKE.

Ha mpennmpustusx MeTamTyprayeckoid oTpac-
a1 00eCreYnTh ONEpPaTHBHYIO aJalTalui0 K CO-
BPEMEHHBIM YCJIOBUSIM OBICTPO MEHSIOIIETOCs
pPBIHK2 METAJTONPOAYKIIMA BO3MOXHO, B MEPBYIO
ouepenpb, Onaromaps BCECTOPOHHEMY BHEAPEHUIO

HOBBIX MaTEpHAJIOB, MEPEJOBBIX TEXHOJIOTUH HX
nepepaboTKH, TEXHHUKO-TEXHOJIOTHYECKOr0 00-

© I'onmy6unk 9.M., Kysnenosa A.C., Pyoun I'.I1L, I'yn I'.C., [Ip11 X., 2016

YUTEIBHON CTENEeHN 00eCHeuuTh pacTymue Tpedo-
BaHUs MOTpeOHUTENe MO KayecTBy M YPOBHIO Me-
XaHUYECKUX CBOMCTB, COCTaBJsAs KOHKYPEHLHIO
JIOPOTOCTOSIIIUM JIETUPOBaHHBIM cTamsim [1-20]. B
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TO JXK€ BpeMs NPOU3BOACTBO METAILIOU3JCIUN, B
TOM YHUCJE MAIIMHOCTPOUTEIBLHOIO KpEemexa u3
craner ¢ YM3 CTpyKTypoH, OrpaHHYeHO, BO-
MEPBBIX, U3-32 OTCYTCTBHS pa3pa0OTaHHBIX MPHUH-
LUIOB U MOJXOJOB K YNPABICHUIO MOKa3aTEIsIMU
KadecTBa W3IEINil W3 MOJOOHBIX MaTepHalOB Ha
Pa3MTUYHBIX TEXHOJIOTHYECKHUX CTAIUAX MPOU3BOJI-
CTBa U, BO-BTOPBIX, B CBS3U C HECOBEPIICHCTBOM
CYIIECTBYIOIINX METOJUK HCCIEAOBAHUS (H3IUKO-
MEXaHUYECKUX CBOWCTB Kpemeka, TPeOyIoNmX ux
OTICPaTUBHON TEXHOJOTMYECKOW ajanTaiuul MpHU-
MEHHUTEIBHO K CTasIM ¢ YM3 CTpyKTYpO.

B Takux ycrmoBusax poctatoqHo 3()(peKTHBHBIMHU
MOTYT SIBJIATHCS TPUHIIMITBI aIalITUBHOTO YITpaBIIe-
HUS Ka4eCTBOM B COBOKYITHOCTH C HPHUMEHECHHUEM
COBPEMEHHBIX HH)KEHEPHBIX IPOrPAMMHBIX KOM-
IJIEKCOB MonenupoBanus mporeccoB OM/I, Takux,
nanpumep, kak DEFORM-3D® [21].

B cBs3u ¢ BbIIICHU3JIOKCHHBIM, IICJIIBIO HACTO-
smeld paboThl SIBJISIIOCH MPOBEACHHE KOMIUICKCA
WCCIIeIOBaHUM, CBA3AHHBIX C aHAJIM30M BO3MOXK-
HOCTEW WPOM3BOJCTBA KpEmexka IOBBIIIEHHOTO
KJIacca MPOYHOCTHU U3 cTaneit ¢ YM3 cTpykTypoit
B YCIIOBUAX ILGI\/'ICTBYIOHIGFO MCTHU3HOTI'O MpCANpHU-
SITHS HA OCHOBE Pa3pabOTKH MOIENHd W MPUHIH-
[IOB TEXHOJOTMYECKOW aJanTaluy I[OoKa3aTenei
KadecTBa METH30B B Ipoleccax XOJOJHOW 00b-
emHo# mramnoBku (XOLL).

Teopnﬂ, MaTepuajJdbl U METOABI UCCTICI0OBAHUSA,
TEXHUYICCKHE U TEXHOJIOITHYECCKHUE pa3p360TKH

B nacrosiee BpeMss B MHUPOBOM IPOU3BOACTBEH-
HOM TIpaKTHKE aKTHBHO DPa3BUBAIOTCS KOHIICIIIHH,
OCHOBaHHBIE Ha MIPUHIIMIIAX aIANTHBHOTO YIIPABICHUS
KayecTBOM [22-28]. HecMOTpsi Ha AOCTaTOYHOE MHO-
roo0pasue U3BECTHHIX MOAXOJI0B aIAIITUBHOTO YIIPaB-
JIEHUsI, BCE OHM CTPOSITCS Ha OCHOBE OLIEHKU Pe3ysib-
TaTOB JIESATENLHOCTH TPOW3BOJICTBEHHOW CHCTEMBI Ha
YK€ TIOMYYEHHBIX (DAaKTHYECKUX JTAaHHBIX, YTO HE IM03-
BOJISIET OCYILECTBIIATH ONEPATHBHOE YIPaBIICHUE Ka-
YEeCTBOM Ha OTAEIBHO B3SITOW TEXHOJOTMYECKOW CTa-
MY JKU3HEHHOTO IMKJIa mpoaykimu. Kpome Toro,
TPaZUIIMOHHBIE METOJVKH He OOEeCIIEYMBAIOT BO3-
MOYXHOCTh PaHHETO IMPOTHO3UPOBAHMS YPOBHS Kade-
CTBEHHBIX TIOKa3aTelNield, KOTOPhIA MOXET OBITh J0-
CTUTHYT K (DUHHIIHBIM CTaJMsAM TEXHOJIOTHUYECKOM
00pabOTKH, YTO HE TO3BOJISIET OCYIIECTBUTH BHIOOD
HanboJee MPHEMIIEMOTO PEIIeHUST BEJICHNSI TEXHOJO-
TMYECKOr0 Ipolecca MpU H3MEHSIOUIMXCA BHEIIHUX
BO3JICHCTBUSAX (HANpUMep, TpeOOBaHHSX MOTpeOUTE-
JIeid), KOTOpBIA OBl TapaHTHPOBAHHO O00ECHIEYHBAI J10-

CTH)KEHWE B KOHEYHOM METAJUIOW3/ICIIUM HOPMHPO-
BaHHOT'O YPOBHSI KQUeCTBa.

B ®I'bOY BIIO «MI'TY» pa3paboTaH HOBBII
METOAOJIOTUYECKUI TTOJX0/ 10 aJalTUBHOMY YIIPaB-
JICHUIO Ka4eCTBOM B YCIOBHUSIX MEPAPXUUECKH CIOXK-
HBIX TEXHOJIOTMYECKHX CHCTEM, IO3BOJLIIOLIMI Yy4u-
TBIBaTh BJIMSHME W3MEHUYMBOCTH IIOKa3aTesed Kaue-
CTBa MPHU MPOU3BOJACTBE METALIONPOLYKIMH Ha 0-
CTUraeMblil KOHEUHBII YPOBEHb €€ CBOMCTB B 3aBHUCH-
MOCTH OT BHEIIHUX BO3JIECHCTBHI, a TAKXKE OCYILECTB-
JSITH paHHee MPOTHO3MpOBaHUE (HOPMUPYEMOTO KOM-
TIeKca MapaMeTpoB B YCIOBUSIX JEHCTBYIOILETO Me-
Tayutyprudeckoro npeanpusatas [29]. OcHOBY TaHHO-
IO TOOXOAA COCTAaBIAET MOAENIb TEXHOJIOIMYECKOH
amanraiun  (puc.1). Ee cymHOCTh 3akimroyaeTcss B
o0ecrieueHNN BO3MOXKHOCTH YIIPABJICHUS] HOPMUpPYe-
MBIMH CBOWCTBaMH BBIITyCKa€MOro MeTajuion3aeus Z
3a CYET COOTBETCTBYIOIIETO aJallTUBHOTO YIPABICHHS
napamerpamMy 00OpaOOTKH M3/ETHs1/3arOTOBKY Ha JaH-
HOW TEXHONOTMYECKOW cTamuu (TapaMeTpryecKas
ajianTanys) Wik MyTeM H3MEHEHUS! CTPYKTYpBI Mpo-
1ecca — MocleIOBaTeIbHOCTH W/ Habopa TEXHOJIO-
THYECKUX orepanuid (CTpykTypHas amanTaius). Kpo-
M€ TOro, MOJeNb NpeaycMaTpuBaeT aJalTalyio Tpe-
Oyemoro HaOopa MmapaMeTpoB B UCXOIHOM 3arOTOBKE
(Harpumep, I KaTaHKHU 3TO — Pa3MEPHO-MApOYHbIN
copramenT). [Ipu 3TOM ycTaHaBnMBaeTCS BHYTPEHHUI
10 TepeneniaM 1IeIeBOH YpOBEeHb 10 KauecTBy R, Ko-
TOPBI 3@ CYET CTPYKTYPHO-TIAPAMETPUIECKON TEXHO-
JIOTMYECKON afanTanuy NpUONIKAeTcsl K BHELIHEMY
HOPMHPYEMOMY LIEJIEBOMY YPOBHIO Z.

Ha ocHoBe mpeAcTaBieHHOW METOOJIOTHH
NPUMEHHUTENIEHO K TIpoLieccaM IPOU3BOACTBA Kpe-
nexa u3 craneit ¢ YM3 crpykTypoii Obu1u pazpado-
TaHbl CIIAYIOIINE TPHUHIUIBI TEXHOJIOTUYECKOM
ajiarnTaluu:

— IPUHIIMIT «ATBTEPHATUBHOCTHY — IIPUMEHEHNE
albTePHATUBHBIX THUIIOB cTaiu (ctaipb ¢ YM3
CTPYKTYpOIi);

— NPUHLOMI «IKOHOMHUYECKOH ONTHMAalbHOCTHI»
— I71s KaXKI0TO BUA METAJUTOU3IEIINS TOJDKHO OBITH
HaWJICHO COOTBETCTBHE MeEXIy 3((HEKTUBHOCTHIO
NPUMEHEHHUS] TaHHOTO MaTepuallia ¥ COBOKYITHBIMU
3aTparaMH Ha pealn3aldio NMPOU3BOJCTBA U3AEIHS
U3 HEro;

— MPHUHIUI «THOKOCTH» — CIIOCOOHOCTh TEXHO-
JIOTHYECKOH CHUCTEMBI M3MEHSTH CBOM COCTaBJISIO-
[IME U HANPaBJICHHOCTh B COOTBETCTBUH C TpeOoBa-
HUSIMH TIOTpeOUTENe U BO3ZMOXKHOCTSIMH TTPOU3BO-
JIUTEIIEH.
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Hopmupyemble norpedurenem
MokasaTesii KauecTsa

TeKyume MnokKasaTejin
KayecTBa METAIITOU3IESTUSA

ﬂL

Buemnnii nesieBoii yposenb Z

BuyTpennuii neseBoii yposenb R

Pexomenanuu x
NPOU3BOACTBY

Cucrema aJanTHBHOTO
YIPABJICHHSI KAYeCTBOM

CtpykTypHas
ajanTauus

[MapameTpuueckas
ajanTanys

Pacuer HHCTPYMEHTA

HOCT[)OQHI/IE TeXHOJIOTHYeCKOMH Moae/H

Pacuer cBoiicTB (IIK) meraniousaenus

Puc. 1. CTpyKkTypHas moaenb TeXHONOMMYECKOW afanTaLuy nokasarenei kayecTea MeTannonpoayKuum

B pamkax paccmarpuBaeMoil KOHIEMIIHH
aJanTUBHOTO YIpaBJieHUs OBUI MPEIIOXKEH YHH-
BEpCAIbHBIA  QITOPUTM, I[O3BOJSIONIUNA  OCYy-
IIECTBISATh MPOTHO3UPOBAHHUE JOCTUTAEMOTO KO-
HEYHOr0 YPOBHS 3HAUCHUU MOKa3aTeseil KauecTBa
FOTOBOTO0 METAJUIOU3AEIUS HA PAHHUX CTaIUIX
€ro MpPOM3BOJCTBa 0€3 MNPOBEACHUS 3aTPATHBIX
WCIBITAHUN pa3pylIalonuMU MeToiaMu. B o01iem
ciydae pa3paOOTaHHBIN aNropuTM adanTHBHOTO
YIIpaBJICHUS MMOKa3aTeIsIMH KadecTBa B Mpolieccax
XOII BxiIrOYaET CIEAYIONINE CTPYKTYpPHBIE 3Jie-
MEHTBI: aHAJW3 HAYYHOH U TEXHUYECKOH NOKy-
MEHTAIlNM; aHaimu3 0a30BOW (aZanTUPOBAHHOM)
TEXHOJIOTUU MPOU3BOJICTBA; aHAJIN3 BO3MOXHOCTH
peanu3aluu OpeasiaraéMblX aJalTHUBHBIX TEXHO-
JIOTUYECKUX MEPONPUSITUNA U MPOLEAYpP C YUYETOM
OCOOCHHOCTEH  HMCIHOJIb3YEMBbIX  MaTepHajbHO-
TEXHUYECKUX PECYPCOB U 00OpYIOBaHUS; aHAIIN3
pe3yibTAaTOB U BblJaya peKOMEHAAlUW K BHeApe-
HHIO B IPOU3BOJCTBO.

Peanuzanus paspaboTaHHON Mouenud oOCy-
IIECTBISIACH TPU W3TOTOBIICHHH OONTOB C IIe-
CTUTPAHHOM T'OJIOBKOM METOJIOM BBHICAAKH, IIpelBa-
PUTEIHHO KaTMOPOBAHHBIX C PA3IMYHON CTEIICHBIO
CYMMapHOTO 00XaTHs, Ha OCHOBE TEXHOJIOTHUECKOM
CXEeMbl MPOU3BOJCTBA, ACHCTBYIOIIEH B YCIOBHSX
OAO «MMK-METH3» (r. MarHuTOoropck).

Pe3yabTaThl HCC/IeIOBAHUA U UX 00CY:KIeHHE

Ha ocHoBe paspaboranHoro mnoaxoda ais
obecrieueHnsT BO3MOXKHOCTH MPOMW3BOJCTBA 00J-
ToB M10 1 M16 u3 cranu mapok 20 u 45 ¢ YM3
CTPYKTYpOl Ha CyIIECTBYIOUIEM B YCIOBHIX
OAO «MMK-METH3» oGopynoBaHuu mnepBOHA-
YaJgbHO OBLIO TPOBEAECHO HCCIEJIOBaHUE B IPO-
rpaMMHOM KOMILIEKCE DEFORM-3D®, Bkioua-
I0lllee MOJIETMPOBAaHHE Ipollecca KaaruOpoBaHUS,
XOILI u nmocienyolmue aTTECTALUOHHBIE HCIbI-
tanus (puc. 2) [30, 31].

Jns mpoBepku aneKBaTHOCTH pe3yJIbTAaTOB
KOMITBIOTEPHOTO  MOJIEIMPOBAaHUS OBLIO  OCY-
HIECTBJICHO OIBITHOE M3roToBjieHUEe OonroB M10
u M16 u3 cranu ¢ YM3 cTpykTypoii o pa3pabo-
TaHHBIM pekuMaM. B Tabnuue npescraBicHbl 1MO-
JTydeHHBIE CpPaBHUTEbHBIC PE3yNbTaThl MEXaHU-
YECKHUX CBOMCTB Kpernexa.

Ha puc. 3, 4 npencraBiieHbl MHKPOCTPYKTYPBI
6onroB M10 u M16 u3 cranu mapok 20 u 45 ¢ YM3
CTPYKTYpOM, TOJIYYEHHBIX C IPUMEHEHHEM IIpeIBa-
putensHOI 00paboTku 3arotoBkn MeTogoM PKVYIL

AHanu3 TONYyYEeHHBIX Pe3yJIbTaTOB IOKa3al,
YTO HCIOJb30BaHHE cTaiu ¢ YM3 cTpykTypoi
MO3BOJIMJIO JJOCTUYH MOBBIIIEHHOTO YPOBHS Me-
XaHUYECKUX CBOMCTB IO CPAaBHEHHUIO C TpagullU-
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OHHO TIOJTy4YaeMbIMU MapKaMu cTaiu. VcnbiTanus
MoKa3anu, 4YTO OOJNTHI, U3TOTOBJICHHBIE U3 CTaJU
Mapku 20, UMenu Kjacc MpPOYHOCTH 6.8 m G, =
= 686 H/MM% a GOnTH W3 cTamm Mapkm 45 —
kiacc npounoctu 8.8 u G, = 873 H/mm? (B cooT-
BerctBuu ¢ ['OCT P 52627-2006). CpaBHHUTEN-
HBIl aHaJu3 PEe3yJIbTATOB HKCIEPUMEHTATHHBIX
UCCJIEJOBAaHUN W MaTEeMaTHYECKOTO MOJEINPOBa-
HUS TIOATBEPIMJI AJCKBATHOCTh IOJTYYCHHBIX

g AV
! %Ie‘v' St %g
X v@é %@ oS
= e"%‘% =
Vi
s

/

=
ey
&

JAHHBIX W BO3MOXXHOCTb HCIIOJIb30BaHUSI TPO-
rpammHoil cpeasl DEFORM-3D ans mporno3u-
pOBaHUs CBOWCTB METU30B.

PesynbTathl  TpOBEOCHHBIX  WCCIIEIOBaHUI
MOATBEPAWIN  TEXHOJOTHMYECKYI0  BO3MOKHOCTD
mpuMeHeHus: crajgei Mapok 20 m 45 ¢ YM3
CTPYKTYpOH Ul  TIPOM3BOACTBA  Kpereka
MOBBIILICHHOTO KJIacca NPOYHOCTH B  YCIOBHUSAX
JEWCTBYIONIETO METH3HOTO TIPEIIPHUSTHSL.

Puc. 2. MogenupoBaHue TexHonornyeckux onepauun XOLU B nporpammuom komnnekce DEFORM-3D:
a - kanubpoBaHue; 6 — xonoaHasA 06bLEMHas WTaMNOBKA; B — MCNbITaHWE HA pacTXeHMe Ha KOCOM Wwaiibe;
I — n3mepeHue TBepaocTH no Bpuxennio

®un3nKo-MexaHM4Yeckme CBOICTBA MALIMHOCTPOUTENLHOTO Kpenexka nocne onepawum kanuépoBaHUs
1 UCNbITaHNIA Ha pacTsKeHMe Ha kocow Wwaiibe 6onToB u3 cTanu mapok 20 u 45 ¢ YM3 cTpykTypoin

3 Bpewenioe conpornene | SRS SOROIEINE | e TeepnocTH
Bua MapLupyt ?Tﬂgnaep:baﬂ paspeisy (nocne kanubposaHks)| .y CTPYKTYPOI/TpaaMUMOHHbIE, | no BpuHennio, HB
Kpenexa | kannbposaHus obwaTHs, % os, MMa o5, MMa

Cranb 20 Cranb 45 Cranb 20 Cranb 45 Cranb 20 | Ctanb 45

9,65 0 7914 890 811/770 902 257 300

iﬂ(’fg 12-9, 65 35 1019 1159 870 1018 264 307

14-12-9, 65 52,5 1044 1245 886 1039 250 279

15,5 0 797 890 816/686 924/873 256 299

5,\;’1”(; 17-15,5 18 966,5 1112 869 1014 263 307

19-17-15,5 34 1025 1310 891 1042 257 300
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Puc. 2. OcoGeHHOCTM MMKPOCTPYKTYPbI B NPOAONILHOM CeYeHun 6onta guametpom 16 Mmm
n3 ctanu mapku 20 ¢ YM3 cTpykTypoit: a — oowmit Bug; 6 — necopmaumoHHbIe NONochl;
B — ¢hparmeHThI B heppute

N »
\;/\
~

Puc. 3. OcoGeHHOCTM MMKPOCTPYKTYPbI B NPOAONLHOM CeYeHun 6onta guametpom 16 mm
13 ctanu mapku 45 ¢ YM3 cTpykTypoi: a — obwmmn Bug; 6 — aechopmaumoHHbIe NONOChI;
B — chparmeHTbI B theppute

3. YykuH M.B., Konuesa H.B., Banues P.3. lndpakUmMOHHbIN anek-

3akiaoueHue TPOHHO-MUKPOCKOMYECKUIA aHanu3 cyOMUKPOKPUCTaNINYECKON 1

HaAHOKPUCTanNNMYECKO CTPYKTYPbl KOHCTPYKLMOHHBIX Yrnepoau-

IIpumeHeHne MpeyIoKEHHOTO MOAX0/a, OCHO- CTbIX CTarei nocre paBHOKAHAMBLHOIO YTNOBOMO MPECCOBaHMSA ¢
BaHHOTO Ha MPUHLHMINAX TEXHOJOTMYECKOW ajamnra- nocnegytoulero gecdopmmposanus // Becthuk Marnutoropckoro
85058 oKasarejeu Ka4yeCcTBa, IMO3BOJIMIO C BBICOKOH rocyapCTBEHHOro TEXHUYECKOro YyHMBepcuTeTa um. I"./. Hocosa.

2008. Ne1. C. 31-37.
4. VIHHOBAUWOHHbIA MOTEHLMAn HOBbIX TEXHOMOrMIA MPOW3BOACTBA
METU3HbIX M3ENUiA N3 HAHOCTPYKTYpHbIX cTanen / YykuH M.B.,

3¢ GEKTUBHOCTHIO pa3paboTaTh U peaan30BaTh Mpo-
LIECC U3TOTOBJICHUS! MHHOBALIMOHHBIX BUJOB METaJ-

JIOU3/IENTMN B YCITIOBUSIX TPEANPUATHS METaJLTyprH- Konuesa H.B., Bapbiwxukos M.M., Edoumosa 0.10., Hocos AQl.,
YECKOW OTpaci, a TaKKe OINpPeIeIuTh Haubosiee HockoB E.IM., Konomwel B.A. // BecTHuk MarHuToropckoro rocy-
palMOHATIBHBIC CXEMBI IMOCTPOCHUS TEXHOJOTHYE- [ApCTBEHHOrO TeXHUJeckoro yHusepcuteta um. M. Hocosa.
CKUX BO3JIEHCTBUI C BO3MOXKHOCTBIO OOECIICUCHUS 2009. Ne 2. C. 64-68.

5. Edumosa 0.10., Konuesa H.B., HukuteHko O.A. UccnegosaHue
COCTOsHNSA kapBupHon (hasbl Mocne HaHOCTPYKTYpPUPOBaHWSA 1
nocrneaytoLLero BONOYEHUS HU3KOYrNepoancToii crani // BecTHuk
MarH1Toropckoro rocyfapcTBEHHOrO TEXHUYECKOrO YHUBEpCUTE-

HOPMHPYEMOT'0 TIOTPEOUTESIMA YPOBHS KaueCTBa.

Paboma nposedena npu punarncosoii nodoepoicke

Munobpuayxu Poccuu 6 pamxax peanuzayuu KOMHIEKC- Ta v, TV, Hocora. 2009, Ne 3. C. 45-48.

HO20 NPOeKma NO CO30AHUID BbICOKOMEXHON0SUUHO20 6. Konuesa H.B., Muxonerko LA, Echumosa 0.10. eomioums:
NpOU3600CMEA ¢ YUACMUEM BbICUIE20 00PA306aAMENbHO- MUKPOCTPYKTYPbI 1 CBOWCTB NpU Harpese heppuTHO-NEPNTHbIX
20 yupeoicoenus (Hozoeop Ne 02.G25.31.0178), a YIMEPOAMCTbIX KOHCTPYKUMOHHBIX CTanei ¢ ynbTpaMenko3epHu-
maxoice 2ocyoapcmeentozo 3adanus MunobpHayKu CTOW CTPYKTYPOW, CHOPMUPOBAHHON UHTEHCUBHOW NNACTUYECKON
Poccuu Ne 11.1525.2014K om 18 uronss 2014 2. pecopmaument // BecTHuk BopoHexXcKoro rocynapCTBEHHOMO Tex-

Huueckoro yhusepeuteTa. 2011. T. 7. Ne9. C. 85-91.
7. AkTyanbHble npobnembl KBanUMETPUM METU3HOTO MPOWU3BOL-

Crucok nuteparype CTBa B NEpMOd 3apOXAEHUS LIECTOr0 TEeXHOMOrNYeckoro
1. KopuyHos A.l'., Yykun M.B., MonsikoBa M.A. MpuHLMMbI npoek- Kgﬁ@iola ;yF /r/%AéT:xm:ergfllpﬁlgﬁH Cr.'g'lz"_ghg?wH W10.
TVPOBaHMUA HENPepbIBHOTO CnoCo6a Nony4eHis CTaMbHOM MPO- g [epcnexTyBLI MPOM3BORCTBA BLICOKOMPOUHOI CTAMbHOI apMaTy-
BOJIOKM C YNbTPaMEIIKO3epHHCTOM CTPYKTYpoit // BecThuk Mar- Pbl NS Kene3oBeTOHHbIX LUMan HOBOTO MOKOMEHUS Ha OCHOBE
HUTOTOPCKOTO rOCYAApPCTBEHHOTO TEXHUYECKOTO yHMBEpCUTETA TepPMOAEhOPMALVOHHOTO HAHOCTPYKTypUpoBaHKs / Uyku M.B.,
um. 1. Hocosa. 2011. Ne 1. C. 43-46. Tyu T.C., KopuyHos A.T., Monsikosa M.A. // YepHasi MeTannyprus:

2. Yykun M.B., Monskosa M.A., Emaneesa [.I. BnusHue kombuHu- Bron. YepmeTurcopmaumn. 2012, Buin. 4. C. 100-105.
poBaHHbIX METOROB AethopmaLoHHoi 06paboTky Ha Mexamye- 9. WccneposaHue (M3NKO-MEXaHUYECKUX CBOMCTB U CTPYKTYpPbI Bbl-
Ckve CBOWCTBA YrmepoaucTol npoBonoku // YepHble MeTanmbl. COKOMPOYHbIX MHOTOYHKLIMOHANBHBIX CTINaBOB MHBAPHOTO Kracca
2014. Ne 12. C. 35-39. HoBoro nokonerms / Yykun M.B., Tony6umk 3.M., T'yn I.C., Konue-
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lMpumeHeHue modenu u npuHyunoe mexHoso2uyeckoll adanmauuu

lFony64yuk 3.M., KysHeyoea A.C., Py6un ".LLI., Fyn I".C., Obis X.

Abstract. Currently, there is a tendency in strengthening
consumers’ requirements for metal products. That is why
metalware manufacturers have to be able to promptly adjust
to changing market conditions in order to increase their com-
petitive strengths, which is especially critical for the metal-
ware market. At the same time, technologies based on the
application of new high-strength materials, UFG steels in
particular, are gaining traction. Implementation of these ma-
terials in metalware production implies the application of
new state-of-the art methods and approaches to research in
the technological process. NMSTU scientists have elaborated
a new adaptive quality management methodology for metal-
ware products with a vast scope of application which pro-
vides for possible process engineering with a firm assurance
of rated quality level under the conditions of apriori infor-
mation incompleteness. The study aimed at the development
and exploration of production process of high-strength fas-
teners made from 20&45 grade UFG steels at the premises of
“MMK-METIZ” OJSC. This article presents the results of
integrated investigations of the new methodology applicabil-
ity as exemplified in the development of M10&M16 bolt
cold forging technology.

Keywords: Adaptive quality management, forecasting,
fasteners, strength, ultra-fine grain (UFG) structure.
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MATEMATHYECKOE MOJIEJIMPOBAHUE
WHTEHCU®UIINPOBAHHOI'O TEILNIOOBMEHA

IPU TYPBYJIEHTHOM TEYEHUHA

B ITIPOJIOJIbHO OMBIBAEMBIX ITYUKAX TPYB

C NIONEPEYHBIMU KOJIBIIEBBIMU KAHABKAMH

C IPUMEHEHHUEM KOMIIAYH/THOH TPEXCJIOMHOM MO/JIEJIN
TYPBYJIEHTHOT'O IOTPAHUYHOTI' O CJIOS

Jlo6anos UL.E.
MockoBcknii ABHAITMOHHBIA HHCTUTYT (TOCYJapCTBEHHBIN TeXHIMYECKH YyHUBEepcHuTeT), Mocksa, Poccust

Annomayus. 1lens ucciiefoBaHUSI COCTOUT B Pa3pabOTKe TEOPETUIECKON MOIENHU IS pacyéra TEIUI0OOMEHa IPH
TypOyJICHTHOM TEYCHUH B KaHaJlaX B MPOJOJIEHO OMBIBAEMBIX ITydKaX TPYO € MOTEPEUYHBIMU KOJNBIIEBHIMH KaHABKAMH.
l'umoresa, ncHonb30BaHHAs B CTaThe, OCHOBBIBACTCS HA YETBIPEXCIOMHOM MOAETHPOBAHUHU TYpOyJICHTHOTO MOTpaHUY-
HOT'O CJI0d B NPOCTPAHCTBE MEKIAY OTACIbHBIMH KOJILIICBBIMU KaHAaBKaMU B HICCTUYTOJIBHOM KaHaliC, 3aMEHEHHOM JK-
BUBAJICHTHBIM KOJIBIIEBBIM KaHaJIOM, U HCIOJIb30BaHUW WHTCTPAJIBbHBIX COOTHOIIICHUM JJIA Typ6yHeHTHI)IX IorpaHnun4-
HBIX CJIOEB Ui MPOCTPAHCTBA B OTAEIbHBIX KaHaBKaX. MeToA pElIeHUs] COCTOUT B MOIYYEHUM aHAJTUTHYECKUX COOT-
HOIICHUH OTHOCHUTENIFHO WHTCHCHU(HUIIMPOBAHHOTO TEINIOOOMEHA IPH TYpOYJICHTHOM TEYEHHH B MPOIOIBHO OOTeKae-
MBIX Ty9KaX TPyO ¢ MOMEepEeYHBIMH KOJbIIEBEIMH KAHABKAMHU B 3aBHCUMOCTH OT T€OMETPUIECKAX XapaKTEPHUCTHK IO e-
PCYHBIX KOJBIEBBIX KaHABOK, IMMapaMETPOB MPOJOJIbLHO O6TCKaeMOI‘O ImyJyka pr6 C MOMNCPCYHBIMU KOJIBLICBBIMU KaHaB-
KaMHu, pexKuMa TCUCHUA TCIIJIOHOCHUTCIIA. HOJ’Iy‘IeHHI)Ie 3aBUCUMOCTHU MPEUMYHICCTBCHHO PA3JINYAalOTCA OT IMOJTYYCHHBIX
paHee perieHunit 0oJiee MHUPOKOH OOITHOCTHIO U BEPUDUITUPYEMOCTHIO, @ TAKXKE TEM, YTO TIPH UX BBIBOJIE OBLIIO TIPUHATO
ropaszo MEHblIee 4Yuciao ponyiueHuid. IlomydeHHble pe3ynbTarhl pacdéra B 3aBUCMMOCTH OT LIMPOKOIO JUamna3oHa
OTIPENIEIAIONINX TapaMeTPOB, KaK TEOMETPUH MPOJOIBHO 00TEKAeMOTo IydKa TPyO C MOTIePEYHBIMHU KOJBIIEBBIMA Ka-
HaBKaMH, TaK M PEXUMA TEYEHUS TEINIOHOCUTEIIS, XOPOIIO KOPPEIUPYIOT C CYHIECTBYIOIIHUMHU 3KCIIEPUMEHTAILHBIMU
JIaHHBIMH, OJTHAKO, OHU TaK)Xe MPUMEHHUMBI U B 00Jiee IMHUPOKOM TUAMAa30HE OMPEICIIIONINX MapaMeTpOB, MOCKOIbKY
OCHOBBIBAIOTCS Ha JIOMYIICHUSIX, KOTOPhIE HUMEIOT OYE€Hb HMIMPOKYI0 OOIIHOCTh. [IprMeHeHne pe3yabTaToB MCClIeaoBa-
HUS TIO3BOJIJIO: YIYYIIUTh MaccorabapuTHBIE IMOKa3aTeNN TEINIOOOMEHHBIX alliapaToB COBPEMEHHOTO METaJLTyprude-
CKOTO TIPOM3BOICTBA, TOBBICUTH UX TEIUIOBYIO () ()EKTHBHOCT, CHU3UThH THAPABIMUYSCKUE TIOTEPH Ha MPOKAYKY TEILIO-
HOCHUTEIIS, IOHU3UTH TEMIIEPATyPy CTCHOK TEIUIOOOMECHHHUKA.

Kniouesvte cnoea: monenupoBaHue, MaTeMaTUIeCcKoe, TETNIOOOMEH, MHTEHCU(PUKAIUSA, TypOyIeHTHBIH, TeUeHHE,
TpyOa, My4OK, MOTPAHUYHBINA CIOW, KOMIAYHIHBIH, KOJIbIIEBbIE KAHABKH.

BBenenne

[IpomonbHOE OMBIBaHME HAXOAHUT MPUMEHEHHE B TEIUNIOOOMEHHBIX ammaparax MpPH BBICOKUX CKOPOCTSIX
Te4YeHUs ¥ OOJBIION MIIOTHOCTH TETIOHOCUTENSI B MEKTPYOHOM MPOCTPAHCTBE, a TAKXKE B CIydae MpUMEHe-
HUS B YUCTOM BHJIE TPOTUBOTOYHOM CXEMBI, BO3MOXXKHOH TOJBKO TIPH OCEBOM TEUSHHH 00OUX TETIOHOCHTE-
nel, rae HamOosee IIOJIHO BBITIONHSETCS TpeOOoBaHME MaKCHMAaJIbHOTO HCIOJIB30BAHHUSA TEMIEPATypHOTO
Hanopa. ONTUMaNBFHOCTh MCIOJIB30BaHUS MPOJOJIBHOTO OMBIBAHHS B TypOYIEHTHOW 00JacTH OOBCHSIETCS
TeM, 4TO TPU TypOYJIEHTHOM TEUEHMH TEIIOHOCHTENIs TeIIooTAaua nponopuuonaisaa ~Re®?, B To Bpems
KaK IIPH MOIEepeYHoM OoHa mpornopiuonansHa ~Re®®. CienoBaTensHO, MPH OTHOCHTEIBHO BHICOKHX UHCIIAX
PeiiHonpaca TemooTnaua npy NpoJ0JbHOM OOTEKaHUH IMyYKOB TpyO OyneT npeobiiagaTh HaJ HONEPEUHBIM.
Jist yBenMueHHsI KOMIIAKTHOCTH HEOOXOAMMO MHTEHCH()UIIMPOBATH TEINIOOOMEH HE TOJIBKO B MEXTPYOHOM
MPOCTPAHCTBE C MOMOIIBIO PA3IMYHOTO PoJia OpeOpeHus, HO M MPOMEHATh T.H. TECHbIE My4YKH TPYO, T.e. C
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OTHOCHTEIBHBIM IaroM tpy0 B myuke S/D < 1,2. Brimeyka3anHble criocoObl YMEHBILICHHS TaA0APUTHBIX pa3-
MEpOB TPyOUaTHIX TEIUIOOOMEHHHKOB MPOTHBOpEYaT Apyr Apyry. [IpumeHeHue HapyKHOTO OpeOpeHus yBe-
JTUYHABAET Pa3Mephl TPYOOK U MPETATCTBYET CO3/IaHUIO TECHBIX TPYOHBIX ITyYKOB, HO UCTIOJIB30BAHHE TECHBIX
MTy4KOB MEIIAeT Hapy>KHOMY OpeOpeHHI0 TPYOOK U JieinaeT ero Hu3Kod(h(GEeKTUBHBIM M3-3a OOIBIIIOTO pPOCTa
THIPaBIMYECKOr0 COMPOTHBIICHHUS MyyKa. BrimenpuBenéHable cooOpakeHus: 00yCIOBIUBAIOT CO3/IaHKE Ta-
KOro croco0a MHTeHCH(UKAUK TeTI000MEHa TIPH TIPOAO0IHHOM OMBIBAaHHH ITyYKOB TPYO, KOTOPHI ObI HE
YBEIMYUBAI HAPY)KHBIN TUaMeTp TPyOOK, T.e. KOTOPBIA MO3BOIWI OBl MPUMEHUTHh STH TPYOKH B TECHBIX
My4Kax, CIEAOBAaTEIbHO, TPYOKH C KOJBLEBBIMHU IMONMEPEYHBIMU KaHaBKaMH, M3TOTOBJICHHBIMU HAaKaTKOM,
yIIOBIETBOPSAIOT BHIIICYKa3aHHBIM TpeOOBaHHAM. YTIyOneHHs, oOpasyolecs Ha HapyKHOH MOBEPXHOCTH
TpyOOK, CIIOCOOCTBYIOT TypOYIHM3alMi MPUCTEHOYHOTO CJOA W HWHTEHCHUHUKAIuu Terooomena. Ilpm
Hapy>KHOM OMBIBaHUH TPyO JaHHBIN c0cO0 MHTEHCU(UKAIMK TEIUIOOOMEHA MMEET OCHOBHBIE MPEUMYIIIe-
CTBa IO CPaBHEHHIO C APYTMMH CIIOCOOAMHU MHTEHCU(UKAIIMY TETII000MEHa: a) MPUMEHHUM B TECHBIX MyYKax
TpyO: HEe yBENWYMBAET HAPYKHOTO AMaMeTpa TPyOok; 0) oOpazoBaHWe BHYTpU Aradparmsl MOCIe HAKATKA
CHAapy’X{ KOJBIIEBHIX KaHABOK CYIIIECTBEHHO MHTEHCHU(HUIMPYET TEIIOOOMEH B TpyOe; B) HECIIOKEH B TeX-
HOJIOTHYECKOM OTHOILICHHH; T') MPUMEHHUM TPH OOJBIIMX IUIOTHOCTAX TEIUIOBBIX MOTOKOB; 1) MO3BOJISET HE
M3MEHSATH CYIIECTBYIONIYIO TEXHOJIOTHIO COOPKHU TPYOUAThIX TETNTIOOOMEHHBIX alliapaToB.

Mexann3M MHTEHCH(UKAIMN TEIIOOOMEHa C MOMOINBI0 KOJIBLIEBBIX KaHABOK Ha BHYTpPEHHEW TpyOe
MOKHO OOBSCHHUTH clieayromuM odpazom [1-3]. [IpuMeHeHne momnepeyHbIX KaHABOK JJIsl MHTCHCU(PHUKAIIUT
TEIJI000MEHA MPH MPOIOIBHOM 00TEKaHUH IyYKOB TpyO parronaibho npu S/D=1,2+1,3 [1-3], Ho npu S/D
> 1,3 onTuManbHas MHTEHCU(UKAINS B MEKTPYOHOM MPOCTPAHCTBE 00ECTICYMBACTCS IPU BBHICOKUX TYpOY-
NU3aTopax BHYTPHU TPYOBI, T.€. PU 3HAYUTEIHHBIX IMOTEPSX NABICHUS BHYTPHU TPYOBI, a ONTUMAallbHAS WH-
TeHCU(UKAIUS BHYTPU TPYO JETCPMHUHUPYET MAIYI0 MHTCHCU(UKAIIUIO CHapyku TpyO. ClienoBaTeNbHO, B
OTHOCHTEIIbHO Pa3JABHHYTHIX MPOJOJIBHO OMBIBaeMbIX mydkax Tpyo ¢ S/D=1,3+1,5 npumeHeHue momneped-
HBIX KOJIBLIEBBIX KaHABOK MeHee 3P PEeKTUBHO, UeM MPUMEHEHUE TypOyIn3aTOPOB.

[Ipumenenne nHTEHCH(UKAIMN TETIOOOMEHA ITO3BOJISET YIIyUIINTh MacCOTadapuUTHBIE TTOKAa3aTeN! TeTl-
JIOOOMEHHBIX amlapaToB COBPEMEHHOTO METAJUTyPrHUECKOTO MPOU3BOJICTBA, MOBBICUTh MX TEIIOBYIO 3(-
(EKTUBHOCTbH, CHM3UTh CHIPABIMUYECKHIE MMOTEPH HA MIPOKAYKY TEIJIOHOCUTENS, TIOHU3UTh TEMIIEPaTypy CTe-
HOK TeTI00OMEHHHUKA.

MaremMaTuueckasi MoJejIb TENJI000MeHa B NMPOAOJBbHO OMBIBACMBIX ITyYKaX pr6
C IONEPEYHBIMH KOJbUEBbIMU KaHABKaAMHU

TennooOMeH U TpeHHE B pacCMaTPHUBACMbBIX MOJEIBHBIX YCIOBUSX B IPOJOJIBHO OMBIBAEMBIX IMyUKax
TpyO C MoOnepeyHbIMU KOJIBLIEBBIMM KaHaBKaMH PAacCCUMTHIBAIOTCS OTMAEIBHO JJISi KaHABOK M JJISl POCTpaH-
CTBa MEXIy OTAETbHBIMH KaHaBKaMH, a 3aTeM ocpefHstorcs. [lpeamomaraercs, 4To morpaHdYHbIE CIOU
MEX[y OTIENbHBIMU KaHaBKaMH M B KaHABKaX pa3BUBAIOTCS HE3aBUCHUMO APYT OT JIpyra, HO HaIW4YHe KaHa-
BOK TypOyJIM3UpPYET MPOCTPAHCTBO MEXy OTAEIbHbIMU KaHaBKaMu. MoaenpoBaHie UHTEHCHU(PHULIUPOBaH-
HOTO TEIUI000MEHA B KaHaBKE B KOJIBIICBOM KaHAJIe aHAJOTUYHO METOJaM, MPEJCTAaBICHHBIM B [4—6] mis
KaHABOK IPH NPUMEHEHUH B KOJBIEBBIX KaHaJlaX KOMOMHHPOBAHHBIX TYpOYJIH3aTOPOB THIA «BBICTYII-
KaHaBKa» M KOJBLEBbIX KAHABOK COOTBETCTBEHHO, ISl «ILECTUYTOJIBHOM» MOJENH AJIsl IPOAOJIEHO 00TeKa-
€MBIX IIYYKOB TPYO ¢ TypOynu3aTopamu. T.e. Kak U B OCHOBE pabor [4, 6, 7], mo3ToMy B paMKax JaHHOH CTa-
ThU HE CTOWT IOJPOOHO OCTAHABIMBATHCA HA HeCTENM(DPUUIECKUX ACTEeKTaX ITOW MOJENH, a PacCMOTPETh
TOJIBKO crenn(puIecKue 0COOCHHOCTH MPUMEHIEMON MOJIEIIH.

[IpucyrcTBre KaHaBOK TypOyJIH3UPYET MPOCTPAHCTBO MEXAY OTACIbHBIMH KaHABKAMU; OTPHIBHBIMHU Te-
YEHUSIMH B KaHaBKaxX I'€HEPUPYIOTCS TypOyJeHTHBIE BUXPEBBIE BO3MYILEHHS, HHTEHCU(PHULIUPYSI TEIIO0TAA-
gy MEX]y TIOTOKOM M CTEHKOU. PenmpKkyIsiius Buxpeid u TypOynu3anus TeueHus B KaHABKaX TOJepKHBa-
I0TCS 32 CUET PHEPTUM OCHOBHOT'O MOTOKA, MO3TOMY C YBEJIMYCHUEM IITyOWHBI KAHABOK TIEPMAHEHTHO TIOBBI-
LIaeTCs COMPOTHUBIICHUE KaHaIa.

MojenupoBaHue BIUSHUS KAaHABOK Ha HHTEHCH(DHUIIMPOBAHHBIN TETJIOOOMEH B ITPOCTPAHCTBE MEXKITY OT-
NeTbHBIMH KaHaBKaMH, TakK )K€ KakK M IS CIIydaeB ¢ KaHAaBKaMH KOJIBIIEBOTO KaHajla, MOKET ObITh MPOBEEHO
Ha OCHOBE aHAJIOTHH BO3JCHUCTBHs TypOy/In3aTOpPOB Ha TypOyJEHTHBIA MOTPAaHUYHBIN CIOW: MOTOK MEXKIY
OTACTHbHBIMH KaHaBKaMH, KaK U CJIydae ¢ BBICTyNaMH, pa30MBaeTCs Ha MOJCIOH, OTHOCUTENIbHAs cTpaTugu-
Kalysg KOTOPBIX aHAJOTHMYHA TEYEHHIO B KaHaJle C TMCKPETHBIMH MTOBEPXHOCTHO PACIIOIOKEHHBIMH TypOyIH-
3aTopamu motoka. CreoBaTenbHo, Ui MPOAOIBEHO 00TEeKaeMbIX TPYO ¢ TONEepEeUYHBIMU KOJBIEBHIMH KaHAB-
KaMH «IIECTHYTOJBHON» TPEXCIONHON Moeny TypOyJIEHTHOT'O IOrPAaHUYHOTO CJI0s1, IIOCKOJIBKY (hOpMalibHO
«BBICOTa» TYpOYJIM3HUPYIOIIETO 3JEMEHTa, T.€. KaHaBKH, MEHBIIE BBICOTHI MPOMEXYTOYHOTO MOAcTos. B
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JanbHEeHIIeM pacuéT WHTEHCU(PHUIMPOBAHHOTO TEIIOOOMEHA MEKAY OTICIbHBIMU KaHABKaMHU B MPOIOJILHO
00TEKaeMOM ITy4YKe C MONEPEYHBIMU KOJIBIICBBIMH KaHABKaMH IIPOBOJUTCS TaK JKe, Kak ¥ B padote [4] mus
TPEXCIOWHOM CXeMbI TypOYJICHTHOTO TIOTPAaHUIHOTO CIOS.

OcTaHOBHMCS TOJILKO Ha CIEUU(HUUECKUX acleKTaX MOJCTUpOBaHus. PaccMaTpuBaloTcs mydku TpyO c
LIaXMaTHBIM PACIOJIOKEHHEM. AHAIOTHYHO CIIy4al0 MOJIEIHPOBAHUS MOTOKA IPHU MPOJOIBHOM OOTEKaHUU
MMy4KOB TPyO ¢ TypOynmHM3aTOpaMu «IIECTUYTOIBHOM» CEMHCIOWHOM CXeMOl TypOYJIEHTHOTO ITOTPAaHHIHOTO
ciost [4, 6, 7] mpoBenéM MOCIONHOE AeJeHNe TIOTOKA MIPH MPOJOIBHOM 00TEKaHHH TPYO C KOJBLEBBIMH I10-
MEPEYHO PACIOIOKEHHBIMU KOJBLEBBIMH KaHABKaMH Ui MOAEIBHOTO «IIECTUYTONBHOTO» KaHala, 3aMe-
HEHHOTO 3KBHBAJICHTHBIM KOJIBLIEBBIM KAaHAJIOM C ITOJBIDKHBIMU BHELIHMMH I'PaHMLIIAMH M KaHaBKaMM Ha
BHYTpEHHeH TpyOe CIenyIoIMH COOTHOIIEHUAMH I TYpOYJIEHTHOH M MOJIEKYISAPHOH BSI3KOCTEH U Mpo-
¢ueit CkopocTH COOTBETCTBEHHO.

1. BsI3Kuii MO/ICTI0M, pacTONOKEHHBIH B OKPECTHOCTH (R1 =Jr / (\/5 HE) )( s/ D)*l):

Re[R; R +(5/Re) [32/E |:

e /i =(B,/25)Re* (R~ R, )’ (&/32): @
w, /wy =(&/16)Re(R—R,). @)

2. IIpoMeXyTOUHBIN NOJCION, PACIOIOKEHHBIN B OKPECTHOCTH:

Re|R +(5/Re)|32/E; R +(30/Re)\[32/E |:
e /n=(Re/5)(R—R)E/32 -1 ©)
w, /W =5\JE/8 (1+In((Re/5)(R—R,)\E/32)). 4)

3. TypOynenTHOE AP0, PACHONOKEHHOE B OKPECTHOCTH R € [Rl +(30/Re)/32/¢&; 1} :

By /m=oRe; (5)
w, /w; =(1,325 §+1)-(R—R1)ﬁ. (6)

Hnst pacyéra WHTEHCHU(PHUIMPOBAHHOTO TEINIOOOMEHa MEXITy OT/ACIbHBIMH KaHABKAMH IO BBINIETIPHBE-
JEHHON «ILIECTUYTOJIBHOW» TPEXCIOMHON MOJIEIH [TOTOKA FUAPABINYECKOE COIIPOTUBIIEHUE TPEHUIO IIPUHHU-
MaeTcs TM00 M3 UMEIOLIMXCS SKCIIEPUMEHTAIBHBIX TaHHBIX, JINOO M0 CYIIECTBYIOIIMM 3MIIMPUYECKUM COOT-
HOLIeHUsIM. B kauecTBe mepBoro mpuOJIMKEHUs, a TAK)KE B Cllydae OTCYTCTBHS OCTaTOYHOHW MH(OpManuy,
MOTYT OBITH B3SITHl 3HAYCHUSI THAPABINIESCKOTO COMPOTHBICHHS M TEIIOOOMEHa JJisi MPOCTPAHCTBA MEXKITY
OTAETBHBIMH KOJIBLIEBBIMH KaHABKAaMH B MPOJOJIEHO OOTEKAaEMBIX ITydKaxX TPyO C KOJIbLEBBIMH KaHaBKaMH,
XapakTepHbIe COOTBETCTBYIOIIEMY KaHalIy Oe3 BBICTYNOB M KaHABOK. lIpexxae Bcero HeoOXoauMo AeTepMHU-
HUPOBATH Ompeenstomuii pasmep d.,., [1-3]:

d, = D-(Cw .(S/D)’ —1). @)

Kak yxe oTMe4anoch, il pacuéTa MHTEHCU(HUIIMPOBAHHOTO TEIIOOOMEHA MEX]y OTIICIIbHBIMU KaHAaB-
KaMH T0 JIAHHOM «IIIeCTUYTONbHOW» TPEXCIONHOM MOJIETH OTOKA THIPABIHYECKOE COMPOTHUBICHUE MOXET
OBITh MPUHATO, UCXOJA M3 IMIUPUYCCKUX (HOPMYJI, OJHUMHU M3 CaMbIX HAJEXKHBIX MOTYT OBITh MPUHSITHI
crenyromue [ 1-3]:

Sy 7,55dl(|gRe—3,5)—o,o35sin 1—22,44dL 7 1,40—0,488di :

T 990 900 900

v §/D=116+15 Re=31.10°+2-10°, h/d_,=0+01 t/d_=0,25+2 (8)
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LN 1,40—0,488dL 3,21dl(lgRe—2,27)+0,09.(lgRe—4,3)sin 1—22,44L e,
V §/D=116+15 Re=2-10°+10°, h/d, =0+01 t/d, =0,25+2. 9)

JIiist THajKux MPOAOIBHO 00TEKaeMBIX MyYKOB TPYO B opmynax (8)—(9) ruapaBindeckoe COMPOTHBIIC-
HHE PAaCCYMTHIBACTCSI 110 cieayromei popmyae [1-3]:

&, =(0,316-(S/D)~0,176)-Re 2. (10)

MogenupoBaHue HHTCHCU(PHUIMPOBAHHOTO TEIIOOOMEHa B KaHAaBKE MPOJONBHO OOTEKaeMOro Iy4ka
TpyO C MONEepeyHBIMU KOJIBIIEBEIMHA KaHaBKaMH TIPOBOJUTCS Ha OCHOBE METO/[a, YCIEIIHO PEaTn30BaHHOTO B
[4, 6, 7] 1 KOMOMHUPOBAaHHBIX TypOYJIH3aTOPOB THIIA «BHICTYI-KaHABKAa» WM COOCTBEHHO KaHABOK, IPH-
MEHSIEMBIX B KOJIBLIEBBIX KaHanax. JlaHHbIH moaxoa ObLT MOAPOOHO U3NOXKEH B [4, 6, 7] mis pacyéra HHTCH-
CU(QHULMUPOBAHHOTO TEMJIOOOMEHA B KPYTIBIX TPyOax, KOJbLEBHIX KaHANAX U MPOJOIbHO 00TEKAaeMbIX ITydKax
TpyO C MOTNepeyHbIMHI KOJIbIIEBEIMUA KaHABKAMH, TIO3TOMY B paMKaxX JaHHON CTaThH OCTAHOBHMCS TOJBKO Ha
cnenu(rUecKruX acleKkTax Mojenn. B mampHeiimem morydaeMble COOTHOIIEHHS IPUBOAATCS K BUAY IS OT-
HOCHTEJIBHBIX BEIMYWH, MCIONB3yEeMbIX B OKCIEPHUMEHTANBHBIX pa00TaX M AMIUPUIECKUX COOTHOIICHUSX
JUIsL TETJIOOOMEHA M THAPABIMUYECKOTO COMPOTUBIICHUS sl IPOAOJIEHO O0TEKaeMbIX MyYKOB TPYO C morie-
PEYHBIMH KOJBIIEBBIMU KaHaBKaMu [ 1-2].

OcpenuéHnas TeriooTaaqa st TYpOyJIEHTHOTO MMOTPAHMYHOTO CIIOSI B KaHaBKe JIJISl TPOAOJIBHO 00TeKa-
e€MBIX TPYO C KOJNBIEBEIMH KaHAaBKaMH PAacCMaTPHUBACTCS KaK IS SKBHBAICHTHOTO «IIECTHYTOIEHOMY)
KOJIBIICBOI'O KaHaJia € IOMNCPCYHbIMHA KOJIBIIEBBIMU KaHaBKaMU Ha BHYTpeHHefI pr6e Ha OCHOBC MHTCIpaJib-
HBIX COOTHOILIEHUI AJIs1 TypOYJIEHTHBIX MOTPAHUYHBIX CIOEB LTS XapaKTepHOTo pa3mepa P, cornacHo [4]:

St=0,036-Re;>?*Pro™, (11)

Ocpenuénnoe uncio Hyccenbra B TypOyIEHTHOM MOTPAaHWYHOM CJIO€ B KaHABKE HA OCHOBE MHTETPANIb-
HBIX COOTHOIICHUH JJIs1 TYpPOYJIEHTHBIX TOTPAHUYIHBIX CIOEB [4]

Nu, =0,01867-Re"* Pr* (p/d,, )*°. (12)

OrHomieHne MNEPUMCTpPA K SKBUBAJICHTHOMY JAUAMCTPY JIA KaHABOK IMOJYKPYTJIOTO IIOIICPEYHOI'0 CCUC-
HUs, HPUMCHSCMBIX B IIPOJOJIBHO 00TeKaeMBIX Imy4yKax Tp}I6 C NMONECPCYHBIMHA KOJIBIICBBIMU KaHA BKAMU:

P/d, =n(h/d,,). (13)

OCpGI{HéHHOe YHUCII0 HyCCGJ’IBTa AJI IpOAO0JIBHO 00TeKaeMoro Imy4Ka pr6 C MONICPCUYHBIMHU KOJIBIICBBIMHA
KaHaBKaMH

Nu = Nue (1-t,/t)+Nu(t/d,) " (14)

B ciydae mpuMeHEHUs MOMEPEUHBIX KaHABOK IOIYKPYTJIOrO MOIEPEYHOTO CEYCHUS B MPOJIOJIBHO 00TEKaeMBIX
My4YKaxX TpyO OHO MPHUMET CIIEIYFOIIHI BUI;

Nu = Nu. (1-2(vd,, )(yd..) )+ (15)
+Nu. (t/d,, )"

[Ipenmy1ecTBO BBIIEU3I0KEHHOTO KOMIIAyHJHOTO METO/Ia pacyéTa HHTEHCU(PHULMPOBAHHOTO TEILI000-
MeHa B MPOJOJIbHO 00TEKaeMBIX IMydYKax TPyO C MONEpevHBIMU KOJIBLEBBHIMU KaHABKaMHU OT METO/a, pa3pa-
00TaHHOTO B [4], 3aKJIFOYAETCS B TOM, YTO JICTEPMHUHUPOBAHHE WHTCHCU(PUIIMPOBAHHOTO TEIUIOOOMEHA B Ka-
HaBKaxX ObUIO CJIEJIAHO C MEHBIIIMM YHCIIOM JIOMYIIECHHUH, a pacy€T TeriooOMeHa MeX, Ty OTJeIbHBIMI KaHaB-
KaMHU — TI0 «IIECTHYTOJIBHON» TPEXCIONHON MOoJen TypOyIEHTHOTO MOrPaHuYHOr0, UMEIomIeH OoJee MIu-
POKUIl TMana3oH UCTIOIb30BAHHS.
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ComnocraBjieHHe MaTeMaTHYeCKOr0 MOAeJTUPOBAHNS HHTeHCH(PHIMPOBAHHOIO TeNJI000MeHa
NpH TypOy1eHTHOM Te4eHHH B MIPOAOJIBLHO OMBIBAEMbIX MyYKax TPyO
¢ MonepeYHbIMHU KOJIbLEBbIMU KAHABKAMH IIPU IPUMEHEHHH KOMIIAYHIHOH «IIeCTHYI0JIbHOID)
TPEXcI0iHONH MO/IeJI TYPOY1IeHTHOI0 MOTPAHMYHOIO CJIOS C IKCIIEPUMEHTOM

Pacu€rHble naHHBIC 1O TEIUIOOOMEHY B MPOJOJIBHO O0TEKACMBIX MyYKax TPYO C MONEPESYHBIMU KOJIbIIC-
BBIMU KaHaBKaMU BePHUDUIMPYIOTCA SMIMPHYCCKAMH, HanOojee MOApoOHO mpeiacTaBiaeHHbiMEA B [1-3].
CpaBHUTETBHBIN aHAIN3 PACUETHBIX TAHHBIX 110 MHTEHCH(UITUPOBAHHOMY TETJIOOOMEHY B IPOIOJIBHO 00Te-
KaeMBIX Myykax TPyO C MONEPEYHBIMU KOJIBLIEBHIMH KaHABKaMH, MOJIyYEHHBIX ¢ MPUMECHEHUEM KOMITayH/I-
HOW «IIIECTUYTOJIBHONW» TPEXCIOWHOW MOETH TypOYISHTHOTO TTOTPAHUYHOTO CIIOS, C SKCIIEPUMEHTATbHBIMH
MTOKA3bIBAeT BIIOJIHE YJOBIETBOPUTEIHHYIO KOPPEIAIHMIO TEOPHUU C IKCIIEpUMEHTOM [1-3] B mmpoxom aua-
naszoHe yrcen PeliHob/ca, TEOMETPUUCCKUX MMapaMeTPOB Iydka TPyO (OTHOCHUTENBHOMY IIAary TpyO B myd-
K€), FTCOMETPUYCCKUX MMapaMeTpoB KaHaBOK (Oe3pa3MepHbIe TiTyOnHa U IIar KaHaBOK). B manpHeIeM cpas-
HEHHUe pacYETHHIX JAHHBIX CIEAYET MPOBECTH HE TONBKO C OTHEIHHBIMHU 3KCIIEPHMEHTAIbHBIMU JTaHHBIMH,
HO U C IMEIOIIUMUCS COOTBETCTBYIOIINMH IMITUPHIECKUMHU COOTHOIICHUSIMH.

HNuTeHCHPUIIMPOBAHHBIA TEIIJIOOOMEH MPOJIOIHHO 00TEKAEMBIX ITyYKOB TPYO C MOMEPEUYHBIMH KOJIbIlE-
BBIMHU KaHaBKaMH HAaHOOJIee MOJHO OMHMCHIBACTCS SMITMPUYECKIMHU COOTHOIICHUSIMH, TIPUBEAEHHBIMHE B [ 1-3]
st uucen [panarns Pr=0,72+11,2:

—35,8% t d
0,6-|1-e % 1—0,35d— lgRe—Ig (30[)—26,4)104
Nu_ g, ” , (16)

N, Ig (16,83—12,1)-104 —1Ig (303—26,4)104

v §/D=116+15 Re <Re<Re,, h/d_ =0+01 t/d_ =0,25+2
Nu/Nu,, =1+0,6-[1—exp(-35,8h/d,, ) |(1-0,35t/d,,), (17)
v §/D=116+15 Re,<Re<10°, h/d_ =0+01, t/d, =0,25+2,

Re, =(3,6-33,8-h/d,, )-10%;
rie
Re, =(4,7-18,85-h/d, )-10"

Jiist TIamKkuX MpoaosibHO 00TeKaeMbIX My4KoB TpyO B ¢opmynax (16)—(17) TemiooOMeH paccUUTHIBAIOT-
cst o caeyroreit hopmyie [1-3]:

Nu,, =(0,032(S/D)~0,0144)Re"® Pr**. "

CpaBHEHHE TECOPETUUCCKUX JAHHBIX MO0 MHTCHCU(DUIIMPOBAHHOMY TEIUIOOOMEHY € SMIUPUUECKUMH IS
MPOJOJIBHO OOTEKaeMbIX IMYYKOB TPYO C MONEPEYHBIMH KOJbIIEBBIMH KaHaBkamu npu S/D=1,2; t/d,,=1;
h/d,..=1,2; Pr=0,72 mnst pasiuaHbIX 3Ha49eHuit unciaa Peiironbaca Re=9-10%+5,1-10* mokassiBaeT ux BIOJHE
YIOBJICTBOPUTEIIbHYIO KOppesius. B ganpHelneM HeoOX0MMO MPOBECTH CPAaBHEHHE TEOPETHUECKUX Pac-
YETHBIX JAHHBIX C JAHHBIMH, TOJIYYEHHBIMHU 110 MITUPHUUESCKAM 3aBUCHMOCTSIM, JUIS PAa3IUYHBIX 3HAYCHUI
OTHOCHTEIBHOTO I1ara MeK,y KaHaBKaMH TIPH MPOYHNX PABHBIX YCIOBHSIX.

CpaBHEHHE TEOPETHYECKUX JAHHBIX MO TEIUIOOOMEHY C AMIUPHYCCKUMH JJIsl TIPOJOJIBLHO 00TEKAeMBbIX
My4KoB TpyO € KoJbIleBbIMHU KaHaBkamu npu S/D=1,2; h/d,.,.=1,2; Pr=0,72; Re=5-10" B 3aBrcuMoOcCTH OT OT-
HOCHTEIILHOTO 1mara Mexay kanaskamu t/d,.=0,25+2 moka3siBaeT XOPOIIYI0 KOPPENISIHUI0 TEOPETHUSCKOTO
pacuéTa u pacuéra 1mo SMIUPUIECKUM (popMysiaM BO BCEM OTHOCHTEIHLHO IIMPOKOM paccMaTpUBACMOM JTHA-
Ma30He OMpPECISIONUX TapaMeTPOB.

TeopeTudueckue MaHHBIC, XOPOIIO KOPPEIUPYS C IMIUPUICCKUMHU, UMCIOT OoJiee NMIUPOKHHA JHAara3oH
MPUMEHEHHUS TI0 OTHOIIEHHIO K 3MITUPHUIECKAM (OpMyJIaM, TTOCKOIBKY OCHOBAHbI Ha JOMYIIEHUIX, HMEIO-
IIUX OYEHb IUPOKYIO OOIIHOCTb.
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OCHOBHBIE BBEIBOJIbI

B pamkax ganHoli ctaThu Obula pazpaboTaHa KOMIAYHIHAs MaTeMaTh4eckas MOJAEIb WHTEHCHU(DUIIUpO-
BAaHHOTO TEIIOOOMEHa MPH TypOyJICHTHOM TEYECHHH B MPOJOIBHO OMBIBAEMBIX ITydKax TPyO ¢ IMONepedHbI-
MH KOJIBLIEBBIMHA KaHaBKaMH, OCHOBAaHHAsI Ha YETHIPEXCIOHHOM MOJICTMPOBAHUU TYpOYJICHTHOTO ITOTPaHIY-
HOTO CJIOS B MPOCTPAHCTBE MEXKIY OTACIbHBIMH KOJBbIIEBEIMUA KaHABKAMHU B HIECTHYTOJBLHOM KaHaje, 3aMe-
HEHHOM KBHBAJICHTHBIM KOJIBLIEBBIM KaHAJIOM, U UCIIOJIB30BAHUU UHTErPAIbHBIX COOTHOMICHUH 1711 TYpOy-
JICHTHBIX ITOTPAaHUYHBIX CJIOEB JUIS IIPOCTPAHCTBA B OTACIHHBIX KaHABKaX.

[Tomy4eHsl aHATUTHYECKAE COOTHOLICHUS! OTHOCHTEIBHO MHTCHCHU(PHUINPOBAHHOTO TEIJIOOOMEHA HpHU
TypOYJCHTHOM T€YCHHHU B MPOAOJIBHO 00TEKaeMbIX MTyyKax TPyO C MONEepeYHbIMH KOJIbIIEBHIMH KaHABKAMH
B 3aBUCHUMOCTH OT T€OMETPUUECKHUX XapaKTEPUCTUK MOMEPEYHBIX KONbLEBbIX KaHABOK (MX TIyOHHBI, B3a-
UMHOTO PaCIIOJIOKEHHMS ), TTAPAMETPOB TPOOIBHO 00TEKAaeMOT0 ITydKa TpyO ¢ MONEePEeYHBIMU KOJIBIIEBEIMU
KaHaBKaMH (OTHOCHTENbHOrO Imara Tpyo B myuke S/D), pekuma TedeHHs TeruioHocuTens (uucen Peii-
Honbzca u [lpanaris).

[lonmy4yeHHbIe 3aBUCIMOCTH MPEUMYILIECTBEHHO Pa3IM4aloTCsl OT MOJTYUYCHHBIX paHee pelieHui [4] 6oiee
HIMPOKOI OOLTHOCTBIO W BEepUPHUIHMPYEMOCTBIO, @ TAKXKE TEM, YTO TNPH HX BBIBOJAE OBLJIO MPUHATO TOPa3o
MEHBIIIee YHUCIIO AOMYIICHUI.

Pe3ynbraTel pacyéra B 3aBUCHMOCTH OT MIMPOKOTO JWAla30HA ONPENCIIIONIMX MapaMeTpoB, KakK reo-
METPHUH MPOJOIBHO 00TEKAaeMOT0 My4Ka TPyO C MOMEPEeYHBIMU KOJNBLIEBBIMU KaHABKAMH, TaK U PEKUMa Te-
YEeHUS TEIUIOHOCHUTEIIS, XOPOILIO KOPPETUPYIOT C CYIIECTBYIOIINMH SKCIIEPUMEHTAIbHBIMH JaHHBIMH, OJHA-
KO, OHM TaK)Ke IPIMEHUMBI 1 B 00Jiee IUPOKOM JHana30He ONPeIelIONINX TapaMeTpoB, MOCKOIBKY OCHO-
BBIBAIOTCS HA JIOMYIIEHHUSX, KOTOPBIE UMEIOT OUCHb IHPOKYIO OOIIHOCTb.

WnTencudukanus TermiooOMeHa 00yCIOBIMBAET yaydlIeHHe MaccorabapuTHBIX MoKa3arenel Termioo0-
MCHHBIX armnapaToB COBPEMCHHOI'0O MCTAJUIYPrU4C€CKOro npomn3BOACTBA, MOBBIINICHHUE HUX TEIIOBOM 3(1)(1)61(-
THUBHOCTH, CHIDKCHHUE THIPABINYECKHUX ITOTEPh HA MPOKAYKy TEIDIOHOCHTENS, a TAKKe TIOHKEHHE TeMIepa-
TYpPBI CTEHOK TETIIOOOMEHHHKA.

Obo3nauenusn: S — mar Mexny nwimHapamu, D — muamerp umunapa; S/D — OTHOCHTENbHBIN 1Iar K-
TUHAPOB; O, — SKBUBAJICHTHBINA AMAMETpP MPU OECKOHEYHOM YKCiIe MUIHHAPOB B myuke; C, — KOHCTaHTa
(s kopunopHoro mydka tpyo C,=1,273, mns maxmarHoro — C,=1,102); h — rnmyouna kanaBku; d — qua-
MeTp KoJblleBoi kaHaBku; 0/D — 6e3pa3mepHas riyOuHa KaHaBku; R — TekyIas paanaibHas KOOpIUHATa; Ry
— paguyc mmnuaapa; Re, Pr, Nu, St — xpurepun Peiitnonsaca, [Ipanarns, Hyccensra, CrenToHa; £ — KO3 -
(dunHeT rUIPOCONPOTUBIICHUS; t — mar Mexay KaHaBKaMH; ti — 1Iar kKaHaBKU; P — MepuMeTp MomnepeyHoro
CeueHHs KaHaBKH; [3; — KOHCTaHTa B «CTEIICHHOM 3aKOHE»; G — KOHCTAaHTa, XapaKTepH3YIOIlas Ha4aIbHYIO
TypOYJIEHTHOCTB; Wy — IIPOJOJIBbHAS CKOPOCTH (YepTa CBEPXY — CPEIHEPACXOHAs); [L U Lt —MOJIEKYJIsIpHas 1
TypOyJIeHTHas TMHAMUYECKast BI3KOCTb.
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MATHEMATICAL MODELING OF THE INTENSIFIED HEAT TRANSFER
AT A TURBULENT FLOW IN LONGITUDINAL-FLOW TUBE BUNDLES
WITH LATERAL RING GROOVES WITH THE AID OF A COMPOUND
THREE-LAYER MODEL OF THE TURBULENT BOUNDARY LAYER

Lobanov Igor Evgenievich — D.Sc. (Eng.), Senior Research Fellow, PNIL-204, Moscow Aviation Institute, Mos-
cow, Russia. E-mail: lloobbaannooff@live.ru.

Abstract. The objective of the research is to develop a theoretical model of calculating heat transfer at a turbulent flow
in the channels of longitudinal-flow tube bundles with lateral ring grooves. The hypothesis used in this article is based on a
four-layer simulation of a turbulent boundary layer in the space between separate ring grooves in a hexagonal channel re-
placed with an equivalent ring channel, and the use of integral relations of turbulent boundary layers for the space in separate
grooves. The method is to obtain analytical relations regarding the intensified heat transfer at a turbulent flow in longitudi-
nal-flow tube bundles with lateral ring grooves, depending on geometric characteristics of lateral ring grooves, specifications
of longitudinal-flow tube bundles with lateral ring grooves, and the flow pattern of the coolant. These dependencies mainly
differ from earlier obtained solutions in a wider commonality and verifiability, with fewer assumptions made. The calcula-
tion results obtained correlate well with the available experimental data depending on a wide range of key parameters such
as configuration of a longitudinal-flow tube bundle with lateral ring grooves and the coolant flow pattern. However, they are
also applicable in a much broader range of key parameters since they are based on assumptions of a very broad commonali-
ty. Application of the results of the study made it possible to improve mass and dimension parameters of heat exchangers of
the modern metallurgical industry, improve their thermal efficiency, reduce hydraulic coolant pumping losses, and lower the
heat exchanger side-wall temperature.

Keywords: Hadfield modeling, mathematical, heat exchange, intensification, turbulent, flow, pipe, bundle, boundary
layer, compound, ring grooves.
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TEMI03HEPIETUKA METANITYPIMYECKON OTPACITU

YK 681.5 : 536 DOI:10.18503/1995-2732-2016-14-1-116-123

YUYEBHO-KOHCYJIBTAIIMOHHASA KOMIIBIOTEPHASA ITPOI'PAMMA
JJIA U3YYEHUA TEIIVIOOBMEHHBIX ITPOIECCOB

[oprsankun A.A., TunpkoBa C.M., ITuckaxosa T.B.
Cubupckuii GpenepanpHblii yausepcutet, Kpacnospek, Poccust

Annomayus. CriennaibHbIe KOMITBIOTEPHBIC POrPaMMBI MTOBBIIIAIOT KAYeCTBO OOYUYEHHs 3a CUET IPOBEACHUS 0O0JIb-
IIET0 KOJIMYECTBA ONEePaLMii 3a KOPOTKHI MPOMEKYTOK BPEMEHH, CTPYKTYPHPOBaHMs y4eOHOH MH(pOpMAaLMK Ha pa3HBIX
YPOBHSIX, CHCTEMaTH3al|H TIpoLiecca MPeACTaBICHUs HHPOPMAIMU U OPraHU3aI[Mi HHTEPAKTHBHOTO OOIICHUS.

Llenbro paGoThI sBISETCS CO3TAaHUE YUeOHO-KOHCYIBTAIMOHHOTO KOMIUIEKCa ISl IPENOaBaHmsl Kypca TEeIIOTeXHUKH
IIPU TIOATOTOBKE CIIENNAINCTOB TOPHO-METAJUTYPIHUeCKON OTPACIIH M PELIEHHS THIIOBBIX MH)KEHEPHBIX 3a,1a4.

I[Tporpamma nmeeT cienyronye GyHKINOHATBHBIE BO3MOXKHOCTH:

— BBITIOJIHEHNE CTATHYECKHUX PACUETOB: TEIUIOBOTO MOTOKA M PACIIPEACIICHHUS TEMIIEPaTyp 10 TOJIIMHE IUIOCKOH CTEeH-
KH, pacyeT TOJIINHBI CJIOS CTEHKH (IIPY 3aJaHUH PA3IHYHBIX TPAaHMYHBIX YCIIOBHI);

— BBITIOJIHCHHE JMHAMUYECKHX PacueToB: epepacipeeliCHus TeMIIepaTyp, IUIaBICHHEe U KPUCTAUTU3AIMS TapHUCaKa
KaK OJIHOTO M3 CJI0E€B CTEHKH, [IPH [10Ja4e Pa3JInYHbIX BO3JCUCTBUM;

— UCIIOJIb30BaHKE BCTPOCHHBIX 0a3 TaHHBIX, HCOOXOAMUMBIX IS MPOBEICHHUS PACUSTOB U IIPOBEPKH X MPABUIBHOCTH;

— BU3yaJIM3alysl Pe3yJIbTaTOB B BUJIE TPAUKOB M TaOJIHII.

KomrmproTepHast mporpaMma IHo3BOJISAET ¢ TIOMOIIBIO [BETOBBIX aHUMALMOHHBIX HILTIOCTPALHIl B rpadMIeckoro u3o0-
paXkeHHs1 HaIJIAHO IPECTABUTH TIOJMYUSHHBIE PE3yJIbTaThl, IPeyCMaTpUBaeT BO3MOXXHOCTh HHTEPAKTUBHOTO B3aUMO/ICH-
CTBHSL MEXKY IOJIB30BATENIEM M SJIEMEHTAMH TIPOrPaMMBl, IIPH 3TOM 00SCHeYMBACT MTHOBEHHBIH KOHTPOJIb 32 YCBOCHHEM
Marepuaina. JlaHHas nporpamma Mo>KeT OBbITh HCIIOIb30BaHa TAKXKE M VIS JUCTAHIIMOHHOTO O0y4eHHSL.

[IporpamMmHOe oObecreueHre OBLIO PEaNM30BaHO B Cpeie OOBEKTHO-OPHEHTUPOBAHHOTO MporpammupoBanus C++
Builder. TIpu co3manuu mporpamMmbl ObUTH HCIOJIB30BAHBI: TEOPHUS TEIUIONEPENavr, YHCICHHBIC METOIBI IS PEIICHHS
OOBIKHOBEHHBIX (D (hepeHINaTbHBIX yPABHEHHUIL.

I[pencraeneHHas mporpamMma onpoOoBaHa B mporecce 00ydeHus GakaJaBpOB U MarnCTPaHTOB HHCTHTYTA [IBETHBIX Me-
TaJUIOB U MatepuaioBeaeHuss COY mo HampaBieHUsM «MeTamutypris», «ABTOMATH3AIMs TEXHOJIOTHYECKUX MPOLECCOB U
MPOM3BOJCTBY, «YTIPABICHHE B TEXHUUECKHX CUCTEMAX).

Kniouesvie cnosa: MHOTOCIIOIHAs CTEHKA, TAPHUCAXK, TEIJIOBOH ITOTOK, TEIUIONPOBOAHOCTD, TPAHUYHBIE YCIOBUSL.

BBeaenne

Buenpenne WHQOPMAIMOHHBIX TEXHOJOTUH
(IT) B mporecc o0yueHHs] MHKEHEPHBIM TIPEIMeE-
TaM B HACTOsIIEe BpeMs SBISETCS HENOCTAaTOY-
HBIM UMEHHO B 00JIaCTH OBIaJIeHUS CIIeIHAIbHBI-
MU TpOopeCcCUOHANBHBIMA KoMmIeTeHIsIMU. CTy-
JEHTBl MOJB3YIOTCSI B OCHOBHOM CTaHAAPTHBIM
O0(pUCHBIM MPOTPaMMHBIM 00ecTIeYeHUEM, TIpeTHA-
3HAYEHHBIM IS pelIeHusl 00IMX 3a/4ad U MOAro-
TOBKM JTOKyMeHTOB. Kak crnencTtBue, 1mo okoH4a-
HHUM By3a CHELHMAINCTHI YaCTO HE HUMEIOT OIBITA
paboThl C pAa3MYHBIMH CIIEIHATU3UPOBAHHBIMU
MporpaMMaMH ¥ HE yMEIOT MPOrHO3UPOBATh BIIH-
SIHUE Pa3JIMYHBbIX MEPEMEHHBIX IMpolecca Ha Hc-
ciexyeMblii 00bekT. PaboronaTento HeoOX0aUMO
JIOYy4YMBaTh HOBBIX PaOOTHUKOB, 4TO TpeOyeT Jo-
MOJIHUTEJILHBIX BIIOKEHUH U BpeMeHu. Mcxonas u3
3TOro, HEOOXOIMMO MOBBHIILIATE YPOBEHb 3HAHUH
OyIyImuX CHeIHaluCTOB BO BpeMsl UX 0OydeHHs.

© Ioprsukun A.A., TuaskoBa C.M., Ilnckaxosa T.B., 2016

DTy 3a1adyy MOXHO PEIINTh IMyTeM CO3JIaHUs CIIe-
[UATM3UPOBAHHOTO MPOrPaMMHOTO oOecredeHus
W ero BHEJIPECHHsI B IPOIECC MOATOTOBKH Oymy-
IUX CHEIUATUCTOB TOPHO-METAITyPrudecKoro
KOMILIIEKCa.

Hamu Bexmercst pa3paboTka TpOrpaMMHOTO
obecrnieueHus, HAMTPABIEHHOTO HAa M3yYEHHE U pe-
IIeHWEe TeIUIOTeXHUYecKnX 3amad. IIporpamma
coBMeIIaeT B cebe He TOJIBKO BO3MOXKHOCTH MpPO-
BEIEHMS] KOHCYJIbTAIIMOHHBIX pacyeToB, HO U 00-
JajaeT BHICOKOW HATISTHOCTBIO TPEICTaBICHUS
Marepuasna, 4YTO B CBOIO O4YEpeab IMpeiIoJiaraet
WHUIMAIMIO BCEro Impoiiecca 00ydeHus, Crocoo0-
CTBYET TOBBIIICHUIO aKTUBHOCTH O0ydYaeMbIX de-
pe3 ¢dopMHUpOBaHNE MOTHBAIIMOHHOW CTPYKTYPHI
y4eOHO-TT03HaBaTEIbHOMN AESTEIbHOCTH.

B Hacrosmiee BpeMs CyImecTByeT MHOTO JJI€K-
TPOHHBIX OOYYalOIIMX CHUCTEM H PECYpcoB, HO
HEMHOTHE M3 HUX COJep)KaT BCTPOEHHBIE IpOIie-
IypBI, CIIOCOOHBIE OCYIIECTBIATh WHXEHEPHBIC
pacueTsl. IMeroTCs, KOHEUHO, IIUPOKO U3BECTHBIE

Becmuuk MITY um. I. N. Hocoea. 2016. T. 14. Ne1

116



y‘le6HO-KOHcyﬂbmauUOHHaﬂ KOMNbOmMepHas hpo2pamMma ...

MopmsHkun A.A., TuHbkoea C.M., Muckaxoea T.B.

nporpammbl 3D-moxenuposanus SolidWorks [1],
AnNsys [2], B KOTOPbIX MO>KHO BBIIIOJTHHUTH OOJIb-
LIYI0 YacTh MHTEPECYIOUIMX HAC TEIUIOTEXHHUYE-
CKHUX pacyeToB, HO JUIsl OBIAACHHUS STUMHU TPO-
rpaMMaMH HYXXHO AOJTO YYHUTHCS, U pacdyeThl B
HUX [UINTEIbHBIC, YTO HE BCETAa JAaeT BO3MOX-
HOCTH OBICTPO OLEHUTH PE3YJbTaThl BBOJUMOIO B
00bekT u3MeHeHHs. CyIIeCTBYeT eIlie ompeje-
JIEHHBIA KJIACcC Y4YeOHO-KOHCYJbTAllMOHHBIX IPO-
IrpaMM, KOTOpPbI€ UMHUTHPYIOT IIPOU3BOACTBEHHBIE
MPOLECCHl U O0BEKTHI YKe HEMOCPEACTBEHHO IS
HYK]Jl TIPOM3BOJCTBA — TOBBIIICHHS KBadU(pHUKa-
WU, MEpPEenoArOTOBKH, TPEHUPOBKH CIELHMATIH-
CTOB, @ TaK)Xe€ ISl BBIIOJHEHUS MPOU3BOJCTBEH-
HBIX pacyeToB [3, 4].

[lenbro Halel NporpaMmbl ABJISIETCS:

— TOBBILICHUE YPOBHS MOATOTOBKU MOJIOIBIX
CHELHAIUCTOB;

— COKpalleHHe BPEeMEHHBIX 3aTpaT mpH oOyde-
HUU Ha TMOBTOPSIOIIMECS BbIYMCIUTENIbHbBIE OIle-
panuu;

— BU3YaJIM3aIHsl TOJTYYCHHBIX PE3YJIbTATOB;

— CO3J1aHHE Y 00YYarOLINXCs YETKOTO MIPECTaB-
JIeHUs 0 paboTe UccleayeMoro 00beKTa 1 MOHNMA-
HUS BBITIOJHSAEMBIX PACUYETOB.

Onucanue NporpaMMHOro odecneyeHust

[Ipy1 n3ydYeHHH TEMIOTEXHUYECKUX IUCUUTLTHH
CTYJCHTBI CTAJIKUBAIOTCS C 3aJjadyaMy IO OIpejerne-
HUIO IEPEMEHHBIX TEIUIONEPEIauyu B MHOTOCIOIHON
crenke. s Toro 4roObl JIydlie MPEACTaBIATH W
MOHMMAaTh TEIUIOBBIE MPOLECCH], ObLIA CO3JaHa 3Ta
CIIeIMaIN3upOBaHHas mporpammMa. braronaps Busy-
aNmM3aluy pe3yIbTaToB NOHMMAaHUE U YCBOCHHE MH-
(hopMannu MPOUCXOTUT KaYeCTBEHHEE.

[TporpamMmmHoOe obecnieueHne oOyiagaeT HarIs-
HOCTBIO TpeJCTaBIICHUs MaTepuana (IBET, aHWMa-
[MOHHBIE WJUTIOCTpAIMK), NpPeayCMaTpUBaeT BO3-
MOXXHOCTh ~ MHTEPAaKTHBHOTO  B3aMMOJCHCTBUS
(amexkTpoHHBIE  JabOpaTOpHBIE,  OOecreYnBaeT
MTHOBEHHBIH KOHTPOJIb 32 YCBOCHUEM MaTepHaa).
[Iporpamma MoxeT OBITH UCTOJb30BaHA IJISL JIH-
CTaHIIHOHHOTO O0yUYEeHHS.

Beck maTepuan, HEOOXOAUMBIN I U3YYEHUS
JTUCIUIUIMHBI, CHUCTEMAaTU3UPOBaH U coOpaH B
eINHOE 11eJI0€, YTO MO3BOJUT YIYUIINTh KAYeCTBO
MPOBENCHUS 3aHATHH, 00JETYUT TPy MpenoaaBa-
TeNs, a TAaKKe IO3BOJINT CTYJEHTAM CaMOCTOSI-
TEIBHO 3aHUMATHCS HM3yYEHHUEM JHCUIHUIUIMHBI B
HeayJIUTOPHOH 00CTaHOBKE.

[locne n3yyeHus mMatepuana Ha JEKUHAX yda-
niyecsl MPUCTYMAT K BBIMOJHEHUIO CIEIYIONINX

1ab0paTOpHBIX paboT ¢ HCIOIb30BAHUEM OIUCHI-
Baemoro I10:
® pacyeThl TEMJIOBOI0 MOTOKA U PacIpeneiIeHus
TEMIEpaTyp MO TOJNIIMHE IUIOCKOH MHOro-
CJIOMHON CTEHKM TIpU 3aJaHUU TPAHUYHBIX
ycnoBuit 1-ro u 3-ro poxa;
® pacyeT TOJIIMHBI TPETHETO CIIOSI CTEHKU TpHU
3aJaHUM TPaHUYHBIX YCJIOBHA 1-ro pojma —
BBIOOP TEIUION3OJISITNY;

® pacyeT TOJIIMHBI TapHHUCAa)Xa HAa BHYTPEHHEH
CTeHKE NPH 3alaHUM TPAaHUYHBIX YCIOBHU 3-
ro poja;
® IMHAMUYECKUI pacueT W3MEHEHUs pacmpere-
JICHHsSI TEMIIEPATyp CIIOEB CTEHKH TIPH 3aJaHIH
TPaHUYHBIX YCIOBHUM 3-T0 poja;

® IMHAMUYECKUI pacueT TOJIIMHBI TapHUCAXKA
Ha MHOTOCJIOMHON CTEHKE MpHU 3aJaHuu rpa-
HUYHBIX YCIOBUH 3-TO poja.

[Iporpamma cOCTOUT U3 TPEX OCHOBHBIX YaCTEil:

1. baza maHHBIX MO OTHEYHNOPHBIM H TEIUIOU30-
JIAIMOHHBIM MaTepuaiaM.

2. MaremaTnueckoe oOecIieueHHe, BKIIOYArO-
ee ypaBHEHUS U allTOPUTMBI IS pacyeToB CTalld-
OHApPHBIX IMOTOKOB W TEMIIEpATyp U UX AUHAMHUYC-
CKMX U3MEHEHUH NPU BO3JICHCTBHUSX.

3. Hutepdeiic momp3oBaTens, MO3BOSIONINI
BBOJUTH YCJIOBUA U BUACTH PE3YJIbTAThl PACUCTOB.

Ba3bpl 1aHHBIX

HAnst 3amanus TemnoQU3UUYECKUX XapakTepH-
CTHUK cO3/aHa pacuupsieMas 0a3a JaHHBIX, KOTO-
pasi mO3BOJISIET OCYILECTBISATh MOAOOp MaTepuana
JUISL KOHCTPYKIMHU TNPU 3aJaHUHM Pa3IUYHbIX HC-
XOJHBIX JaHHBIX. ®PparMeHT 0a3bl MpelCTaBICH
Ha puc. 1, rae oTpaxkeHsl TemI0)U3UYSCKUE Xa-
PaKTEPUCTHKN OTHEYMOPHBIX M TEIUIOM30JISHOH-
HBIX MaTepHaJioB, TakWe Kak KO3(p(ULHUEHT Terl-
JIOTIPOBOJTHOCTH A, yJlieJbHas TEIJIOEMKOCTh ¢ U
IUIOTHOCTH MaTepuaios R.

Koadumment termnonpoBoIHOCTH OnpenesseT-
sl IO ypaBHEHUIO

A=A+B-T,

rne A u B — KOHCTaHTBI AJ1s JAaHHOTO MaTepuana; | —
Temrneparypa Marepuana, °C.

YnenbHas TEMIOEMKOCTh PACCUHUTHIBAETCS ClIe-
JIyIOTITM 00pa3oMm:

c=C +C, T,

rae C; u C; — ko3 GUIUMEHTBI [UIS ONpeACICHHUS
TEIUIOEMKOCTH; T — Temnepatypa cios, °C.
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MATERIAL A B |c1 |2 & | &
M Ounac obraani 0,815 0,00067 870 0,193 1950
] HJunac BHCOKOTIAOTHE A 1,58 0.,00038 370 0,193 2050
_MHOI‘OH.IB.MOTHBIE H3JeIHA 1,04 0,00015 365 0,21 2550
| 1amor 07 0,00046 365 0,21 1500
_]_T_[aMOT Knacca A 0,88 0.,00023 B65 0,21 1850
_KaOJ'IHH IIMOTHEIR 1,75 0.,00086 B65 0,21 2450
_Honm{ncnme H3OEnHA 0,71 0,0007 368 0,18 2425
[ ——— TOPOLIGK (3ACEIIKA) 0,06 0,000116 920 0 500
' |[rro-45 0,84 0,00058 835 0,25 2200
[rro-62 1,76 -0,00023 835 0,25 2400
|ero-72 1,76 -0,00023 835 0,25 2500
_Mymm'r H KOPYHI Ha [MHHAHOH CEAKE 2.1 00018 795 021 2800
_MynJIHT nHTOH 2.8 -0,023 B35 0,21 3000
_KopyH;; nuToi 58 -0,029 B850 0,21 3800
[ 1Y —— 6,28 0,0027 1050 0,145 2700
] CHOToIoIoMHET 1,86 -0,00078 1000 0 2775
] TocTepHT HacagoIHEH 423 -0,0016 900 0,21 2425
] TocrepuT obRUHEIA 1,63 -0,0007 900 0,21 2425
| |nmsen: 5,1 -0,0035 880 0 2875
| Tanes 1,05 0,00031 677 0 2000
_HEpHKIIaSOLHHHHEIIH,I[HhIE 4.17 -0,0011 920 0 3125
_Xpomomarﬂesn"r 2.8 -0,00087 920 0 2775
_MaI‘HESHTOXpOMHT 4.1 -0,0016 920 ] 2850
_HHpKOHHﬁ 1.3 0,00046 540 0,12 3300
_HHpKOH 2,1 -0,00093 530 0,125 3250
_Kap60pyn,u pedpakc 371 -0,0344 60 0,145 2100

Puc. 1. ®parmeHT 6a3bl AaHHbIX

Takum o6pa3om, wucHonb3oBaHHE 0a3bl JaeT
BO3MOXHOCTb CTYJICHTY MepeOpaTh pa3Hbie MaTepH-
aJIbl, HaITpUMep IS PyTepOBKHU METaJTypruuecKon
Me4Yr U BBIOpaTh HaMOOJIee MOIXOMASIIUN 110 HE0O-
XOJIUMBIM TIapaMeTpam.

MartemaTu4eckoe odecrevdeHmne

OnHoit n3 3a/1a4 SIBISETCS ONpPEeTIeHUe TeIIo-
BBIX IOTOKOB 4Yepe3 CTeHKy. Ecim paccmarpuBath
METAIUTYPrU4ecKre Iedd, TO BeJIMYHHA ITUX IOTO-
KOB BIIMSIET Ha JHEPro3arpaThl. PacdeTr TemmoBBIX
MOTEeph OCHOBAH HAa YPaBHEHUH Terionepenad [5]

g=k-AT,
rae AT — pasuura Temmepatyp; K =J/ZR — KO-
i1

n
3¢ GULKEHT Temonepeayn, Z R — cymma Temo-
i=1
BBIX COIPOTHBIICHUI CHCTEMBI.
Hnst ompeneneHus pacupeAesieHUus] TeMIepaTyp
B MHOTOCJIOMHOM CTEHKE MpPU CTALMOHAPHBIX YCJIO-
BUSIX pa3paboTaHa Mporpamma, Kotopas 0asupyercs

Ha METOJIE «XOJIOJHBIX COMPOTHBICHHUI» MPH CTa-
[IMOHAPHBIX YCIOBUX [6].

Ha puc. 2 B Buae OJ0K-CXeMBI TIPECTaBIICH all-
TOPUTM pacyueTa CTalMOHAPHOTO NpoduiIst Temmepa-
TYpP Y TEIJIOBBIX OTOKOB MPH IPaHUYHBIX YCIOBUSIX
nepBoro poja. Takxke 3TOT ajlroOpuTM IMO3BOJISIET
onpeAeaaTh KO3()(HUIMEHTH TEIIONPOBOIHOCTH,
TEMIIepaTyphl Ha TPaHULAX CIIOEB M yIENbHBIN Tel-
JIOBOM MOTOK.

IMpu ompenenennn kK03HHUIMEHTOB TEIIIONPO-
BOJIHOCTH B 3aBUCUMOCTH OT TeMIIEPaTypbl MaTepH-
ajia UCTOJIb3yeTCsl UTEPATHBHAS POLIEAYPa.

Ha pwuc. 3 npencrasien uHTEpdeElic mporpaMm-
Horo npoaykTta. [lonp3oBaresis nMeeT BO3MOXHOCTD
3a1aBaTh TEIUIOPU3MUECKUE TTapaMeTphbl CTEHKH I1y-
TEM BBIOOpa MaTepuaja W3 YHHBEPCAJIbHON Oa3bl
JIAaHHBIX, pa3JIMYHbIC TPaHUYHBIC YCIOBUS M pa3Mme-
PBI c0eB cTeHKH. Takxke MHTepdeic gaeT BO3MOXK-
HOCTh TpaMuecKod BU3yalIM3alUU U TaOIUYHOTO
MIPEJICTaBIEHUS Pe3yabTaToB pacueToB. Ha rpaduke
HU300paXKeH TEeMIIepPaTypHBI MpPoQWIb B MHOTO-
CIIOMHON CTEHKE, MO0 TOPU3OHTAJIBHOM OCHU Tpe-
CTaBJieHa 3aJjaHHas TOJIIIMHA CJI0Sl CTEHKH, 10 Bep-
TUKaIbHOW — Temnepatypa, °C, T, u T3 — 3Ha4UeHus
TeMIIepaTyp Ha TpaHUIaX CIIOEB.
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Havano
Marepuarsi 1-3 coes; 3a37ja10TCA MaTepUankl Cnoes;
Temneparypbi: BHewwHei nosepxHocTy cTeHki (L), 3a1aeTCA TeMneparypa BHeLLIHEI OBEPXHOCTU CTEHKM,
BHyTpeHHen MOBEPXHOCTU CTEHKA ;e BapaeTcs TeMnepaTypa BHyTPEHHEN NOBEPXHOCTU CTEHKY;
TonuwmHa cnoes (8:;3,:03); 3agaetc ToNWyHa Crloes;
Mopkrntouenue 6a3bl AaHHbIX (Ag;AzAs); OnpeaensioTcs koathULMEHTb! TENMONPOBOAHOCTH,
A4
dt=t;-ts;
R=01/A1+8,/Ax+83/A3=Ro;+Roz+Rog;
dy=dT-5(RA; OnpegenseTcs npepnonaraemas TemnepaTypa Ha
ty=ty-dly rpaHu1LaXx Croes v NPoBEPSETCA TemnepaTypa BHeLHel
ty=ty-dly MOBEPXHOCTM CTEHKY
ta=ty-dlty;
A4
M=As+By(ti+)/2;
do=AxtBy (trt3)/2; OnpegaensitoTcs kKoathULMEHTBI TEMMONPOBOAHOCTY
ha=AstBa (ta+s)/2; L

4

Q=(t-ta)/(3Aa+ A2/ + A3/Ng)=(t1-ta) (Ri+R2+R3); OnpepenseTcs TenmnoBoit NoTok
v
0t ts My Aoy Ag BbiBOA pe3ynbTatos
KoHey

Puc. 2. Bnok-cxema gns pacyeTa Teny10BOro NOTOKa U pacnpeneneHna temnepatypbl
Mo TONIMHE NNTOCKON CTEHKU

CTATMMECKHE PACHETEl fMHARVMECKME PACUETEI  3anaHMA  Crpaska

PacuctHoe oxHO | Temmohus HUECKIE RAPAKTED HCTHIH

TIApAMETPE ClI0eE CTeHKH T'eOMETPINIe CKIE AP AMETPRI Pe3yIbTaThI pactieTa
TeImIonpoBOIHOCTE CII0EB Beicora TomipgHa [Iepemenndsnaenne [Pazuepnoc]
1 M lrocmea 0115 | M q
auot v 1233 Bw*E) 5
A -rocmoa 0230 | M T2 115,664 C
1IITE-0.8 v |0.581) Br/GriG 1 |M 3-ocmor ozo0 | M [T3 789,205 ¢
HNuarommt ectecteennui v | (0,336 Brr*iD)
TeImoeMEOCTD CTIOEB | Busyanuzaums nep X MHOTOCJIOMHON CTEHKKN
B 1 Tsef ) 1190 [ops o041 015 D2 025 03 035 04 045 05 055 O0OF
emmoenmocTs Iro
1150 e 1113,664
Tennocworts 2ro | AEGr*K) 1100 :
1080
Tenmoemwocts 3ro | Hxf@*K)
1000
as0
Tenmeparypel o
Buytperned cpena 1200 | C EZE [ 7e5.005 |
BHYTp. NOBEPE-TH CTEHKH | 1190 C 750 M
700
Brewnck nosepz-ti cTeRKE 50,00 v C o
Brewnei cpegs |20 @ G
550
Kosd prnprent 322
Terro 0TI TH .
Baytp. cpeart 50 Br/(e. wK) 222
Brewn. cpegu [12,1 | Briim wE) 250
200 PSS R N
KomrecTBo NIATOR 150
Pasmep mara 300 | G 1000 100 60
o 0ps 01 045 02 025 03 035 04 045 05 035 05

Puc. 3. MnaBHas CTpaHuua nporpamMmbl € MICXOAHbIMU AaHHBLIMU U pe3ynbTaTaMu pacyeTa
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Ha mpowusBoncTBe cymiecTByeT HEOOXOAMMOCTh
pacyeTa TONIIUHBI TEILIOU3OISALIUOHHOTO CIOSL C
OTIpE/IETICHHBIMI TEMIIEPAaTyPHBIMU M Pa3MEPHBIMH
xapaktepuctukamu. [[ns peimieHus Takod 3ajiadud B
IporpaMMme peajiu30BaH aJIrOpUTM pacyeTa TOJIIIH-
HBI 3-TO CJIOSI CTCHKH JUIsl BRIOpAaHHOTO MaTepHalia.

M3ydenue HecTallMOHAPHBIX MPOIIECCOB B Kypce
TEIUIOTEXHUKU TpeOyeT 0co0oi HArIATHOCTH U BH-
3yaJTU3allyy, SBISETCS MPEIMETOM sl HaydHOH pa-
OOTBI CTYJICHTOB U YTITyOJICHHOTO M3Y4EHUS Kypca.

B nporpamme peanizoBaHa BO3MOXHOCTh pacyera
Y aHAITM3a JUHAMHYIECKOTO M3MEHEHUs 3HAaUeHHH psizia
MEPEMEHHBIX MHOT'OCIIOMHOM CTEHKH B IMHAMUKE, YTO
MO3BOJISICT HAOMIOATh BapbUPOBAHHUE CPEIHUX TEM-
mepaTyp CJIOeB, TeMIepaTyp Ha WX TpaHUIaX U IMO-
BEPXHOCTSIX, TOJNIIMHBI TapHUCAXKA TMPU PATUIHBIX
BO3/ICUCTBUSX. Pacuer cpeqHHX TeMmIepaTryp CJIOEB
OCYIIIECTBIISIETCSI TIO 0aJTAHCOBOMY YPaBHEHHIO

dT
m-c-—=Q,_ — .
dt QBX QBLIX

IIpu sTOM cpenHue TemmepaTypbl B CIOSIX pac-
CUHTHIBAIOTCS CIIEAYIOMINM 00pa3oM:
i, e
ml'cl'E:S'kl'(rl_Tl)_S'kl—Z'(Tl_TZ)’
0Ty e TS T
m, -C, 'Wzs'kl-z '(Tl_Tz)_S 'kz-s'(Tz _T3)1

dT. — -
m3 .CS d_t3 - S ) k2—3 : (T2 _TS)_S : agnem : (T3 _Teuao)’

Tpadryeckoe oTGpaNeHe CPEAHVR TENNEATYP CrioeB

Cpegran TemnepaTypa 1 cios

rae Q. — BXOAHBIC TEIUIOBBIC MOTOKU; Q. — BBIXOI-
HbIE TEIUIOBbIC TOTOKH; M, — Macca CJIOEB CTCHKH;
Ci23 — YyIeNmbHAs TEIIOEMKOCTh COOTBETCTBYIOIIHX

MaTeprUaJIOB CTCHKU, — CKOPOCTb H3MCHCHHA

CpenHelt TeMIiepaTypsl Clost; S — IUIONIab TOBEPXHO-
CTH CTEHKH; |; — TemIlepaTypa BHYTpPEHHEH MOBepx-

HOCTH CTEHKH; T,,; — CPEIHHE TeMIEpaTyphbl COOT-

BETCTBYIOIINUX CIIOEB; Olgyen— KOIDOUIMEHT TEIIOOT-
Jlady BO BHEIITHIOKO CPEey; 13— TeMIlepaTypa rpaHHUIbI
MEXKIY BTOPBIM M TPETBUM CIIOEM; T 5 — TEMIIEPATY-
pa BHerHe#H cpepl; Ki3 — KodDhHUIMEHTBI TETUIomne-
peaadn, KOTOpBIE PACCUMTHIBAIOTCS MO CIICMYIOIIUM

dopmymam [7]:

klzzﬁi kl_zz#; k2_3:#
3, 5, & 5, . 8,
T2 473

Sl 472
7\‘1 >\‘2 }\‘2 }\’3
31ech Aq 23— KOIPPHUIMEHT TEILIOMPOBOHOCTH
Marepuaia COOTBETCTBYIOILETO CIIOS; 0123 — TOJI-
IIMHA COOTBETCTBYIOLIETO CIIOSI.

3HaueHMsl TeMIlepaTyp Ha TpaHHIAX CIIOEB
OTIPEICNIAIOTCS. U3 YCIIOBHH paBEHCTBA TEMIEpaTyp
Y TIOTOKOB Ha TPaHUIIC pa3Jieia CIOEB.

Ha pwuc. 4 npencraieHs! pe3yabTaThl pacuera Ju-
HAMHUYECKOTO M3MEHEHHS CPEIHHUX TeMIIepaTyp CJIOeB
U TEMIIepaTypbl TPAHUI] CIIOEB CTCHKH B PE3yJIbTaTe
PE3KOro yBEJIMYCHHUs TEMIIEpaTypbl BHYTPEHHEH MO-
BEPXHOCTH CTeHKU (Hampumep, ¢ temreparypsl 1700
o 1900°C), uto pearsHO MOXKET HAOMIOMATHCS TIPU
paboTe psia MeTaJUTYprUYeCcKHX Ieye.

T eoMeTpITIe CKHE IAPAMETPBI Pe3yIbTATEI pACTIeTa

1834
1814/

BricoTa TommsHa

1794,

Tlepemened 3Hagenue |PasmepHor

1774

1 M l-recmos 0115 M q Trgham o

—

1754,

Tmma  2rocmes 0230 | M [T2 17683 ¢

1714,

g
£
g 1734
g
i

1694,

1 M 3Zrocmoa o300 | M (T3 12659 C

1674,

1854,

0 500
MuriyTe!
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Puc. 4. UHTepdeiic ans oTobpaxeHMs pacyeToB AUHAMUYECKOTO U3MEHEHUS TemnepaTyp CTEHKM
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y‘le6HO-KOHcyﬂbmauUOHHaﬂ KOMNbOmMepHas hpo2pamMma ...

MopmsHkun A.A., TuHbkoea C.M., Muckaxoea T.B.

HauvanbHble, rOpU30HTAIBHBIE YYACTKU MOKA3bI-
BalOT CPEAHIOI TEMMEparypy cjos K MOMEHTY BO3-
JeUCTBUS, KOTOpoe OBUIO mojaHo Ha 240 MuHyTE pa-
0OTBHI B YCTaHOBHUBILIEMCSI pekuMe. B maHHOM cirydae
OTYETJIMBO BUHO, YTO U3MEHEHHE TEMIIEpaTyphl Iep-
BOTO CIIOSI HAYaJloCh 3HAYUTEIBHO pPAaHBIIE, YeM Yy
BTOPOIO U TPETHETO CIIOEB.

[lonmp30Bateny MpU KW3yYEHUH IMOCICICTBUNA TeM-
JIOBBIX BO3JEHCTBHN MOYKET HAOIIONATh 32 XOJIOM H3-
MEHCHUS TEMIIEPaTyp, ONPEACISITH BpeMs EePEeX0qHO-
ro mporiecca, 3a)UKCHPOBATh PACIPE/ICIICHUE TeMIIe-
partyp B ONpe/ieIeHHbIA MOMEHT BPEMEHH.

[Ipn ympaBneHNM HEKOTOPHIMH METALTyprUde-
CKUMH TICUYaMH aKTyaJbHOM 3aqaucii sBisieTcsl ompe-
JieTIeHUe TOJILIMHBI TapHucaxa [8]. ['apaucax — TBEp-
JIBIH 3AIIUTHBIN CIIOW, 00pa3yIOIIUICS MPH IIaBKe Ha
BHYTpeHHe (pabodeii) MOBEPXHOCTH CTEHOK HEKOTO-
PBIX METALTYPTHIECKHX arperaToB, IOABEPTaOIHXCS
MHTEHCUBHOMY OXJaxaeHuto. [Ipu 3ToM 00pasyroTcs
TOHKHE KOPKHU 3aCTBIBIINX MPOAYKTOB, TOJNIIMHA KO-
TOPBIX 3aBUCHT OT YCJIIOBHH TUIABKH M, OCOOEHHO, OT
CKOpOCTH OxJaxaeHus1 neur. Hamu ObuT peani3oBan
JTMHAMWYIECKUA pacdeT TOJNIIWHBI TapHHCaXKa TIPH 3a-
JTAHUW TPAHUYHBIX YCIIOBUHM TPETHETO POJA, C HUCIIONb-
30BaHHUEM CIICIYIOIIETrO YpaBHEHHS [7]:

dt~0cBHyT (T,-T) .

8n+1:095' 6n_
pII‘LH
dt-o . «(T.—T)Y 2.dt-n (T -T.
+,[0,25-| 8, ———= @-T)) 202, @ -T)
pH'LH pH'LH

T eoMeTPH'IE CKHe TAPAMETPBL Pe3ynbTaThI pacaeTa

BricoTa Toma Tlepemerndnatenne [Pasmeproc
1 M lrocmen n23e M [y Briis u

rae O, — TOJIIMHA TapHUCaka B JaHHBIH MOMEHT
BPEMEHH; Ogyyr — KOOPPUIMEHT BHYTPEHHEH TeI-
JOOTHAYH; Ay, Pn — KOIDOHUIIMEHTHI TEIIOMPO-
BOJJHOCTH U IUIOTHOCTH TapHUCaXXa COOTBET-
CTBEHHO; L, — yienbpHas TEmaoTa IUIABJICHUS Tap-
HUCaxa, o —TeMmIepatrypa BHYTPCHHEH cpejbl;
T, — TemmepaTypa JNMKBUAyCa pacIiiaBa; T,
CpemHssi TeMIepaTypa cios rapaucaka; dt — mar
10 BPEMCHH.

Ha puc. 5 mpeacrasien pe3yabTaT Mo omnpeie-
JICHUIO JWUHAMUYECKOTO W3MCHEHUS TOJIIHHBI
rapHucaka Npu 3aJaHUu YCIOBUH 3-ro pojaa u
nmojavye BO3JCHCTBUS MyTEM YBEIUYCHUS TEMIIe-
paTypsl JTUKBHyCa paciljiaBa Ha 5 Tpaj.

BriBoabI

Takum  oOpasom, paspaboraHa y4eOHO-
KOHCYJIbTallMOHHAsI TpoTrpaMMma, KOTopasi MO3BO-
JseT MOOMIIBHO aHaIW3UPOBATh TEIUIOBBIE M3Me-
HEHUS B MHOT'OCIOMHON CTEHKE MpHU Pa3IUUHBIX
XapakTepUCTUKaX MAaTepUaJOB M IOAaBAEMBIX
BO3IICI>'ICTBHSIX, 4dTO B CBOKO OYCpECAb OJKOHOMUT
BpeMsi U Pecypchl Ul HPOBEOEHUS MOAOOHBIX

pacueroB. IlporpamMmma o0mamaer BBICOKOW
HarjisiIHOCTBIO, PCACTABIIAA paC‘-IeTHI)II\/'I Marte-
puan Kak B TaOJIMYHOM, TaK W B IpaduuecKOM
Bujae; Gopmupyer y o0ydaemMoro BHJICHHE 3a-
BHCHUMOCTHU MapaMCTPOB U MEPEMCHHBIX 00BEK-

Ta IPU PEIICHUN WH)XEHEPHBIX 3a1a4.

AMHAMWYECKWHA PACYET HACTBIX

TONWAHS FEEHMCEHE

Tmma  2recmoa (0230 | M T2 1093004 C
1 I 3rocmoz (0300 | M T3 893834 C

| Buayanusauma nepeMeHHbIX MHOTOCNOMHON CTEHKH
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Abstract. Special software improves the quality of
training by processing many transactions in a short period
of time, structuring learning information at different levels,
organizing the presentation of information, and managing
interactive communication.

The objective is to develop a training-support complex
for teaching a course on Thermal Engineering when train-
ing specialists for mining and the metallurgical industry and
solving common engineering problems.

The software has the following features:

— static calculation of heat flow and temperature distri-
bution over the thickness of a flat side-wall, calculation of
the side-wall layer thickness (with various boundary condi-
tions);

— dynamic calculations of temperature redistribution,
melting and side-ledge crystallization as one of the side-
wall layers, when applying various impacts;

— use of embedded databases required to perform and
verify calculations;

— Graphical and tabular rendering of the results.

The software makes it possible to render the results ob-
tained using color illustrations and animated graphics, pro-
vides for conversational interaction between the user and
software components, and at the same time, ensures instant
control in developing the material delivered. It can be used
for distance learning as well.

The software has been implemented in the C ++ Build-
er environment. The theory of heat transfer and numerical
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methods of solving ordinary differential equations were
used to design the software.

The proposed software was trialed during the training
of undergraduate and graduate students of the Institute of
Nonferrous Metals and Materials Science of the Siberian
Federal University majoring in Metallurgy, Automation
of Technological Processes and Production, and Man-
agement in Technical Systems.

Keywords: Multi-layered wall, ledge,
thermal conductivity, boundary conditions.

heat flow,
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IKOJIOI'MYECKUE ACIIEKTBI BHEJAPEHUA
PECYPCOCBEPEI'AIOIIEN BE3JIOJIOMATHOM TEXHOJIOTUH
IMPOU3BOJACTBA MOHOXPOMATA HATPUA

HA HOBOTPOMIIKOM 3ABOJIE XPOMOBBIX COEJJUHEHUI

|qequHueB B.I[.| L Hedemora E.B.z, Kosnos A.C.2

! Marnuroropckuii rocy1apcTBeHHbIN TexHuueckuil yausepcureT um. I'.1. Hocosa, Maruuroropck, Poccust
2 Hosorpouuxuit prmaanr HUTY «MUCuCy, Hosotpontk, Poccust

Annomayus. [IpuBeneHb! pe3ysIbTaThl SHEPro- U pecypcocOepeKeHus B pe3ylibTaTe BHEAPEHNS] HHHOBAIIMOHHON TeX-
Hojorun Ha HoBoTpourkom 3aBojie xpoMoBeIx coenuHeHuit (H3XC). I'unore3a uccieqoBanusi: 6e310J0MUTHAS TEXHO-
JIOTUSA ABJIACTCA 3KOHOMUYECKU U DKOJOTHMYCCKU 60.]'[33 BI)II‘O[[HOI‘/II OTHOCHUTCIIBHO Tpa}lPIHHOHHOﬁ TEXHOJIOTUU MOJTYYCHUA
MoOHOXpoMara Hatpus. LleJb uccjienoBaHusA: paccyuTaTh IMHAMHUKY U3MEHEHHUS SHEPro3arpar, oTeph XpoMa 1 BEIOPOCOB
3arpsA3HAIONINX BEUIECTB B XOJIe POM3BOACTBA MOHOXpoMaTa Hatpust Ha H3XC. MeToabl Hcc/IeIOBaHUS: aHATIM3 CTaTH-
CTHYECKOW HH(POPMAIIHH.

BesnomoMuTHAs TEXHOJOTHS MOTYYeHHSI MOHOXpOMATa HATPHs, KOTOpas IMOApa3yMeBaeT OTKa3 OT MHEPTHOTO HAaIoJ-
HHTENS 332 CUET MOBTOPHOTO KCIIOJIBb30BaHMsI HEPYIHOTO OCTaTka, Obuta paspadorana creuuamictamu H3XC Ha ocHOBe
paspadotok T.JI. AsepOyxa u I[L.I. [laBnoga.

B paborte mokazaHo, 4TO IIepexo Ha HOBYIO TEXHOJIOTHIO MO3BOJIMII CHU3UTH Ce0ECTOMMOCTD MPOIYKIIMK BBHIY OTCYT-
CTBHSL HCOOXOMUMOCTH MPHOOPETCHHUs MOJIOMHTA M M3BECTHsIKA (I HYXI MPOU3BOJCTBA B TOJ MproOperanoch a0 160
TBIC. TOHH JaHHOTO CBIPbS1); CHIDKCHHS SYHEPro3aTpaT U TEXHUICCKHX 3aTpaT Ha 0OCITy)KHBaHHE 00OpYIOBAHHUS TIPH CYIIKE
1 M3MENbYCHIH JOJIOMHUTA; CHIDKSHHUS TI0TePh XpoMa € OTXOJIOM IPOU3BOACTBA — IINIAMOM MOHOXpOMAaTa HaTpHs, a CIe0-
BaTEJBbHO, W CHIDKCHUSI HOPMBI pacXofa XpOMOBOH py/IbI Ha TIPOU3BOJICTBO.

Pacuetsl, mpoBeieHHBIC B paboTe, MOKa3alu, YTO yACIbHOE MOTpeOsicHHe MpUpoHoro rasza 3a 1 keaptan 2015 roma
cHU3WIOCHh Ha 252,33 I'kan/t, rojgoBast 3xoHoMust — cBbiie 13,87 mutH ['kait. Be3moaoMuTHas TEXHOJIOTHS TOBJIHSLIA HA CY-
ILIIECTBEHHOE CHW)KEHHE 00pa3oBaHus TOKCHYHOTo nuiama (Ha 9046 1/kBapran — 37,6%) 1 moTepb XpoMa B 0OTX0JIaX MPOU3-
Bojctea (Ha 330,6 T/kBaprai — 25,2%).

Paccunran sxomormdeckuii 3pdexT oT BHeAPEHU 030IOMUTHONW TEXHOJOTHH, KOTOPBIHA 3aKIIFOYACTCS B CHIDKCHUH
HOPMBI BBIXO/a utama ¢ 2,5 mo 1,1 T Ha TOHHY MOHOXpOMaTa, a 3HAYHT, U CHIDKCHUH 00BEMOB pa3MEIICHHs OTXOIOB B
nutaMoHakorurene. [IpekpamnieHre BEIOPOCOB 3arps3HSIONINX BEIISCTB OT IIEPEACIOB IPOU3BOACTBA, PaHEE OPUCHTHPO-
BaHHBIX HAa IPUMEHEHHE JJOJIOMHTA, — pa3rpy3Ka U XpaHEHHUE ChIPbsI, €r0 JPOOJICHNE U CYIIKA, OKA3aJI0, YTO C YBEINUCHH-
eM 00beMa POU3BOICTBA MOHOXpOMaTa HaTpus Ha 32,4% cyMMapHbIi 00beM TBEPIBIX BEIOPOCOB cHu3miics Ha 13,5%.

B nenom, nepexoj Ha 0€3/10JJOMUTHYIO TEXHOJIOTHIO JIOKA3bIBAET BO3MOXKHOCTh PeajM3allii OCHOBHBIX MPUHIMIIOB
PaLMOHAIBHOIO IPUPOJOIIOIB30BAHMS U NIEPEX0/Aa K YCTOMYMBOMY PA3BUTHUIO HA IPEANPUATHA XUMUYECKOM IPOMBIILIEH-
HOCTH. Pe3ynbTatsl, ipecTaBIeHHBIE B paboTe, MOKA3hIBAIOT, YTO OE3I0JIOMUTHASI TEXHOJIOTHS, TT0 CPABHEHHUIO C KOHCEp-
BaTHBHOH, 3HAYHTEIHHO MPEBOCXOINT €€ B TAKHX MOKAa3aTeliX, KaKk dHeProd((peKTUBHOCTH, SKOJIOTHIHOCTh, ceOeCTon-
MOCTbh TIPH TMOJTYYCHUH TPOAYKIWH. Tarke TEXHOJOTHS TO3BOJISIET paboTaTh Ha XPOMCOAEPIKAMIEM CBHIPbE TPAKTHUCCKH
BCEX MHUPOBBIX HpOH3BOHHTeHeﬁ, BKJTHO4ass HU3KOXPOMUCTBIC PYJIbl U KOHIEHTPATHI.

Kniouesvie crosa: Xpom, MOHOXpOMAT HATpPUs, pECYPCOCOEPErarolye TEXHOIOTHH, 11LIaM, SHEPro3aTpaThl.

xpomoBbIx coeaunenuit»y (H3XC) — onno u3 rpa-

BBenenune

I'opon Hosotpounkx OpenOyprckoir obmactu
SABJISIETCS. KPYIHBIM NPOMBIIUIEHHBIM LIEHTPOM, B
KOTOPOM CKOHIEHTPUPOBAHBI NPEANPHUSATUS TOP-
HOZOOBIBAIONIETO, METATypPTrUYecKoro, XHWMHYe-
ckoro komiuiekca. OAO «HoBorpounkuii 3aBoj

© Yepunnnes B.J1., Hepenosa E.B., Kosnos A.C., 2016

J000pa3yoIMuX MPOMBIIITIEHHBIX MPEANPUITHIA.
[Ipennpusitue pacnonaraercsi Ha OJIHON NPOM3-
BOJCTBEHHOW IUIOIIAJKE B CEBEPO-BOCTOYHOM
MPOMBIIIJIEHHON 30HE HApALy ¢ TAKMMH HPOMBIIII-
neHHbIMU TuraHtamu, kKak OAO «Ypanbckas
Cramp», OAO «HoBoTpouIKHii IEMEHTHBIA 3a-
BOA». BrICOKMII ypOBEHB 3arps3HEHHSI OKPYKalo-
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Yepyunyee B.J., Hehedoea E.B., Koanoe A.C.

el cpenbl ycyryOmsieTcsi BHOBb BBEICHHBIM ILie-
MeHTHbIM mpou3BoacTBoM OO0 «IOVYITIK» wu
HaKOTUIGHHBIM 3a 60 JeT MeTajurypruaeckoro
MIPOU3BOJICTBA IIJTaKooTBaIOM [ 1, 2].

B ropone nabmiomaeTcst BHICOKMH YpPOBEHb 3a-
IpsA3HEHHS aTMOC(EPHOTO BO3AyXa, [IOYB, M3MEHE-
HHUE JNaHAMAa(TOB 32 CUET CKIAAWPOBAHHUA OTXOJOB
mponsBozcTBa. [loaToMy BHempeHne pecypcocbepe-
TaroIUX ¥ MaJIOOTXOMHBIX MMPOW3BOJICTB — OJHA W3
BRXHEHIINX 3a]ad, CTOALIMX TMepe] MpEeANpUsTHs-
mu. B 2015 romy cnenmanuctel HoBoTpowuiikoro
3aBOJla XPOMOBBIX COCIWHEHHI BHEAPWIA HOBYIO
(6€310TOMHUTHYI0) TEXHOJOTHIO MPOM3BOACTBA MO-
HOXpOMAaTa HaTpHsl, YTO CYLIECTBEHHO CHH3HJIO
HKOJIOTHUYECKYIO Harpy3Ky Ha PETHOH.

[Tpon3BOACTBO XPOMOBBIX COCTUHEHUH CBA3aHO
C BBIOPOCOM 3arpsi3HSIONINX BEIIECTB B aTMoOcdep-
HBII BO3yX (0K0i0 670 T B rof), a Takxke ¢ 00pazo-
BaHUEM OTXOJIOB MPOM3BOJCTBA — IIUIAMA MOHOXPO-
Mata Hatpus (oxoso 180 TeIc. T rox). JelcTByto-
I 00OPOTHBIN UK BOJOCHAOKEHUS MCKITIOYAET
BO3/IeiiCTBHE Ha BOJHBIE 00BeKTH T. HoBoTporika.
CrierupuaeckiMH BEIIECTBAMH, MOCTYIMAOIIUMHU B
aTMocdepy, SBISIOTCS BBIOPOCHI COCTUHEHUN TpeX-
BajeHTHOro (33,32 T/rom) W IIECTUBAJICHTHOTO
xpoma (4,96 T/ron).

XpoM BcTpeyaeTcs B OMOJIOTHYECKU TIOBHKHOM
(opranndeckue COeIUHEHUs)) U MHHEPAIBbHOU (op-
Max. TOKCHYHOCTh COCIMHEHHsI XpOoMa HaxOIHUTCS B
MPSIMON 3aBUCHMOCTH OT €0 BaJICHTHOCTH: Han0Oo-
niee SAOBUTHI coenHeHus xpoMa (VI), BEICOKOTOK-
cuaHbl coeamHeHust xpoma (II), Merammuveckwii
xpoMm u ero coenuHenus: (II) — MeHee TOKCHYHEI.
Munepanbabiii xpom (I1l) Moxer mepeBoauThCS B
OHMOJIOTHYECKH TIOJBIKHYIO (OPMY PACTCHHAMH H
Oaktepusimu. Takas ¢opma Meramuia HeoOXoauMa
BCEM JKHBBIM OpPTaHHM3MaM B MallbIX KOJHYECTBaX.
CyTtouHas moTpeOHOCTH uenoBeka — 310 50-200 Mkr
xpoma. Ecii 4enoBek UCTBITHIBAET NEPUIUT XpoMa,
OH OBICTPO TEePEYTOMIISIETCSI, CTpaJaeT OT HapyIle-
HUS CHA W TOJIOBHBIX OOJIEH, YacTO WCIBITHIBAET
OecrpuunHHOE OeCIoKOMCcTBO. Bosbine 10361 JaH-
HOTO MeTaJlla TOKCHYHBI ISl YeJIOBeKa: TMPH CyTOY-
HbIX J03ax Oonee 200 MKr MOXET IPOU3OUTH
OTpaBJICHHE, a €CIH J103a MPEBBICUT 3 T, TO BO3MO-
’KEH M JIeTajbHbIN ncxon [3].

Otxomet H3XC comepikar kpaifHe OmacHbIe s
NPUPO/ILI W YENIOBEKa COJIM XPOMOBOHM KHCIIOTHI, B
YaCTHOCTH XpOMAT Kaibius. OTXOIbI POU3BOICTBA —
9TO YacTh CHIPbs, HEUCIIONB30BAaHHAS MM HEIOWC-
MOJIL30BaHHAsl 10 TE€M WM HWHBIM TpHarHam. [Ipo-
0JeMa KOMIDIEKCHOTO HCIIOJB30BAHUS CHIPhSI UMEET
OonbIIOE 3HAYEHNE KAK C TOUKH 3PEHHS] SKOJIOTHH, TaK
U C TOUKH 3peHHs S9KOHOMUKH. HeobxonumocTs Oornee
PaLOHAIBHOTO KOMIUIEKCHOTO HCIIOJIb30BaHMS TIPHU-
POJIHBIX PECYpPCOB JMKTYETCS, C OJJHOW CTOPOHBI, BCE
YBEIMYUBAIOIIMMCST TEMIIOM POCTa 00BeMa TPOMBIIII-
JICHHOTO IIPOW3BOACTBA, 3arpsA3HAIOLIETO OKpYXKaro-

LIyI0 Cpeay, a ¢ APYroi — HEOOXOAUMOCTBIO SKOHOM-
HOTO PAacXOJIOBaHUS IMPUPOIHBIX PECYPCOB, TaK Kak
3amachkl OCHOBHOTO MHHEPAIBHOTO CHIPhsI OTpaHIYe-
HBI, a [IEHbI Ha HETO HEMPEPBIBHO PacTyT.

PanmoHanbHOE KOMIUIEKCHOE HCIIOJIB30BaHUE
CBIPBsI TO3BOJISIET YMEHBIINTDh KOJHMYECTBO HEJOUC-
MOJIb30BAHHOTO  CBIPbsI, YBEJIUYUTH ACCOPTUMEHT
TOTOBBIX TPOIYKTOB, BBIITYCKAaTh HOBBIE MPOTYKTHI
W3 TOM YacTH CHIPbs, KOTOpasl paHbIlle SBISIIACH OT-
X0JIOM IPOU3BOJICTBA [4].

Eme omHa mpoGiieMa XMMHYECKOTO MPOH3BOJ-
CTBa — BBICOKas 3HEPTroeMKocTh. IloaToMy Ha myTH
CO3MaHHUA MAaJOOTXOJHOW TEXHOJOTHH CIEAyeT
CHUXATh YHEPrOEMKOCTH [5].

W3BecTHBI cHOCOOBI TOJYYEHUs] MOHOXpOMara
HATPUS ITyTEM OKUCIUTEIEHON MPOKAJIKK IUXTHI, CO-
CTOSIIEH U3 XPOMUTOBOW PYyAbl, KalbLIMHUPOBAHHOU
cozpl 1 HanomHUTes. CyIecTBYeT HECKOIBKO TPHH-
[UIMTHATHHBIX MOAXO0I0B K BEIOOPY HAITOJHUTEIS.

B kauecTBe HamoNHUTENS BO3MOXKHO HCIIONB30-
BaTh JIOJIOMHUTHO-IIJIAMOBBIN HAIOJHUTENb C IIOCIIe-
JTYIOIIMM BHIIETIaYMBaHIEM TOTydeHHOTO crieka. He-
JIOCTaTKOM JTAHHOTO METO/IA SIBIISIETCSI HEOOXOIMMOCTh
JIOTIONTHUTENBFHON OYMCTKM MOHOXpOMaTa OT IpuMe-
CEH, UTO TIOBBIIIIAET SHEPIOEMKOCTh MeToa [6].

CymiecTByeT croco0 MoJydeHHs: MOHOXpOoMaTa
HATpUs C WCIOJB30BAaHHEM JOJIOMHUTOBOTO HAIOII-
Hutens [7]. Hemocratkom meToda SIBJISETCS HEOO-
XOJMMOCTh OYHCTKHM MOHOXpOMAaTa OT COeIMHEHUI
KaJIBIUs], 9TO TIOBBIMIAET SHEPTOEMKOCTh. BBIcOKOe
CONIep’KaHUE COMBI B IIMXTE TPU OKUCIUTEIBHON
MPOKaJKe INUXTHl TPUBOJUT K 0Opa30oBaHUIO
HaCTBUICH (KoJsel) B TpyO4aThIX TeyaxX U OCTaHOBKE
paboTHI neuek.

Hpyrue uccrnenosareny B Ka4yecTBEe HATIOJTHUTE-
TS TpemaraloT  HMCIONBb30BaTh  M3BECTKOBO-
[IJIAMOBBIN HAIOJIHUTENb C TOCIEAYIOUUM JBYX-
CTaJIMAHBIM BBILIENIAYMBANEM TIOJYYEHHOTO CIIeKa
00OpOTHBIMU pacTBOpamMu, GUILTpAIEd U OYHCT-
KOH (QuibTpara oT mpuMmeceil amromuHus. Hemo-
CTaTKOM METOJA SIBJISIETCA TO, YTO IOTEPH Xpoma
coctapisioT 10-20%, a creneHp U3BJIEUEHUS XpoMa
He pocturaeT 90% [8].

Ho 2014 roma va H3XC ocymectBusiace 1o-
JIOMHUTHAs! TEXHOJIOTHS TPOU3BOJICTBA MOHOXPOMATa
HaTpusa. Ko Bcem HemoctaTkaM 3TOM TEXHOJOTHH
cleqyeT OTHeCTH oOpa3oBaHHME OOJBIIOTO KOJHYe-
cTBa nutama (0TXoAa MPOU3BOACTBA) — 2,5 THa | T
MOHOXpOMaTta.

[losTomy crieranucramu 3aBojga Obuia pazpado-
TaHAa WHHOBAIlMOHHAsi OE€3/I0JOMUTHAS TEXHOJIOTHS
noJydeHuss MOHoxpomara Harpusi. V3o0perenue ot-
HOCHUTCSL K 00JIacTH TOJYYeHHUS] COSAMHEHHMH XpoMa.
Crnioco0 momyyeHuss MOHOXpOMaTa HaTpusl BKIIIOYAET
OKHCJIUTEIBHYIO TPOKAIKY IIUXTHI, COCTOSINEH W3
XPOMHUTOBOM py[bl, KaJbLMHUPOBAHHOM COABI U
HAITOJTHUTENISI, ¥ TIOCIIeIyIOIIee BhIIIEIauuBaHUE TIO-
JYYEHHOTO CTieKa, (PUIIBTPAIMIO MBIl U OTMBIBKY
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nuiama. [Ipy 3TOM B KadecTBe HATIONHUTEINS IIUXTHI
WCTONB3YIOT ~MAarHe3WTOBBIA WM  MAarHe3UTOBO-
[UIAMOBBIA HAITOJTHUTENb. V300peTeHne TMO3BOJISET
YIPOCTUTH MOTyYEHHEe MOHOXpOMAara HaTpus 3a CYeT
CHIDKEHUS TUIABKOCTH IIUXTHI M COJEP>KaHUS LICCTH-
BAJICHTHOTO XpOMa B OTOPOCHOM IIIaMe, UCKITIOUEHHS
orepanyy OYMCTKH MOHOXPOMATHBIX ILEIOKOB OT CO-
SIMHCHUN KBTS W 00pa30BaHUS OTIOKECHUH Kap-
OoHaTa KalbIMg Ha ITOBEPXHOCTH OOOPYHOBAHUS H
TpyOONPOBO/IOB, @ TaKKe MOBBICHTH YHCTOTY MOHO-
xpomara Hatpusi. [9].

OcHoBHAaA YaCTh

B wnacrosmee Bpems OAO «H3XCy» sBasercs
OJTHUM W3 KPYIHEHIIUX MPEANPHUITHNA, TPOU3BOIs-
IIMX XPOMOBBIE COEIWHEHHs, HE TOJIBKO Ha MpO-
crparctBe CHI' m Tamoxxennoro Coro3a, HO W Ha
MHPOBOM apeHe.

[Mponykuuss HaXOAUT CIPOC B PA3IUYHBIX MPO-
M3BOJICTBCHHBIX HAIPaBICHUSIX.

Ha npennpusitum opraHu3oBaH 3aKOHYEHHBIN
IIUKIT TIPOM3BOJICTBA XPOMOBBIX COCIMHEHUH, HAUH-
Has OT mepepaboTKH XPOMOBOH pyabl B MOIYIPO-
JIYKT — MOHOXpPOMAT HATpHs, 3aKaHYMBas IOJIyde-
HUEM METaJUIMYECKOT0 XpOMa BBEICOKOH YHCTOTHI.

[IponsBoACTBO pacTBOpa MOHOXpOMATa HATPHUS
SIBJISIETCSI  OCHOBOTIOJIATAIOIIMM, T.K. M3 JaHHOTO

pacTBopa NPOHU3BOIATCS KOHEUHBIE XPOMCOIEP-
JKallue TPOIOYKTHI, TaKHe KaK OKHCh Xpoma, Ou-
XpoMmar HaTpHs, aHTHAPHI XPOMOBOH KHCIOTH,
MUTMEHTHI U T.1.

Hauano mnpousBoncTBa MOHOXpOMara HaTpHA
OCYILECTBIISIETCS MPEANPUSITHEM C MOMEHTa ero 00-
paszoBanust B 1963 r. Haumnas c 3TOoro BpemeHHU
IIPOM3BOJCTBEHHBIN KOJUIEKTHB MPENNpPUATHS I10-
CTOSIHHO IIPOBOAMT PabOTy IO COBEPIIEHCTBOBAHMIO
TEXHOJIOTHH TPOU3BOJICTBA MOHOXpOMaTa HaTpHSL.
Bo Bpemena CCCP pannas pabora NmpoBOAMIACH
COBMECTHO CO CICIMAIN3UPOBAaHHBIM HWHCTUTYTOM
YHUXMMowm, B HacTosIinee BpeMs, K COXKaJlCeHHUIO,
KOJUIGKTUB TMPEANpPUATHS B OAWHOYKY MPOBOAMT
CYLIECTBEHHbIC HCCIIEIOBATENbCKUE W MOJEpHHU3a-
UOHHBIE PaOOTHI.

TpaauLMOHHO TEXHOJIOTHS IPOU3BOACTBA MO-
HOXpOMaTa HaTpusl MNpenycMaTpUBAET HCIIOJIb30Ba-
HHUE JIOJIOMUTa B COCTaBE HIMXTHI, KOTOPBII OKa3bl-
Ba€T JBOCHHOE JCHCTBUE:!

— XMMHYECKOE: CBS3bIBAET KUCIIOTHBIC OKCHIbBI
XPOMOBOH PyIIbl OKHCBHIO KaJIbLIUS;

— (pusmrueckoe: 0Opa3yeT MHEPTHBIN CKEJET, TeM
caMbIM TpeAOTBpallasi CIUIaBIeHUEe U obecrieynBast
ra30MpOHUIIAEMOCTh TIPOKAIMBAEMON MaCcCHl.

IIpon3BOACTBO MOHOXpOMaTa HAaTpUsl CXeMa-
TAYHO U300paKEeHO HUXKE.

Pyna xpomosas -~
™ [loaroToBKa Cblpbs CocraBneHune Okuncnute
(cywka, LWNXTbI NbHaA
M3mesibvYeHun ™ NpPOKaK
NlosiomuT . 3meJsibyeHune, . poKaJika
”| knaccudpuKkaums) d
Copa |
KaNbLUMHMPOBAHHAA
KoHeYyHaa o4ncTKa pacteopa P
<« OtpeneHune Bbiwena-
MOHOXpOMaTa HaTpuA
MOHOXpOMa ymBaHue
TaHaTpMA |
OTmblIBKa Wama MOHOXpPOMaTa < OT WAaama
HaTpuA

v

|

loToBbIN pacTBOpP Wnam
MOHOXpOMaTa MOHOXpOMaTa
HaTpua HaTpuA

Cxema npou3BoaCcTBa MOHOXPOMATa HaTpus
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B 2014 r. mpennpusitieM oCyIIECTBIECH NEPEXO
Ha 0e30JIOMUTHYIO TEXHOJOTHIO MOJTY4YECHHUs] MOHO-
XpoMaTa HaTpusi, KOTOpas IOoApa3yMeBaeT OTKa3 OT
WHEPTHOTO HAIOJHUTENS 3a CUET IOBTOPHOTO HC-
MOJIb30BaHUSI HEPYAHOTO OCTAaTKa. 3a OCHOBY pea-
JIM30BaHHOM TEXHOJIOTMU B3STHI pa3pabotku [8],
YCOBEPIICHCTBOBAHHbIEC CTICLUATUCTAMH 3aBOJA.

JlaHHas1 TEXHOJIOTHs, 0 CPABHEHUIO C KOHCEpBa-
TUBHOU, SIBIIIETCS TEXHOJIOTMENW HOBOTO YPOBHS, 3Ha-
YUTENBHO MPEBOCXOAUT €€ B TAKUX IOKA3aTeNsIX, KaK
3HEProdPPeKTUBHOCTb, IKOJOTUYHOCTh, CeOEcTOu-
MOCTb IIPH INOJTYyYEHUM MPOAYKIUH. Taxxke TEeXHOIO-
I'usl, pa3paboTaHHAsT MHKXEHEPHO-TEXHUYECKUMHU CIIe-
mramictaMa OAO «H3XC», mo3sonsier pabotath Ha
XPOMCOZIEPKAIIEM CBIphE MPAKTHYECKH BCEX MHPO-
BBIX TIPOM3BOJUTENCH, BKIIOYAS HHU3KOXPOMHCTHIC
pyabl u koHreHTpatbl. Tak, HaumHast ¢ 2014 r. mis
obecriedeHusT MOTPEOHOCTH TPEANPHITHAS HA TIOCTO-
SIHHOM OCHOBE OCYIIECTBIISIOTCS TIOCTABKU XPOMOBOM
PYZBI F0XKHOA(PPUKAHCKOTO MECTOPOXKICHUS HApSILy C
NPEKHUMH TTOCTABIINKAMHU.

[lepexon Ha HOBYIO TEXHOJOTHIO IIPU HPOH3BOJ-
CTBE MOHOXpOMaTta HaTpusl HO3BOJIMJI CHHU3UTH cele-
CTOMMOCTD NPOAYKIHH I10 CJICAYIOIIUM IIpUYINHAM!

— OTCYTCTBHE HEOOXOIMMOCTH NPHOOpPETEHUS
J0JIOMHTA U U3BECTHSKA (U1 HYXJ IPOM3BOJCTBA B
roq mpuodperanock 10 160 ThIC. T JAHHOTO CHIPHS);

— CHIDKEHHE DHEpro3arpar U TEXHUYECKUX 3a-
TpaT Ha 00CITyKUBaHHE 000PYIOBAHUS MPH CYLIKE U
HU3MeENbYEHNH JojaomuTa (Taon. 1);

— CHI)KEHHE INOTEPh XpOMa C OTXOJOM IPOU3-
BOJCTBA — LIJAMOM MOHOXpOMara HaTpus, BBHIY
JMydIIed CTEeNEeHHM WM3BJICUYEHHs XpoMa U3 pyAbl MpU
WCTIONb30BAaHUM JIaHHOW TEXHOJIOTHH, a ClieoBa-
TEJIbHO, U CHIKEHHUE HOPMBI PAcxojia XPOMOBOM
PYy/Ibl Ha IPOU3BOJICTBO (TAbN. 2).

— CHIDKEHHE IIJIaThl 32 HETaTUBHOE BO3JECTBUE
3a pa3MelleHHe 0TX0Aa — [IJJaMa MOHOXpOMaTa.

Tabnuua 2
[vHammnka noTepb Xpoma ¢ 0TXo4aMu NPOM3BOACTBA
CopepxaHve
Vcnonb3yemoe |Obpa3osaHue Xpoma Morepu
Mepvog Xpoma B
Cbipbe wnama, T BanoBoro | e s
B LUname, % '
2014 r.
1 kgapran| FOTIOMMT, XPO- | 15 158 3 49 8408
MoBasi pyaa
XpomoBasi pyga| 83338 6,55 545,9
Beezosal | 54921 1386,7
Keapman
2 kgapran| AOTOMAT, XPO- | g 70 49 426.7
MoBasl pyaa
Xpomosas pyaa| 10 155,2 6,25-6,55 659,6
Beezosa2 | 148639 1086,3
Kkeapman
Honomur, xpo-
3 kBapTan MoBasi pya 25853,7 49 1266,8
Xpomosas pyga| 3 060,9 6,25-6,55 1924
Beezo3a3 | g59446 14592
Keapman
Honomur, xpo-
4 ksaptan MoBasi pya 11 350,0 49 556,2
XpomoBasi fOH-
cxast pyna 11542,8 6,25-6,55 7511
Beezosa4 | ) 8928 1307,3
Keapman
UTOro
23 2014 . 96 162,7 5239,5
1?(2;3%” Xpomosas pyga| 14 994,0 6,5 979,2648

Tabnuua 1
OuHamuka aHeprosaTpar B Npou3BOACTBE MOHOXpPOMaTa
O6bem YaenbHoe noTpebneHue
NpOW3BOACTBA MPUPOLHOTO rasa,
Mepyion MOHOXpoMaTa Mkan/Ha1T
HaTpus, T MOHOXpoMaTa HaTpus

1 kBapTan 12121 5525,74
2 kBapTan 12767 6 237,94
2014 r. | 3 «Bapran 14913 5471,49
4 kBapTan 16 521 5259,41
Bcero 56 322 5594,69
2015rt. | 1 kBapTan 16 044 5342,36

Takum o0pa3oM, B pe3yibTaTe BHEIPEHUS
0€3/I0OJIOMUTHONW TEXHOJOTHH VYAAIOCh CHU3UTh
yIeIbHOE TMOTpPeOJIeHHEe MPUPOJHOIO ras3a Ha
252,33 I'kar/t, uto coctaBuiio 4,5% 10 CPaBHEHUIO C
2014 romom. Pacder Ha roj0ByI0 MOIIHOCTH ITOKA3bI-
BaeT PKOHOMMIO cBhIie 13,87 mutH I'kai/rom.

www.vestnik.magtu.ru

besnonoMuTHas TEXHOJIOTHS MOBIUSIA HA CY-
IIECTBEHHOE CHIDKCHHE O00pa30BaHUs TOKCUYHOTO
niamMa ¥ MoTeph XpoMa B OTXOJaX MPOU3BOJICTBA.
Tak, mo cpaBHenuto ¢ 2014 romom oOpa3oBaHme
[IaMa COKpaThiIoch B cpenHeM Ha 9046 1/kBapTrain
(ma 37,6%). Ilotepu XpoMa yMEHBIIWIUCHL Ha
330,6 1/xBapran (ua 25,2%).

Hapsay ¢ ssBHOUM 3KOHOMHYECKOH BBIFOAO0H OT
nepexo/ia Ha 0€3/I0JIOMUTHYIO TEXHOJIOTHIO HEllb-
351 HEJOOIICHMUBATh JKOJIOTHYECKUH 3PdekT Mme-
POTIPUSITHSA.

OCHOBHBIM TIOJIOKUTEILHBIM MOMEHTOM OTKa3a
OT TIPUMEHEHUS [IOJIOMHUTA SBISIETCS CHIDKEHUE
HOpPMBI BBIXO/1a iiama ¢ 2,5 mo 1,1 T Ha TOHHY MO-
HOXpOMaTa, a 3HA4YWT, U CHUKCHHE OOBEMOB pas-
MEIIeHUs OTXOJ0B B IIJIaMOHaKomurese. Takum
00pa3oM, CHIDKAeTCsl HEraTUBHOE BO3JCHCTBHE Ha
tepputopuio T. HoBorporka. Kpome Toro, ucmois-
30BaHHME CYXOTO IIaMa B MPOU3BOJICTBE MOHOXPO-
Mara HaTpusl MO3BOJISIET CHU3UTH OCTATOYHOE CO-
JIlep>KaHhe XpoMa B KOHEYHOM IIIaMe.

Heo0XxoauMo OTMETHUTh MpeKpalieHHe BhIOPO-
COB 3arps3HSIONINX BEMIECTB OT MEPEEIOB MPOU3-
BOJICTBA, PaHEE€ OPUEHTUPOBAHHBIX HA MPUMEHEHHE
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JOJIOMHTa, — pa3rpy3ka M XpaHEHHE CBIPbs, €ro
npobiieHne U cylika. BHOBb BBeIeHHBIC HCTOYHUKHI
BEIOPOCOB (CBSI3aHHBIE C CYIIKOW IMPOMEXYTOYHOTO
nuiama) 00opyAoBaHbl HOBEHIIMMH ra30049MCTHBIMU
ycraHoBkamu. CpaBHUTENbHbIC MaHHbIC (Tabn. 3)
MOKAa3bIBAIOT, YTO C YBEIMYCHHEM OOBeMa HpOou3-
BOJICTBa MOHOXpomarta HaTpus Ha 32,4% cymmap-
HBIA 00bEM TBEpIBIX BEIOPOCOB cHU3MIICA Ha 13,5%.

Tabnuua 3
W3meHeHus o6bema BbIOPOCOB
B npoLiecce NPpoM3BOACTBa MOHOXPOMaTa HaTpus

YaenbHblii BbIOPOC
Obwem 3arpAHAOLLMX Teepable 3a-
HanmeHoBaHve |npoussoacTea P n PA
BELLECTB TPASHSIOLLME
napamMeTpa | MOHOXpomaTta
HaTpWS, T npu Npon3BoAcCTBe | BellecTsa, T
’ 1 1 npoaykuuu, T/T
1 ksaptan 2014 12 121 0,0026 31,51
1 keaptan 2015 16 044 0,0017 27,27
BuiBoabI

B nenom, mepexon Ha O€3M0JIOMUTHYIO TEXHO-
JIOTHUIO TI03BOJIMJI HE TOJBKO MPOBECTH PEKOHCTPYK-
LU0 JEHUCTBYIOIIETO MPOU3BOACTBA, HO M OTKPBLI
MIEPCIIEKTHBBl JATBHEHINIErO pa3BUTHUS, TaKWE Kak
OoJiee MOTHOE M3BJICUCHHE MOJIC3HBIX KOMIIOHEHTOB
W3 [IUIaMa U MEepeBOJ| €ro B T'OTOBYIO MPOAYKIIHIO
JOKa3bIBa€T BO3MOXKHOCTb pPEaIN3al[il OCHOBHBIX
MIPUHLIMIIOB PALMOHAIBHOTO MPUPOAONOIB30BAHU
U IepexoJia K YCTOWYMBOMY Pa3BUTHIO Ha MPEINpH-
SITUA XUMAYECKON TIPOMBIIIIIEHHOCTH.
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Abstract. This article presents the results of the energy
saving and efficient use of resources upon implementation
of innovative technologies at the Novotroitsk plant of
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chromium compounds (NPCC).

Research hypothesis. A dolomite-free technology is

more attractive from economic and environmental perspec-
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tives if compared with a conventional technology of sodium
monochromate production.

Research objective: to calculate energy consumption,
chrome losses and pollution emission dynamics when pro-
ducing sodium monochromate at NPCC.

Research methods: analysis of statistics.

It was NPCC specialists who have developed a dolo-
mite-free sodium monochromate production technology
based on research by T. Averbukh and P. Pavlov. The tech-
nology implies refusal of an inert filler by means of reuse of
non-metallic residues.

The article demonstrates that a transition to the new
technology has made it possible to achieve the following
results:

-to reduce the cost of production due to the fact that
there was no need to purchase dolomite and limestone
(160,000 tonnes of raw materials per year would be pur-
chased for production needs),

- to reduce energy consumption and equipment mainte-
nance costs when drying and grinding dolomite,

- to reduce chrome losses with production wastes - so-
dium monochromate sludge,

- and, consequently, to decrease the chrome ore con-
sumption rate for production.

Calculations performed in the work showed that the
specific consumption of natural gas for the 1st quarter of
2015 decreased by 252.33 Gcal / t. Calculations of the an-
nual capacity showed savings of over 13.87 million Gcal /
year. The dolomite-free technology has affected a dramatic
reduction in toxic sludge formation (by 9,046 tonnes / quar-
ter - 37.6%) and chrome losses in production wastes (by
330.6 tonnes / quarter - 25.2%).

The environmental effect from the dolomite-free tech-
nology implementation has been calculated. The effect lies
in the fact that the sludge output rate has reduced from 2.5
to 1.1 tonness per tonne of monochromate, which means
reduction in the volume of waste disposal in a sludge col-
lector. Cessation of pollution emissions from dolomite-
oriented production processing stages such as unloading,
storage, grinding and drying of raw materials has shown
that the total volume of solid emissions decreased by 13.5%
with increasing sodium monochromate output by 32.4%.

In general, the transition to the dolomite-free technolo-
gy proves the feasibility of basic principles of sustainable
use and a transition to sustained development in the chemi-
cal industry. The results presented in the work show that, if
compared to existing technology, the dolomite-free tech-
nology greatly excells in such characteristics as energy effi-
ciency, environmental friendliness, cost of production. The
technology also supports chromium-containing raw materi-
als of almost all global manufacturers, including low
chrome ores and concentrates.

Keywords: Chrome, sodium monochromate, resource-
saving technologies, sludge, energy consumption.
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JKOHOMMKA, YNPABNEHUE W PbIHOK NPOAYKUWA
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MOJEPHU3AIIVS MAIIMHOCTPOUTEJbHBIX IPEANTPUATHI
HA OCHOBE JIOTUCTUYECKHUX CUCTEM KANBAN U JUST-IN-TIME

Cabaparu qD.A.l, Tonmauen O.M.l, 3amyckayioB H.M.?

! Mockoscxkuit rocyJapCTBEeHHbIN TexHuueckuil yausepcuteT uM. H.O. baymana, Mocksa, Poccus
2 ABCTpATHHACKHH HHCTHTYT HHKECHEPOB, ABCTPATHS

Annomayun. ©opMUpOBaHUE PHIHOYHON SKOHOMHKH B Poccuu 00BeKTHBHO TpeOyeT COBEPIICHHO HOBOTO IOIX0a K
npo0ieMaM MOAEPHHU3ALNHN MAIIMHOCTPOUTENBHBIX NpennpuaTHi. JocTiKeHre KOHKYPEHTHOTO IPEHMYIECTBa COBpe-
MEHHBIX NPEIPUITHH BO3MOXKHO TPH YCIOBHH I(P()EKTUBHOTO HCIONB30BaHUS MapKETUHIa, UHHOBAIIMOHHBIX (OpM U
METOJIOB CHCTEMBI YIIPaBIICHUsI, TEOPUI OpraHu3aliy mpolecca pa3paboTKy MPOMBILIIIIEHHON MPOIYKIMH, €€ MPOM3BOI-
CTBa U JIOBEJICHUS 10 KOHEYHOro NoTpedutens. VIMEHHO Mo3TOMy COBpEMEHHas JIOTHCTHKA SIBIACTCS] BaXKHEWIINM (hakTo-
poM obecTieueH s TPOLBETAaHUSI COBPEMEHHOTO ITPOMBIIIICHHOTO HHHOBAIIMOHHOTO MPEIIPUSTHSL.

B crathe aHaMM3UPYIOTCSI COBPEMEHHBIE MPOOJIEMBI JIOTUCTHKH MATEpPHAIbHBIX ITOTOKOB B IPOM3BOJCTBE BEMYIINX
POCCHHCKHX MpeapusATHi ABTompoma. Jyist yrpaBiieHus MpoLieccaMy NCTIONb3YIoTCs oructinaeckne cuctemsl KANBAN
u Just-in-Time. IpuBeaeHa KOHIENMIUSA MoJAepHU3aImK ckiaackux xo3saictB OAO «ben3AH» ¢ onTuMmu3anmel MaTepu-
anpHO-TIpon3BoACTBEeHHBIX cBsdelt ¢ OAO «ABTOBA3» u OAO «KAMA3y. Pa3paborana mporpaMMa peKOHCTPYKIMU
cknaackux 1eHTpoB OAO «ben3AH», OAO «KAMA3» u1 OAO «ABTOBA3» ¢ OLIeHKOM 0KYITaeMOCTH pa3INuHbIX Bapu-
aHTOB MozepHH3anuy. [1penoxxeHs! crnocoObl NPIMEHEHNS! Pa3IMYHBIX THIIOB TEXHOJIOTHI XPaHEHHS U TPy3000pabOTKHL.
B craThe onpeneneHsl 00BEMBI 3aI1acOB, pa3MenaeMbIX Ha cozgaBaeMbix ckimanax OAO «KAMA3» 1 OAO «<ABTOBA3y,
1 TTIOJpOOHO PacCMOTPEHA CTPYKTYpa XPaHSIIUXCS 3anacoB. Harmm npeioskeHus: TPUHATH IPEATIPUATHEM, TIPOBEICH pac-
4eT IKOHOMHYECKO# okynaemocTH. TakuM o0pa3om, ObLIa MPOBEAEHa SKOHOMUYECKas! OLIEHKA BapUAHTOB (DYHKIMOHHPO-
BaHMs, paccyMTaH nepron Bo3spara uusecturmit At JIL OAO «KAMA3» u JII] OAO «<ABTOBA3». [lepeuncnens! Me-
TOJIMKH BHEJIPSEMBIX JIOTUCTHYECKHX CUCTEM U CIIOCO0bI MX peann3anuu. OnmicaHbl OCHOBHBIE MPOOJIEMbI, BO3HUKAIOIINE
TIPH CITOXKUBLICHCS CHCTEME TUIAHMPOBAHKS CHaOKeHHs IIPOM3BOCTBA IPU OpraHU3alMK KoHIenuuy Just-in-Time.

Mepsl, npeutaraeMble aBTOPaMH CTaThU 110 COBEPIICHCTBOBAHHIO JIOTUCTHIECKHUX ITOTOKOB Ha CO3/IaBaCMBIX CKIIaJax
AHAIM3UPYEMBIX NPEANPHATHH, DOCTATOYHO 3((PEKTHBHBI M CIIOCOOCTBYIOT OOECIICUCHHIO 3aBOCBAHMS MAKCHMAIBHOTO
CErMEHTA PhIHKA NPOIYKLHUEH JAHHBIX IPEAIPUSITUN.

Kniouesvle cnosa: norucTHYecKas cucteMa, nporuosuposanue crpoca, | T texnomornn, KANBAN, cucrema Just-in-
Time, TpaBUTAIIMOHHOE XpaHEHUE, IMOJIOYHBIC CTEIUIaXHbIe cucTeMbl, cTaHaapThl KLT, rpy3000paboTka.

MOTOKaMH B IIPOM3BOJACTBE OMUPAIOTCSA Ha MOTPeO-
HOCTb, KOTOpasi CO3/aeTcsl TEKYIIUM CIIPOCOM Ha
rOTOBYIO Ipoaykuuto. Peanusanus rorosoit mnpo-
IyKIUH, KOTOpas «BBITATHBAETCA» C TPOU3BOJI-

BBeaenne

B nacrosimee Bpems B nuTepaType M MPaKTHKE
paboTbl aBTOMOOMJIECTPOUTENBHBIX HPEANIPUATHH

CYILECTBYET MHOT'O METOJIMK OLIEHKH KadecTBa Ipo-
[[ECCOB  MaTEePHAIbHO-TEXHHYECKOTO CHAOKEHMS,
JIOTUCTUKHU, KaK MPAaBUIBHO TMPHUBA3AHHBIX K KOH-
KpeTHbIM ycioBusiM [1-22]. B aroii cBsi3u nipu pac-
CMOTpPEHUH TPOOJIeM NPOU3BOJCTBA TOSBISIETCS
HEOOX0MMOCTh Pa3pabOTKH CIIEIHATN3UPOBAHHBIX
METOJIMK, YYHUTHIBAIOUIMX OCOOCHHOCTH KOHKPET-
HBIX TIpennpusituii [23].

Hamu ompezenensl ycioBust obecriedeHust Mpo-
M3BOJICTBA B COOTBETCTBHU C JIOTHCTUYCCKUMHU CH-
cremamu KANBAN miist OAO «KAMA3» u Just-in-
time (JIT) mit OAO «<ABTOBA3». Jlanusie noru-
CTHYECKUE CHCTEMBI YIPaBICHHS MaTepUaIbHBIMU

© Cabamam @.A., TonmaueB O.M., 3amyckanos H.M., 2016

CTBA, CIYXWT CHTHAJIOM JJIS Hadana MpPOU3BOJI-
CTBEHHOTO TMpoIecca, B KOTOPOM CO3JaeTCs T10-
TPeOHOCTh CHIPhS, MATEPUATIOB M KOMITJICKTYIOIUX
Ha KaXJIOM y4YacTKe BILUIOTH JIO IOCTABIIMKOB ChI-
pbs, MaTepUAIOB, KOMIUICKTYIOIMUX. YTOOBI 00ec-
MEeYUTh OECIIEPEeOOMHOCTh TAKOT'O «BBHITSTHBAOIIIC-
ro» mpolecca, OpraHu3alus JOTMCTUYSCKOH CH-
CTeMBI TpeOyeT BBICOKOTO KavyecTBa MPOIYyKIIUU HA
KaKI0M CTaguu MpoIecca, )KECTKOr0 HCIIOJHECHHUS
MOCTABIIIMKOM CPOKOB ITOCTABKH M KOPPEKTHOTO
MPOTHO3UPOBAHUS CIPOCa HA TOTOBYIO IMPOAYK-
muto. Kaxkgas U3 «BBITATMBAKOIIHUX» MPOU3BOJI-
CTBEHHBIX JIOTHCTUYECKHX CHCTEM HMEET CBOH
0COOEHHOCTH, OIIUCAHHBIE HHXKE.
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ModepHu3sayus MawuHOCMpoumenbHbIX npednpusgmuii ...

Cabadaw ¢.A., Tonmauee O.M., 3anyckanos H.M.

Metoguku BHE/IPAEMBIX JIOTUCTUYECCKHUX CUCTEM
1 UX peaausanus

Cucrema KANBAN Ob11a pa3zpaborana u BIiep-
BbIC B MHpe peanu3oBaHa pupmoii «Toyotay [24]. B
1959 rony sta mpma Hayana SKCIEPUMEHTHI C CH-
ctemoit KANBAN u B 1962 roay 3amycTuia mpo-
1ecc mepeBosia BCEro MPOM3BOACTBA Ha STOT NPHUH-
un. B ocHoBe opraHuzanuu npou3BOICTBa (HUPMBI
«Toyota» 5eXuT TroAOBOM IUIaH MPOU3BOACTBA U
cObiTa aBTOMOOMIICH, Ha 0a3e KOTOPOTO COCTaBIIs-
IOTCSI MECSIYHBIE U OTEPATUBHBIE IUIAHBI CpPeJHECY-
TOYHOT'O BBIITYCKA HA KKIOM Y4acTKE, OCHOBaHHBIE
Ha TPOTHO3MPOBAHUH IOKYNATEIbCKOTO CIpoca
(mepuon ynpexaenus — 1 u 3 mecsina). Cyrounble
rpaduKi MPOM3BOJCTBA COCTABIISIFOTCS TOJIBKO JISt
rmaBHOro cOopouyHoro kouBeiiepa. s uexoB wu
Y4acTKOB, OOCITY)XMBAIOIINX TJaBHBIA KOHBEiiep,
rpaduKd TPOM3BOACTBA HE COCTaBIIOTCS (UM
YCTaHAaBJIMUBAIOTCA JIMIIb OPUCHTUPOBOYHBLIC MECAY-
HbIe 00BEMBI IPOU3BOJICTBA).

[locrosiHHOE HCTIONB30BaHNE PHIOCOPHUN KTOTHO
B CPOK» TIO3BOJISIET PacKpbITh HEOOHAPYKECHHBIE Jie-
(exThl. Tak Kak 3amackl MPOIYKIUN U JETANEH MOTYT
CKPbIBATH HpO6IICMI)I Ha MPOU3BOACTBC, TO IPH HX
YMCHBUICHUH e)KCI[HCBHbIﬁ KOHTPOJIb BBIABUT, K
pUMepy, HEUCIIPABHOCTH WK TIpocTou [25].

Hns perynupoBanust B cucreme KANBAN wuc-
MOJIB3YIOT CHUTHAJIBHBIC YCTPOWCTBA (KapTOUKU U
mp.). Ilpu 6e30yMakHOW TEXHOJIOTUU B BUJC CHI-
HAJIBHBIX YCTPOHCTB BMECTO KapTOUEK UCTIONB3YIOT-
cs kouteitHepsr (KLT Tapa). Kaproukm wmmm koH-
TeHEephl COCTaBISIIOT CcyTh cuctemMbl KANBAN.
Pa3pemeHHe IMPOU3BOJUTH HUJIU MOCTABJIATHL AOIIOJI-
HUTEJIbHbIC KOMIUICKTYIOIIUE HCXOTUT M3 IOCTe-
ayromux onepanuid. Kaprouka seisiercst paspere-
HHUEM Ha IT0JTydeHUE UIIH IPOU3BOACTBO CIEAYIOIeH
NapTHU KOMILICKTYIOUX [24].

BMecTo kapTOueKk MOXHO HCIIOJIb30BaTh KOH-
TeHEp B KA4yeCTBE CUTHAJIBHOIO ycTpoicTBa. B
3TOM ciy4ae MOSBJICHUE ITyCTOrO KOHTeWHepa Ha
IMPOU3BOJICTBEHHOM YYaCTKEC BU3YyaJIbHO CUTHAJIU3HU-
pyeT o HeoOXOoAWMOCTH ero 3amosHeHus. Kommue-
CTBO MAaTepHAJBHBIX 3aacOB PETYIUPYETCS IPO-
CTBIM JOOaBJICHUEM WM yJaJICHUEM KOHTECHHEPOB.

Jpyrum BapuMaHTOM OpraHu3alMy CUTHAIU3ALUH
SABJIICTCS MapKUPOBKa Ha I10JTY, BBIIIOJIHCHHAA B BHUJIC
KOHTypa Tapbl. Ilycroe mecto, 0003HauYEeHHOE KOHTY-
POM, CUTHAJIM3UPYET O HEOOXOANMOCTH MOMOTHEHMS.
Takxe BO3MOXHA yCTaHOBKA CTeJUIaXeH y MPOU3BOJI-
CTBEHHOTO Y4YacTKa, TJie KaXJ0e MECTO BBICTYIACT B
BUJIE CUTHAJIBHOTO YCTPOWCTBA M €r0 OCBOOOXIICHUE
CITY>KUT CUTHAJIOM /IS €70 MOIOJTHEHHS.

Bo3moxHBI Apyrue crnocoObl CUTHANIN3ALNH, B
TOM 4MCJIE OCHOBaHHbIE Ha [T TeXHOIOTUsX.

Cucrema KANBAN He H0DKHA TMPUBOAWUTH K
HYJICBBIM MaTCpUaJIbHBIM 3allaCaM Ha IIPOU3BOI-

CTBEHHOM YYacTKe M O0ECleuMBaeT KOHTPOJIb KO-
JMYECTBAa MAaTEPUANIOB, KOTOPOE JOJKHO HAXOIUTh-
Csl B IPOM3BOACTBEHHOM IIPOLIECCE B JIAHHBIH MO-
MEHT BPEMEHH.

[locnenoBaTenbHOCTh  BHEIPEHHUS
KANBAN mpeacraBieHa HUXe:

* aHaJM3 JAHHBIX O CPEAHEMECIYHOM IOoTpebdie-
HUU KaXa0ro ynpasisgemoro o cucteme KANBAN
W3CTIHS;

* ompejneleHne o0beMa KOHTEHHEpPOB (00BEM
MaTepHaIoB HEOOXOAWMBIN Uil OJHOTO HMPOM3BOJ-
CTBEHHOTO IIara) mo cienyiomei ¢opmyne: cpen-
HUHM pacxoj 3a BpeMs IOMOJHEHUS, YMHOXCHHBIN
Ha ctpaxoBoii paxTop (10-30%);

* U3MEHEHHE JIOTMYECKOTo M (pru3ndeckoro pac-
MIOJIOKEHHUSI MECT CKIIaIMPOBaHuUs JeTaneit mo pabdo-
YUM y4acTKaM;

* pa3paboTKa CHUCTEMBbl CHI'HAJOB IO IPHUHIM-
11aM, OTIMCAHHBIM BBILIE.

IMpu ¢ynxumonupoBannu cuctemsl JIT HHEYero
HE TMPOU3BOJIUTCS M 3alac Ha IMPOU3BOJCTBEHHOM
y4acTKe HE IOTOJIHSAETCS MOKA KOHEUHBIH MPOIYKT
He OyzeT peanu3oBaH wiu oTrpyxeH. Korna koneu-
HBIH MPOAYKT «BBITSAHYT», IJIsI BOCIIOJHEHUS W3b-
ATOTO «BBITATHBAIOTCS W3ACTHS W3 MPEAbIIyLICH
CTaJuM MPOU3BOJCTBA MM OT MIOCTABLIMKOB. Takum
obpasoMm, cuctema Just-in-Time mpeamosaraet
obecrieyeHEe MPOM3BOJCTBEHHOTO Yy4YacTKa BCEM
ACCOPTUMEHTOM MATEPHUATIOB M KOMIUICKTYIOIINX,
HEOOXOIMMBIX i COOpKH (M3TOTOBIIEHHUS) TAKOTO
KOJINYECTBA IMPOU3BOIUMBIX H3ACIMNA Ha ITaHHOM
y4acTKe, KOTOpPOE ero MOKUHYJIO.

Takum 00pa3oM, OTHMPaBHOW TOYKOW IS TIO-
MOJIHEHUS 3amaca Ha IPOM3BOJACTBEHHOM YYacTKe
npu peanuzauuu cucteMbel KANBAN sBnsercs
CHUTHAJI, BBIABaEMbIi B BHUE KapTOUKU MU IIyCTO-
ro KOHTeWHepa M0 Mepe ero OKOHYaHWs, HO MpHU
3TOM Ha IPOU3BOJCTBEHHOM YYacTKE €CTh ITOJHO-
CTBIO 3allOJIHEHHBIA KOHTEHHEp B o0beMe 3araca,
JOCTaTOYHOrO AJIs1 paboThl Ha NMEPUO] MOIOTHEHUS
+ 10 — 30% (cTpaxoBoii 3amac). B cucteme Just-in-
Time oTIpaBHOIN TOYKOW CIYXKHUT OTIPYy3Ka TOTOBO-
rO M3/eIMs C MPOU3BOACTBEHHOI'O y4yacTKa, MOCie
KOTOPO# OCYIIECTBISETCSl TONOJHEHUE 3armaca B
o0bemMe, He0OXOAMMOM JIJIsi MPOM3BOJICTBA CIICHY-
OIIETO aHAJIOTUYHOTO U3/IEIHSL.

Touno B cpok (Touno BoBpems, TBC, Just In
Time, JIT) — Haubosee pactpocTpaHEeHHAs B MHpPE
noructuyueckas koHuennus. OCHOBHasi wjes KOH-
HENINH 3aKII0YaeTCs] B CIEAYIOMIEM: €CITU TPOH3-
BOJICTBEHHOE pAacIUCaHUE 3aJjaHO, TO MOXXHO TaK
OpraHu30BaTh JIBKEHHUE MAaTepHaJbHBIX IOTOKOB,
YTO BCE MaTepHaibl, KOMIIOHEHTHI U monyhadpuka-
TBI OyIyT MOCTYTATh B HEOOXOJUMOM KOJIMYECTBE, B
HYXHOE€ MECTO M TOUYHO K Ha3HAYEHHOMY CPOKY ISt

CHUCTEMbI
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MPOM3BOJCTBA, COOPKH WJIM pealu3aldil TOTOBOU
npoaykuuu. IIpu 3ToM cTpaxoBble 3amachl, 3aMopa-
KHUBAOLINE JCHEXHbIE CpeAcTBa (GUPMBI, HE HYX-
HBL. SIBIIsSieTCS Takke OAHUM W3 OCHOBHBIX MPHHIH-
OB OepekIUBOro MPOU3BOACTBA.

[IIupoxoe pacnipocTpaHeHue cucteMbl «To4uHO B
CpOK» Hadanoch ¢ kKoHMa 50-x romoB XX B., Korma
AMOHCKass KoMmnaHus Toyota Motors, a moToM H
JpyTHe aBTOMOOWIIbHBIC KOMITAaHUH SIMOHMK Havanu
BHeNpATH cucteMy KANBAN. B nacrosimiee Bpems
cucreMa «TO4HO B CPOK» IIMPOKO HCIIOIB3YETCS B
Snonuu, CIIIA u EBpore [26].

B nHacrosmee Bpemsi cucrema cHaOXeHHUS MPoO-
n3BoacTBa B OAO «ABTOBA3» xapakrtepusyercs
OO0JIBIION HEPaBHOMEPHOCTHIO (K0d(durment 21,5).
OT0 00YCIIOBIEHO CO3/IaHWEM 3alacoB Ha TEPPHUTO-
pHUH OTPEeOUTENs, AOCTATOYHBIX HA MECSYHBIN TJIaH
MPOM3BOJICTBA, UYTO SBISETCS HEIOMyCTUMBIM IpU
BHEIpEHUHU KoHIenuu Just-in-Time.

[losTomy mpu opraHu3auuu ckiaga Ha TEPPUTO-
pun OAO «ABTOBA3», KoTOphIli pU3BaH paBHO-
MepHO obecrneurnBaTh NOTPeOHOCTH MIPOU3BOACTBA 1O
cucreme Just-in-Time, AOMKHO TPOMCXOIUTH CHH-
KCHHE YPOBHs COIEPIKAILErocs 3armaca U IUIOLIaau
xpaHeHus. OHaKo MpH CIOKUBLISHCS CUCTEME TUIa-
HUPOBAHUsI CHAOYKEHWE MPOM3BOJCTBA NPU OpTraHU-
3amuu KoHIenmu Just-in-Time He MOXeT OBbITh Op-
TaHU30BaHO IEPBOHAYAIBHO B TOM BUAE, KaK ONKCa-
HO BBIIIE. DTOMY TaKXe MpPEISITCTBYET OTCYTCTBHE
WCXOMHOW HWH(OPMAIMHM IO MOTPEOHOCTH B KOM-
IUIEKTYIOILMX B 3aBUCHMOCTH OT BBIITYCKaeMOM Ipo-
IOYKIUHU B KOJTHYECTBE, HEOOXOIUMOM IS €€ COOpKH,
W OTCYTCTBHE IUIAHUPOBAHHS HA TEKYIIYIO WU Clie-
JYIOILyI0 pabodyto cMeHy. B cBs3u ¢ aTuMm BHeApe-
Hue KoHuenimu Just-in-Time mo obecreueHuto mo-
TpebuTenell KOMIUIEKTYIOLIMMH CO CKJIaJa, OpraHu-
3oBaHHOM Ha Tepputoprn OAO «ABTOBA3», mo-
XKeT OBbITh PeaTM30BaHO B TPH dTaIa.

Oran 1. Otrpy3ka co ckiaga KOMILIEKTYIOIIHX
NOTpeOUTENIM NPOU3BOIUTCS B paMKax YKPYIHEH-
Ho#t enuHunpl (KLT), koTopoit MokeT OBbITH JOCTa-
TOYHO Ha PA3JIMYHBINA MEPUOJ] TPOU3BOACTBA OTIIEIb-
HbIMH oTpebuTensmu. [lononHenue 3amaca Ha mpo-
W3BOJICTBE MIPOUCXOINT 110 MEPE €ro 3aBEPIICHHUS.

Oran II. [locne HaKOMIEHHS MAHHBIX O peajb-
HOW WHTCHCUBHOCTH PacXOJOBaHHUSI KOMIUIEKTYIO-
LIMX TOTPEOUTEISIMH TOMIOJHEHUE 3aIllacoB Ha Mpo-
W3BOJICTBEHHBIX YYaCTKaX OCYIIECTBIIICTCS B KOJIH-
4YecTBE, PABHOM CPEIHECMEHHBIM TMOKA3aTelsiM I10-
TpeOyeHus. JlaHHOe yclioBHE NMPHUBOAHMT K HEO0OXO-
JUMOCTH KOMIUIEKTOBAaHMS 3aKa30B Ha CKIIAJE C
pacdacoBkoii nienoro KLT Ha HECKOIIBKO U OTIpaB-
K€ K MOTPEOUTENIO C MOCIEAYIOIUM €KEeCMEHHBIM
MTOTIOTHEHNEM 3aI1acoB.

Oram III. [Tocie c6opa craTucTUKU B HOPMHUPO-

BaHUs CTaHJApPTOB MAIIMHOKOMIIJIEKTOB, U3MEHEHUS
CHCTEeMBI IUIaHupoBanmsl mpom3BoactBa OAO
«ABTOBA3A)» KOMIUIEKTOBaHHE 3aKa30B Ha CKJIa-
Jie OCYILECTBIISIETCS MO MAIIMHOKOMIUIEKTaM B 3a-
BUCHMOCTH OT MOTpeOuTeneld B MHOrOOOOPOTHYIO
MHOTOCEKIIMOHHYIO Tapy, KOTOpas IOCTaBISETCS
NOTPEOUTEISIM B KOJIMYECTBE MALIMHOKOMIUIEKTOB,
HEOOXOIUMOM Ha OJHY PabO4yl0 CMEHY WIH TOJ
BpPEMEHHOH MHTEepBaN (HECKOIBKO YacOB).

Jlns obecriewenust mpom3BoacTBa OAO «KAMA3»
no cucreme KANBAN n OAO «ABTOBA3» no cu-
creme Just-in-Time npu nocraBkax npoxykimu B KLT
Tape JUIl CHIDKEHMS YpOBHEH 3amacoB Ha CKJIajax,
HaxOZSIIMXCS Ha YKa3aHHBIX ITPOM3BOJICTBAX, Mpesia-
raeTcsl MCIOJb30BAaHNE CTPATErWy YIPABIICHUS 3ara-
camu «Min Max». OyHKIMOHUPOBAHUE TAHHON CH-
CTEMBI 3aKIIIOYAETCSl B OMNpPEAETIECHUM MaKCUMAaJIbHO
JKEJIATEIBHOIO YPOBHs 3araca IO KaXIOW TOBAPHOMN
MO3ULIMK Ha KKIOM M3 CKJIAJIOB I10 KPUTEPUIO SKOHO-
MHYECKOM 1e7eCO00pa3sHOCTH C y4eTOM 3aTpaTl Ha
XpaHEHHe ¥ JIOCTaBKY IPpW MHHUMaIbHOW maptum 1
KLT Ha TOBapHYIO MO3MLMIO M CPEAHEMECIYHOIO I10-
TpeONeHNsT KaKIoi ToBapHOW mosurmu. [Ipu cHmke-
HHU 3aI1acoB JI0 ONPEAENICHHBIX OPOrOBbIX 3HAYCHUIM
OCYIIECTBIISIETCA 3aKa3 U TOMOJHEHHE MPOIYKIMU 10
MaKCUMaJIbHO >KenaTenbHoro ypoBHs. IIpu stom Ha
CKJIaJIe IOJDKCH COAEP)KAThCs CTPaxoBOH 3amac, odec-
MevrBaromii Oecriepe0oitHoe cHabKeHHe MPOU3BO/-
CTBa B CITyJae 33/Iep’KKH IJIAaHOBOM ITOCTAaBKU.

Ucxons vu3 onucaHHOM CTpaTeruu, OnpeaeiisieT-
Csl CTPYKTypa M O0BEM 3aracoB, pa3MellaeMbIX Ha
cosgaBaeMbix ckiamax OAO «KAMA3» n OAO
«ABTOBA3». CtpykTypa XpaHSIIUXCS 3al1acoB:

*  MakcuManbHbIN XKenaTeNbHbIA 3amac: 00b-
€M TPOIYKUMH, pa3MeIlaeMblii Ha XpaHEHUe, pac-
CUMTAaHHBIH Ha OCHOBE KPUTEPHUSI 3KOHOMHYECKON
1IEJIECO00PA3HOCTH.

* [loporossiii 3amac: 06beM MPOAYKINH, TIPU
JOCTIKEHUH KOTOPOI'O OCYIIECTBIIIETCS 3asBKa Ha
MIOIIOJTHEHHE 3allacoB O MaKCHMAaJIbHO >KellaTellb-
HOTO YypOBHS. PaccuuThIBaeTCsi MCXOZS U3 CPOKOB
BBITIOJTHEHUS 3aBKH Ha TOTIOJIHEHHE.

* CrpaxoBoii 3amac: 00BeM MNPOAYKLUH,
obecrieunBaromuii  OecriepeboitHoe  cHaOXKeHHE
MIPOM3BOJCTBA B CIyd4ae 3aJepKKH IJIaHOBOM IO-
CTaBKHU.

K 2020 r. ¢ yueToM MmiIaHUpPyEMBIX TEMIIOB PO-
cta odbeMa nmpousBoAcTBa Ha ypoBHE 4,78% 00b-
€M BBITYCKaeMOW MPOAYKIHH COCTaBUT 64486 T,
YTO O3KBHUBAJIEHTHO CPEIHECYTOYHOMY BBIITYCKY
MPOIYKIIMK Ha ypoBHe 176,7 T. B cBsizu ¢ nmero-
nieiicsi TEXHOJIOTHEN MPOU3BOACTBA, IIEPEHATAAKOM
00opynoBaHus TPOU3BOICTBEHHBIX JIMHUH 11 BbI-
MyCKa Pa3IUYHBIX HOMEHKJIATYP W CIOKHBIIETOCH
CIIpoca Ha MPOIYKIMIO YPOBEHBb 3aMacoB B JHSX

132

Becmuuk MITY um. I. N. Hocoea. 2016. T. 14. Ne1



ModepHu3sayus MawuHOCMpoumenbHbIX npednpusgmuii ...

Cabadaw ¢.A., Tonmauee O.M., 3anyckanos H.M.

obopota coctasisger 10—14 nueit. COOTBETCTBEHHO
MaKCUMaJIbHBIM €JWHOBPEMEHHO XpaHUMBIN 3amac
MPOIyKIINU cOCTaBisAeT 2438 T, 4TO SKBUBAIIEHTHO
1358 M° mpoaykiuu B Tape.

[InanupyemMsiii 00beM MOCTAaBOK KPYHHBIM IIO-
tpedutensim OAO «KKAMA3», OAO «<ABTOBA3»
B cranaaptusupoBanHoid KILT-1 Tape Ha ypoBHe
20200 1/rom coctaBuT 31% oT 0bmIeT0 0O6BEMa BBI-
nycka npoaykuuu. C mosiBiIeHHeM HOBBIX MOTPEOH-
TeNel WM TpHU NepeBoje CYNIECTBYIOIMX Ha MHO-
rooboOpoTHyI0 Tapy naHHas BenmmuuHa kK 2020 T.
MoxeT cocTaBuTh 50%. OcraBmascs HPOXyKIHS
Oyner mocTaBiATECA B rodpoTape, Big Box wnmm
MeTaJuIn4eckoM KoHTelHepe. ['odpoTapa momiexut
YKPYIIHEHHIO 10 CTaHAapTa TPy30BOH EIUHHIIBI
1200%x800x760 MM 1 pa3MmelraeTcs Ha XpaHCHHE B
MaJJIETHBIE CTEIUIAXKH.

IIpu sTOoM okOmo 61,5% oObemMa MOCTaBOK B
OAO «KAMA3», OAO «ABTOBA3» nmpou3BoauT-
Csl ENIIMA MOHOTIAJUIETaMU C(hOPMUPOBAHHBIMH U3
KLT-1 mo onmucaHHOMY CTaHIAPTy, YTO COCTABJISCT
19% ot obuero oobema. C y4yeToM HOBBIX MOTpE-
ouTeneil, KOTOPBIM MOCTABKH MOTYT OCYIIECTBIISTh-
Csl MOHOTIAJJIETaMH C MHOTOOOOPOTHOM Tapoil miu
Big BoX, ykazaHHY[O BEIMYMHY MOXXHO YBEIHYHTH
1o 25%. CooTBeTcTBeHHO ocTaBmuecs 25% B MHO-
rooO0OpOTHON Tape OTrPYKaITCSI B 00beME MeHee
OTHOW MaJUIeTBl W XPAHATCSA MPEANOYTUTEIHHO B
TEXHOJIOTHX, HE TPeOYIOINUX yYKpYMHEHHs (TpaBH-
TAl[IOHHBIC WJIM TOJIOYHBIC CTEJUIAXKHBIE CHCTEMBI
oz crannaptsl KLT).

OO0muit 3amac IPOAYKIMK HA CKJIa/e pacrpese-
JIIETCS Ha 3arac MPOAYKIWH, TTOCTYIHUBIIEH U3 MPO-
W3BOJICTBA U XPaHUMOH 10 YIIAKOBKH, W 3arac ymna-
KOBaHHOW W TOTOBOW K peanm3alfii TPOAYKIIUH.
3amac B AHSIX 000pOTa MPOMYKIIMH, OXKHAAMOIIEH
YIIAKOBKH, COCTaBiseT OT 4 1m0 6 mHEH, TOTOBOWM
npoaykiuu oT 8 1o 10 gHeit.

Takum oOpazom, cpemHuWil 3amac TOTOBOW IPoO-
JYKIHH, TPOIIE/NIel YIaKOBKY, COCTaBIsIeT 9 JHeH
oGopota u 873 M°. CpeHuit 3amac MPOILYKIHH, 0XKH-
JAoUIe yIaKkoBKHU, COCTABIACT 5 aHEH u 485 M. C
y4eToM cpeaHero ko3hduipienTa HepaBHOMEPHOCTH
1,2 mpousBeieH pacyeT NOTPEOHBIX MECT XpaHEHHSI.

C y4eToM OonHcaHHBIX MPEANIOCHUIOK Ha CKIAZe
OAO «ben3AH» BO3MOXHO NPUMEHEHHUE CICAYIO-
[IUX THIIOB TEXHOJIOTHI XpaHEHHS 1 TPY3000pabOTKH:

Ha Bxopsimem moToke ¢ mpoun3BoacTBa — (HpoH-
TaNbHOE CTEJUIAKHOE XpaHEHHE YKPYIHEHHBIX €IU-
HUII Ha MTOJIZIOHAX MJIN B OyHKepax.

Ha cxnane rotoBoi ynakoBaHHOM NPOIYKIMH:

*  OpoHTAIBFHOE CTEJUTAXHOE MaJUIeTHOE Xpa-
HEHHWE W T0JO0YHOE XpaHeHue. Tum oOpaboTkm —
MEXaHUYECKHUU.

*  OpoHTAJPHOE CTENIAKHOE MAJUIETHOE U
MMOJIOYHOE XpaHeHne. Tum oOpabOTKH — aBTOMAaTH-
YECKUH.

*  OpoHTANBPHOE CTEUIAXHOE MaJuIeTHOE Xpa-
HeHue, rpaButanuonHoe xpanenue (KLT TonHenn).
Tun 00pabOTKK — MEXaHUYECCKHUI U PYYIHOM.

*  OpoHTAIBFHOE CTEJUTAXHOE MaJUIeTHOE Xpa-
HeHue, rpaBuTanmonHoe xpanenue (KLT ToHHemn).
Tum 00pabOTKH — aBTOMATHYECKHI.

[Motpeburenun mnponykiuun OAO «ben3AH»
pacmoiaratoTcsi B OOJNbIIEH 4YacTH pernoHoB Poc-
cuiickoit Deneparnuu 1 OMKHETO 3apyOexbs. [Ipu
STOM TIOKYTATENH XapaKTePU3YIOTCS Pa3IUIHBIMHU
obwemamu notpedsienus — ot 0,000549 no 7654 T 3a
7 mecsiueB 2014 .

[Ipu ycrmoBuu, 9TO MOCTaBKHA OCYIIECTBISIOTCS
3 omHOTO PacmpenenutensHOro HeHTpa (Ha cero-
JHSIIHAN JIeHb — T. beneOelt) pa3InyHbIM MOTpeOu-
TeNSAM, Ui CHW)KEHUSI TPaHCIOPTHOH paboThHl W,
COOTBETCTBEHHO, CTOMMOCTH JIOCTaBKH TIPOIYKITUH
KOHEYHBIM MOTPEOUTENSIM HEOOXOMMO OTIPEACTUTh
ONTHMAaJhHOE MECTONOJOXeHne HoBoro Pacmpene-
mutensHoro nentpa (PL), mpu pasmenieHun B KOTO-
poM OyaeTr JOCTUrHyTa MHUHUMAJbHAs CyMMapHas
TpaHcmopTHast pabota [27, 28]. Ecnu npunsthk, 4To
B HOBBIM PacnpengenurenbHblii LEHTP 3aBO3 MPO-
JOYKIUU OyJeT OCYHIECTBIATHCS KPYIMHBIMH MapTH-
MU (HampuMep, *K.-Il. BATOHAMHU), TO JaHHBIH 00b-
€M 3aB03a MCKIIOYaeTcs U3 pPAacCMOTPEHHS, T.K.
yAeIbHBIC 3aTPaThl Oy IyT MUHIMAaIbHBIMHU.

3akiarouyenue

Hamu npenoxeHust NpUHATHL NPEANPUITHEM,
MMpOBCACH pacydeT SKOHOMHUYECKOH OKYIIa€MOCTHU
(rabn. 1-3).

Tabnuya 1
Pacuyet nepnopa okynaemoctu npoekta JILf OAO «KAMA3»
lNokasaTenu 2015T. 2016 r. 2017 r. 2018r. 2019r. 2020 r. 2021r. 2022r. 2023 .
MuBectuumm (py6.) 11727240
Yucras npubbins (py6.) 2233318 | 544595 544595 544595 544595 544595 544595 544595
AvopTuzaimsi (py6.) 2071586 | 2071586 | 2071586 | 2071586 | 2071586 | 2071586 | 2071586 | 2071586
Ynctbin goxog (pyb.) 4304904 | 2616181 | 2616181 | 2616181 | 2616181 | 2616181 | 2616181 | 2616181
[MCKOHTVPYEMBIN MHOXWTENb 1 0,93 0,86 0,79 0,74 0,68 0,63 0,58 0,54
HucTbii ”°X°’(4p§‘/g°)"°”“"pye“"b'” 11727240 | 4003561 | 2249916 | 2066783 | 1935974 | 1779003 | 1648194 | 1517385 | 1412738
PeanbHas LieHHoCTb (pyb.) 11727240 | -7723679 | -5473764 | -3406981 | -1471007 | 307996 1956190 | 3473575 | 4886313
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Tabnuua 2

Pacuyet nepnona okynaemoctu npoekta JILf OAO «<ABTOBA3»

[NokasaTenu 2015, 2016 T. 2017r. 2018 . 2019, 2020 r. 2021r. 2022r. 2023 r.
MusecTuumm (py6.) 12385920
Uvcrast npv6binb (py6.) 1749195 | -34377 | 544595 | 544595 | 544505 | 544595 | 544505 | 544595
AmopTusaiust (py6.) 2185388 | 2185388 | 2185388 | 2185388 | 2185388 | 2185388 | 2185388 | 2185388
YucTbii oxor (py6.) 3934583 | 2151011 | 2729983 | 2729983 | 2729983 | 2729983 | 2729983 | 2729983
JMCKOHTUPYEMbIit MHOXMTENb 1 0,93 0,86 0,79 0,74 0,68 0,63 0,58 0,54

HucTei ”°X°’(4p”yg°)"°”“"pye“"b'” 12385920 | 3659162 | 1849869 | 2156687 | 2020187 | 1856388 | 1719889 | 1583390 | 1474191
PeanbHast LerHocTs (py6.) | -12385920 | -8726758 | -6876888 | -4720202 | -2700014 | -843626 | 876263 | 2459654 | 3933844

Tabnuua 3

PacueT nepnopa okynaemoctyn npoekra CK OAO «Ben3AH»

Mokasatenu 2015T. 2016 r. 2017 . 2018r. 2019r. 2020r. 2021r. 2022r. 2023 r.
MusecTuumm (py6.) 81235200
Yncras npubbinb (pyb.) 22786879 | 11089011 | 11089011 | 11089011 | 11089011 | 11089011 | 11089011 | 11089011
AwmopTusauus (py6.) 12367380 | 12367380 | 12367380 | 12367380 | 12367380 | 12367380 | 12367380 | 12367380
Ynctbin goxog (pyb.) 35154259 | 23456391 | 23456391 | 23456391 | 23456391 | 23456391 | 23456391 | 23456391
[MCKOHTUPYEMbIi MHOXMTENb 1 0,93 0,86 0,79 0,74 0,68 0,63 0,58 0,54
HucTeii ”°X°?p”yg?)K°”T”pyeMb'” -81235200 | 32693461 | 20172496 | 18530549 | 17357729 | 15950346 | 14777526 | 13604707 | 12666451
PeanbHas LieHHoCTb (pyb.) -81235200 | -48541739 | -28369243 | -9838694 | 7519035 | 23469381 | 38246908 | 51851614 | 64518065

Takum 00pa3oM, 5KOHOMUYECKasl OLIEHKA Bapu-
aaToB pyukuuoruposanus JIL[ OAO «KAMA3» u
OAO «ABTOBA3» moka3pIBaeT, 4YTO BO3BpaT HH-
Becturmii s JII OAO «KAMA3» npousoiaeT B
2020 r. B cnyyae peanuzauuu mnpoekra B 2015 r., a
s JII OAO «<ABTOBA3» — B 2021 r. DxoHOMH-
yeckas omneHka CK OAO «ben3AH» mokasbIBaer,
YTO NPEUIOKEHHBI HaMU BapHaHT TEXHOJIOTUH
okynaercs B 2019 r.

Cnucok nutepatypbl

1. TpuMeHeHWe NOrMKWM aHTOHMMOB ANs KOMMIEKCHOr0 aHanusa
kayecTBa aBTOMOGMMbHOro kpenexa / 3akupos .M., Ocunos [1.C.,
T'yn WI.,, Cabagaw A.B., OsunHHmukoB C.B., Maiictperko B.B., Me-
3vH WO /I BecTHuk MarHMTOropckoro rocyapCTBEHHOMO TeXHUYe-
ckoro yHusepcurteta um. .. Hocosa. 2012. Ne 4. C. 57-62.

2. Tyn UTI., Muxannosckuin U.A., Ocunos [.C. KeanumeTtpuyeckas
OLIEHKa 1 NOBbILIEHWE PE3YNbTaTMBHOCTU CKBO3HOM TEXHONOMN 1
CMCTEMbI MEHEKMEHTa KayecTBa MPOM3BOLCTBA  LUAPOBbIX
nanbLes: MoHorpadons. Marnutoropck: FOY BMO «MI'TY», 2008.

3. Paspabotka Teopuu KBanmMMETpUWM METM3HOTO MPOM3BOACTBA /
Pybun T.LL., Yykun M.B., TyH I.C., 3akumpo O.M., Tyn W.I. //
YepHble metannbl. 2012. Ne 7. C. 15-20.

4. KomnnekcHas oueHKka 3 deKTUBHOCTM NPOLIECCOB NMPOVN3BOACTBA
LWapoBbIX Manbues: MoHorpadus / Tyn W.I. [u gp.]. MarHuto-
ropck: FOY BMO «MI'TY», 2008.

5. KomnnekcHas oOLUEHKa PEe3ynbTAaTMBHOCTM CKBO3HbIX TEXHOMOWIA
MPOV3BOLCTBA C WCMONb30BAHWUEM NOTMKM @HTOHWUMOB Ha MpuUMepe
waposblx nanbues / M'yw W.I., Muxainosckuin W.A., Ocunos [.C.,
CanbHukoB B.B. // BectHuk MarHUTOropckoro rocymapCTBEHHOMO
TexHu4eckoro yHueepcuteta um. .M. Hocosa. 2005. Ne 9. C. 67-71.

6.  CosnaHve 1 pa3suTye Teopun kBanumeTpum metannyprim / Fyu I.C.,
Py6un T.LL., Yykun M.B., Ty W.I., Meaun W.IO., KopuyHos AT //
BecTHuk MarHuToropckoro rocyapCTBEHHOIO TEXHUHECKOTO YHIBEP-
cureta um. I".1. Hocosa. 2003. Ne 5. C. 67.

7. Paspabotka, momenvupoBaHue W CBOEPLUEHCTBOBaHME MPOLIECCOB
MPOV3BOACTBA LUApOBbIX LuapHupoB asTomobunen / Tyw W.I., Mu-

134

xainosckui W.A., Ocunos [1.C., KyueneHawk B.J., CansHukos B.B.,
l'yn E.N., CmupHos A.B., CmmpHos A.B. // Becthuk MarHutoropckoro
rocyapCTBEHHOTO TexHu4eckoro yHueepcuteta um. I.M. Hocosa.
2014. Ne1 (45). C. 52-57.

PaspaboTka npouecca nnaHeTapHO-NoBOpoTHON obkaTku / Mu-
xannosckuin W.A., Kyuenenguk B.W., Tyn EN., Tyn W.T., CanbHu-
koB B.B. // MeTannypruyeckue npouecchl 1 0bopynosanue. 2014.
Ne 1 (35). C. 39-45.

AxTyarnbHble npobnembl KBanMMETPUM METU3HOTO MPOVU3BOACTBA B
nepvoz, 3apoXeHus LLecToro TexHonoruyeckoro yknaaa / MyH I.C.,
Yykun M.B., Pybun T.WL., Meann W.10., KopyyHos A.l. /| Me-
Tannypr. 2014. Ne 4. C. 92-95.

lMepcnekTBbI NPOM3BOACTBA BbICOKOMPOYHOTO Kpenexa u3 3aro-
TOBOK M3 YrNEepoaMCTLIX CTanew ¢ ynbTpaMenko3epHUCToN CTpyk-
Typoit / YykuH.M.B., Monsikosa M.A., Py6un I".LL., Konuesa H.B.,
'yH .C. /I KysHeyHo-LuTamnoBoyHoe nponssoacTeo. ObpaboTka
matepuanos gaenexvem. 2014. Ne 1. C. 39-44.

VccnenoBaHve (hu3nKo-MEXaHUIECKUX CBOWCTB M CTPYKTYpbl Bbl-
COKOMPOYHBIX MHOTO(YHKLIMOHAMbHBIX CMaBOB MHBAPHOTO Krlacca
HoBoro nokoneHus / Yykun M.B., TonyBunk 3.M., TyH I'.C., Konue-
Ba H.B., Edpumosa 0.0, Yyku O.M., Matywwkun A.H. // BecTHuk
MarHuTOropcKoro rocyfapCTBEHHOTO TEXHUYECKOTO YHUBEpCUTETa
um. .M. Hocosa. 2014. Ne 1 (45). C. 43-47.

l'eHe3nc HayuHbIX UCCrenoBaHui B 06nacTy kayectsa MeTansonpo-
pykumn [ TyH T.C., Meaun WO, Pybun T.LL., MuHaes A.A., Hasaitbe-
koB A.B., [ibist X. // BeCTHWK MarHuTOropckoro rocyaapCcTBEHHONO TeX-
Hudeckoro yHuBepcuteTa um. .M. Hocosa. 2014. Ne 1 (45). C. 92-96.
l'yH T.C. MHHOBaUWMOHHbIE METOAbl W peLleHus B mpoLeccax
obpabotkn matepuanos // BectHuk MarHutoropckoro rocypap-
CTBEHHOTrO TexHu4eckoro yHueepcuteta um. U. Hocosa. 2014.
Ne 4 (48). C. 99-113.

'y I".C. VHHOBaLMOHHbIE peluenmns B 0bpaboTke MeTanmnos gaene-
HueM // KauecTso B 06paboTke Matepuanos. 2014. Ne 2. C. 5-26.
HayuHo-neparornyeckas wkona MarkuToropckoro — rocyaap-
CTBEHHOTO TEXHWYECKOTrO YHWBEPCUTETa MO YMpaBleHWo Kave-
CTBOM MpOAYKUMW W NPOMU3BOACTBEHHbIX nmpoueccos / M'yH I.C.,
Mesun W.10., KopyyHos A.T., YykuH M.B., TyH W.T., Pybun T.LLL //
KauectBo B 06pabotke matepuanos. 2014. Ne 1. C. 5-9.
Nanodimentional structural part formation in high carbon steel by
thermal and deformation processing. Chukin M.V., Korchunov A.G.,
Gun G.S., Polyakova M.A., Koptseva N.V. BectHuk Marnutoropckoro

Becmuuk MITY um. I. N. Hocoea. 2016. T. 14. Ne1




ModepHu3sayus MawuHOCMpoumenbHbIX npednpusgmuii ...

Cabadaw ¢.A., Tonmauee O.M., 3anyckanos H.M.

TOCY[APCTBEHHOIO TexHudeckoro yHueepcuteta um. .M. Hocosa.
2013. Ne 5 (45). C. 33-35.

17. Tyn T.C., Yykun M.B., Pybun T.LU. YnpaBneHne kayecTBom B
MeTu3HOM npou3sogcTae // Metannyprudeckue npouecch! 1 060-
pynosaue. 2013. Ne 4 (34). C. 106-111.

18. YnpaBneHune Ka4yeCTBOM MPOLYKUMM B TEXHOMOMWSX METU3HOTO
nponssoactsa / KopuyHos A.l., Yykun M.B., Tyn I.C., MNMonskosa
M.A. Mocksa, 2012.

19.  OcobeHHOCTW PEOIOrMYECKNX CBOMCTB KOHCTPYKLMOHHBIX HaHO-
craneit / YykuH M.B., Tyn I".C., Bapblwnukos M.M., Banues P.3.,
Paab I.W. /| BecTHMK MarHUTOropckoro rocyaapCTBEHHOrO TeX-
Hu4eckoro yHueepcuteta um. I'.M. Hocosa. 2008. Ne 1. C. 24-27.

20. CranbHas nposonoka / benanos X.H., KnekoskuH A.A., Knekos-
knHa H.A., TyH T.C., KopuyHoB A.l'., Monskoea M.A. MarHuto-
ropck, 2011.

21. Tpon3soacTBO CTanbHon nposoroku / KnekoskiHa H.A., Knekos-
kuH A.A., Hukncpopos B.A., T'yH I.C., KopuyHoB A.l'., 3toauH B.U.,
Kynewa B.A., CaBenbes E.B., benanos X.H. Marnutoropck: FOY

BMO «MI'TY», 2005.

22. Tyu I'.C., NMynos E.A., MBaHoa /1.5. OnTummsaums npoueccos
06paboTki MeTannoB LaBNEHWEM NO KOMMIIEKCHOMY KpUTEPHIO
kauectsa // A3B. By30B. YepHas metannyprus. 1982. Ne 8. C. 62.

23. [youH M.H., NacHukos H.B., Tonmaués O.M. TMporpammHo-
LieneBoe ynpasneHe NpeanpyusTUsIMA; BOMOXHOCTY U Nepcnek-
TUBbI aAanTaummn K yCnoBusM NEPEXOLHON 3KOHOMMKM /| BecTHuK
MockoBCKOro rocyapcTBeHHoro obnactHoro yHueepcuteta. Ce-
pusi: SkoHomuka. 2013. Ned. C. 47-54.

24. https:/len.wikipedia.org/wiki/Kanban

25. O’loHeccn [x. KOHKYpEHTHbIA MapKETUHT: CTpaTernyeckui
noaxoa: nep. ¢ aHrn. CN6.: Mutep, 2012. 3% c.

26. Meinn H. YcnewHein 6usHec-nnaH. OT cTpaTernyeckux Lenein K
nnaHy fencTeuiA Ha oauH roa. M. Qkemo, 2011. 452 c.

27. Casuukas I'.B. AHanns X03aCTBEHHOM AeATENbHOCTY Npeanpus-
s, MuHck., 2014. 686 c.

28. Crpatermyeckuin MmeHemkmeHT / nog pead. A.H. Metpoea, [.B.
LLloneHko, B.C. Katbkano. CM6.: Mutep, 2013. 495 c.

Matepuwan noctynun B pegakumio 20.01.16.

INFORMATION ABOUT THE PAPER IN ENGLISH

DOI:10.18503/1995-2732-2016-14-1-130-136

MODERNIZATION OF MACHINE-BUILDING ENTERPRISES
ON THE BASIS OF KANBAN AND JUST-IN-TIME LOGISTICS SYSTEMS

Sabadash Filipp Alekseevich — Postgraduate Student, Bauman Moscow State Technical University, Moscow,

Russia. E-mail: sabadashpa@gmail.com.

Tolmachev Oleg Mikhailovich — Ph.D. (Economics), Associate Professor, Bauman Moscow State Technical Uni-

versity, Moscow, Russia.

Zapuskalov Nikolay — D.Sc., External Advisor, Australia.

Abstract. The formation of a market economy in Rus-
sia objectively requires an entirely new approach to the
modernization of machine-building enterprises. The com-
petitiveness of modern enterprises can be achieved if mar-
keting, innovative management system forms and tech-
niques, engineering theories of the industrial product devel-
opment, manufacturing and end-user distribution are effec-
tively implemented and applied. That is why modern logis-
tics is a crucial factor that facilitates the prosperity of a
modern industrial innovation enterprise.

This article analyzes the current issues of material pro-
cess flow at leading Russian automobile industry enterprises.
KANBAN and Just-In-Time logistics systems are used to
control processes. The article presents the concept of the
modernization of storage facilities of "BelZAN" Open Joint
Stock Company with the enhancement of material and pro-
duction relations with "AVTOVAZ" Open Joint Stock Com-
pany and "KAMAZ" Open Joint Stock Company. A program
for the reconstruction of storage centers of "BelZAN" Open
Joint Stock Company, "KAMAZ" Open Joint Stock Compa-
ny and "AVTOVAZ" Open Joint Stock Company has been
developed with a payback estimate of different moderniza-
tion options. Application methods of different types of stor-
age and cargo handling technologies have been proposed.
The article defines the volume of stocks to be placed in new
warehouses of "KAMAZ" Open Joint Stock Company and
"AVTOVAZ" Open Joint Stock Company and describes in
detail the structure of the stock stored. Our proposals have
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been accepted by the enterprise; the economic payback has
been calculated. Thus, the economic evaluation of operation
options has been carried out; the ROI period has been calcu-
lated for the "KAMAZ" and "AvtoVAZ” logistics centers.
Techniques of logistics systems under implementation and
methods for their implementation have been specified. The
authors describe the main challenges arising from the current
system of production supply planning in the framework of
the Just-in-Time concept management.

The measures to improve logistics flows at new ware-
houses of the companies under consideration proposed by the
authors appear to be effective and make it possible for the
products of these companies to capture a higher market share.

Keywords: Logistics system, demand forecasting, IT
technologies, KANBAN, Just-in-Time system, gravity stor-
age, shelf rack systems, KLT standards, cargo handling.
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director@ntmk.ru.

Jlenunna Poapuro — JlenapraMeHT UHAYCTPUAIbHOU
nHxeHepuu YHusepcurerta r. [Tanys, Uranus.

JlobanoB Uropr EBrenbeBMuy — J-p TEXH. Hayk,
Benymui HayuHbl coTpymauuk ITHWJI-204, Mockos-
CKMIl aBHAIMOHHBIA HWHCTUTYT (TOCYIapCTBEHHEIHN
TEeXHHYECKUH yHuBepcuteT), Mocksa, Poccust. E-mail:
lloobbaannooff@live.ru.

Marnac Iluxaep - npesmpent Wirtgen Interna-
tional GmbH, Bunaxaren, ['epmanus. E-mail: mathi-
as.pichler@wirtgen.de.

Mensuuk Hapexxna JleoHugoBHA — J-p TE€XH. Hayk,
mpod., 3aB. kadeapoir xumuu PI'BOY BIIO «Marauto-
TOPCKUIM TOCYNAapCTBEHHBIN TEXHUYECKUH YHHBEPCHUTET
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mm. I'M. Hocosa», Marnautoropck, Poccus. Ten.:

8(3519)29-85-22. E-mail: chem@magtu.ru.

Hedenora Eprenns BuxkropoBHa — KaHA. Hen.
HayK, JOL. Kadeapbl MAaTEeMAaTHKH M CCTCCTBO3HAHUA,

HoBorponnkmit ¢umman HUTY «MUCuC», Hoso-
tpowunk, Poccus. E-mail: russkisever@rambler.ru.
Huxntnaa Enena HwuxonaeBna —  uHXeHep-

uccnenoBatens Kageapsl pusnku um. pod. B.M. Ounkens,
Cubupckuii TOCyIapCTBEHHBII WHIYCTPHAJBbHBINA YHHBEp-
curet, HoBokysHeuk, Poccust.

IManbryeB AHaTOUIH AJleKceeBHY — KaH/I. TEXH. HAYK,
TJIABHBIA CHEIMANMCT 10 TPHPONHBIM pecypcam AO
«Ypambckast  Crame», HoBotpounk, Poccus. Tem.:
+7(3537)66-28-09. E-mail: a.panychev@uralsteel.com.

Ilecnn Anexcanap MonceeBHY — O-p TEXH. Hayk,
npod., PI'BOY BIIO «MarHuToropckuii rocy1apCTBEHHBIIH
TexHuueckuid yHusepcureT um. .M. HocoBa», Maruuto-
ropck, Poccusi. E-mail: pesin@bk.ru.

Ileryxos Bacuiuii HukosaeBu4 — 1-p TexH. Hayk,
npod. Kadeaprl PU3NIECKON XIMHHA M XUMITIECKOH TEXHO-
sorun, ®I'BOY BIIO «Marauroropckuii rocy1apcTBEHHbII
TexHudeckuil ynusepcurer um. I'JMI. Hocosa», Maruauto-
ropck, Poccust. E-mail: chief. Petuhov 2013@ yandex.ru.

IIuckaxosa Tarbsina BanepueBHa — 1-p TEXH. Hayk,
3aB. Kadempoit  «ABTOMAaTM3aIMA ~ TEXHOJOTHYECKHX
NIPOLIECCOB U TEIUIOTEXHUKU B MeTaulyprum», HMHcTUTYT
LBETHBIX METAUNIOB M MarepuaioBeneHus, CnOupckuii
(enepanbubiii yauBepcutet, Kpacuosipck, Poccust. E-mail:
piskazhova@ya.ru.

IlopTAHKHH ApTeM AJeKCAHAPOBHUY — aCIUPAHT
kadenpbl «ABTOMAaTH3aIMsI MPOU3BOACTBEHHBIX MpOLEC-
COB M TEIUIOTEXHHKA B METALIYyprum», WHCTHTYT
I[BETHBIX METAUIOB M MaTtepuaioBefeHus, CuOupckui
(enepanbhblit yausepcuret, KpacHosipck, Poccust. E-mail:
aaportyankin@gmail.com.

My3bipeB Cepreii CepreeBud — acnmpaHT Kageapsl
obpaboTtku MetamoB pasieHueM, PI'AOY BIIO «Ypans-
CKH{ (penepalbHBIi YHHBEPCHUTET WMEHHU mepBoro Ilpe-
supenta Poccun B.H. Ensriunay, ExatepunOypr, Poccus.
E-mail: siga@inbox.ru.

Pyoun I'ennammii IlmyJbeBUY — KaHA. TEXH. Hayk,
Joml. Kadeapbl TEXHOJIOTWH, CepTU(UKAIMK W CepBHCa
aBromo0Omieit, ®I'bOY BIIO «MarHutoropckuii rocynap-
CTBEHHBbII TexHudeckuil yHuepcurer uMm. .M. HocoBay,
Marnwuroropck, Poceust. E-mail: rubingsh@gmail.com.

Cadapam Puaunn AJjekceeBHY — AacCHUPaHT
kadenpsr UBM-3 «IIpomblnieHHas Joructuka» Moc-
KOBCKUH T'OCYyJapCTBEHHBI TEXHUYECKUH YHHUBEPCHU-
ter uMm. H.D. Baymana, Mocksa, Poccus. E-mail:
sabadashpa@gmail.com.

Cemuna Oabra AJjiekceeBHa — KaHJ. TIeJ. Hayk,

Jon. kadenapsl HMHOCTPaHHBIX sI3bIKOB, CHOMpCKHI
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CeedeHusi 06 aemopax

TOCYapCTBEHHBII ~ HMHAYCTPUAIIBHBI  YHUBEPCHTET,
Hogoky3nenk, Poccus.
CuneasnnkoB Cepreii bopucoBuu — 1-p TexH.

HayK, npod., 3aB. kadenpoir «OOpaboTka MeTanIoB
naBineHuem», CuOupckuii QenepaibHBI YHHBEPCHTET,
KpacHosipck, Poccust. Tem.: (391)2063731. E-mail:
shs270359@yandex.ru.

CoxousioBeknii Anexcanap BaneHTuHOBHY - O-p
TeXH. HaykK, Ipejcenarens coBeTa aupexkropoB OO0
«HTIL-T'eorexnonorus», Yenabunck, Poccus. E-mail:
avs@ustup.ru.

Coaoxenkun Ilerp MuxaiiaoBuy — I-p TexH.
HayK, npo., IIaBHBIN HAyYHBIH COTPYAHUK, MHCTHTYT
mpoOieM KOMIUIEKCHOTO OCBOCHHs Henp Poccuiickoit
akagemun Hayk (MIIKOH PAH), Mocksa, Poccus.
E-mail: solozhenkin@mail.ru.

TunbkoBa CBer1ana MuxaiJloBHA — KaHI. TEXH.
HayK, J0I. Kadeapbl «ABTOMATH3AIMS MPOU3BOICTBEHHBIX
MPOIIECCOB M TEIUIOTEXHWKA B METAJUTyprum», MHcTuTyT
I[BETHBIX METAUVIOB M MaTepuaioBeneHus, CuOupckuit
(benepanbHblil yauBepcureT, Kpacnosipck, Poceust.

Toamauves Ojier MuxailjioBU4 — KaHJ. 5KOH. HayK,
moi. kadenpsr MBM-3  «IIpoMbIlNICHHAST JIOTUCTHKAY
MoCKOBCKHMIT TOCYJapCTBEHHBIN TEXHUYECKUH YHUBEPCUTET
uM. H.D. baymana, Mocksa, Poccust.

www.vestnik.magtu.ru

Tycynb6aes Hecunobaii KyanabikoBu4 — a-p TexH.
HayK, JOI., 3aB. Jaboparopueld (HIOTOpEarcHTOB |
oboramenus AO «llentp Hayk o 3emiie, METaJUTypriuu U
oOoramenus», Anmatsl, PecrryOnmka Kazaxcran.

YepunnueB Bsiyecnas /IMurpueBHMY — I-p TEXH.
HayK, pod., 3acay>KeHHbIH paOOTHHUK BbICIIEH MIKOJIBI PO,
3aB. Kagenpoll OSKOJNOTMM W OE30IMaCHOCTH KHU3HE-
nearensHoctd GI'BOY BIIO «Marnutoropckuit rocyaap-
CTBEHHBII TexHW4eckuil yHuepcurer um. .M. HocoBay,
Maruwuroropck, Poccust. E-mail: eco_safe@magtu.ru.

Yykun Muxann BuranbeBH4 — [-p TEXH. Hayk,
npog., MEepBbIA TPOPEKTOP — ITPOPEKTOp IO HAYYHOH U
nHHOBaIMOHHOH padorte, ®PI'BOY BIIO «Marauroropckuit
TOCYAApCTBCHHBIN TexHUudYeckuid yHusepcureT um. .M. Ho-
coa», Maruuroropck, Poccus.

IIIanoBanoB Anekceii HukojiaeBU4 — KaHI. TEXH.
HayK, JIOIL., 3aB. Kadeapoil MeTauTypru4ecKiX TeXHOJIOTHi
u obopynoBanus Hosorpommnkoro ¢mmama ®TAOY BO
«HanmoHanpHBIM  MCCIEI0BATENBCKUM  TEXHOJIOTUYSCKHUI
yHuBepcurer MUCuC», Hosotpouuk, Poccusa. Ten.:
+7(3537)67-96-07. E-mail: alshapo@yandex.ru.

IIBa6ensnana Enena EropoBHa - 3aB. ceKTopoM, OTAEN
METOIMUECKUX OCHOB OLICHKH MPOEKTHON JOKYMEHTAIlMU Ha
pa3pabotky wmectopoxkmernit TIIM, OI'YII «BUMCy,
Mocksa, Poccust. E-mail: schwabenland@vims-geo.ru.
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YBAKAEMBIE KOJUIET'!

MBs! npurnamaem Bac k yuacTuro B HallleM ypHalle B KaueCTBE aBTOPOB, peKIaMoJaTeslell U YuTaTenei.
Kypuain popMupyercs o pasziesiaM, OTpakaroIiM OCHOBHBIC HAMTPABICHUS HAYYHOI AesTenbHOCTH yueHbiXx MI'TY,

B HaCTHOCTH:
— PA3BPABOTKA MOJIE3HBIX UCKONIAEMBIX.

— METAJUTYPIUS] YEPHBIX, IBETHBIX U PEJIKUX METAJLIIOB.

— OBPABOTKA METAJLJIOB JABJIEHUEM.
— JIMTEMHOE ITPOU3BOJICTBO
— TEXHOJIOTMM OBPABOTKHA MATEPHAJIOB.

— MATEPUAJIOBEJIEHUE U TEPMUYECKASI OBPABOTKA METAJIJIOB.
— CTAHIAPTU3AIIMA, CEPTUOHUKAIIAS U YITIPABJIEHUE KAUECTBOM.

— MOJIEJIMPOBAHUE METAJIJTYPTUYECKUX MMPOLIECCOB.

— HOBBIE TEXHOJIOTMYECKUE MPOLECCHI U OBOPYJTOBAHME.

— DHEPTETHKA METAJUTYPTUH, SHEPTOCBEPEKEHUE W JEKTPOTEXHUYECKHWE KOMITJIEKCHI.
— YIIPABJIEHUE, ABTOMATHU3ALUSI U UH®OPMALIMOHHBIE TEXHOJOTUU B METAJUTYPTUU.

— CTPOUTEJBHBIE MATEPUAJIBI I CTPOUTEJBHBIE TEXHOJIOTHHA B METAJLTYPTAH.

— DKOJOTUA METAJLTYPTUYECKOM OTPACJIN.
— DKOHOMMKA, YIIPABJIEHUE U PBIHOK MTPOJYKIIUN.

— CTPATET'HAA PASBUTHSA, TTIOJATOTOBKA U OBYUYEHME CITEIIUAJIICTOB.

— UH®OPMALIMA 1 ap.

TPEBOBAHUS K CTATHAM, IPUHUMAEMBIM K ITYBJIUKAIIUU

1. IPEJBAPUTEJIBHBIE 9JIEMEHTBI CTATBH
(HA PYCCKOM M aHTJIMHCKOM SI3BIKAX)

1.1. HaumenoBanue cratbu (He O6osee 15 cioB). JomkHO KpaT-
KO OTpaXkaTh coJiep)kaHue cTaTbu. He pekoMeHIyeTcsl NCIOb-
30BaTh COKpALICHUS U a00peBHATYPHL.
1.2. Apduasimms. YkaseiBaeTcs (paMuITHs, UMsi, OTYCCTBO aBTOPOB
(TpaHCTMTEpaLys), YUCHAs CTEIICHb, 3BaHKE, JOJDKHOCTh, HHIUBH-
IyansHBIH aBTopckuil nnentnukarop ORCID, momHoe Ha3BaHue
opranmzanyu (ee O(HULINAIPHO NPHUHSITHIA AHIIMICKAN BapHaHT),
aJ[pec 3IEeKTPOHHON MOUTHI XOTS OBI OHOTO U3 aBTOPOB.
1.3. Aunorauus (200-250 cioB). Brirodaer mocTaHOBKY 3aj1a-
4H (aKTyaJIbHOCTb PabOThI), LENb, UCTIOIB3yEMBIE METOMBI (IKC-
NIEPUMEHTHI), HOBH3HY, pe3yJbTaThl, INPAKTHYECKYIO 3HAYM-
MOCTh (HaINpaBJICHUS Pa3BUTHUA).

Onnaiin-nepeBon 3anpemaercs!
1.4. KintoueBble ¢/10Ba: 0T 5 10 15 OCHOBHBIX TEPMHHOB.

2. CTPYKTYPA OCHOBHOM YACTH CTATbU

2.1. BBegeHue (OCTaHOBKA POOIEMBI)

2.2. Teopusi, MaTepuadbl 1 MeTOAbI MCCJIeI0BAHUS, TEXHH-
YecKHe ¥ TEXHOJIOIMYeCKHe pa3padoTKu

2.3. Pe3yabTaThl HCCIe10BAHUS H X 00CY:KIeHHE

2.4. 3axr0ueHue (BHIBOJbI)

2.5. Cnucok JuTepaTypbl (Ha pyCCKOM U aHTIMHACKOM SI3bIKAX)

3. TPEBOBAHMA K O®OPMJIEHHUIO CTATEM

3.1. PexomeHyeMbIit 00beM cTaThil — 6-8 cTp.

3.2. Tekct cratbu, cBeleHMs 00 aBTOpaX, aHHOTAIMS KIFOYEBBIC
CIIOBa ¥ CITHCOK JIUTEPAaTYyphl TPEICTABILIOTCS HAa AJIEKTPOHHOM
Hocuterne B Buze (aitna, cozmannaoro cpeacrsamu Microsoft Word,
Y PAcTeyaTKoM Ha CTaHAAPTHBIX JIMCTaX Oymaru dopmara A4,

IIpu HaGope crateu B Microsoft Word pekomenyrotest ciie-

IYIOIIHE YCTaHOBKH:

e mpudr — Times New Roman, pazmep — 11 T, MEKCTPOUHBIH
HHTEPBAJ — OTMHAPHEIH, IEPEHOC CIIOB — AaBTOMATUYECKUIA;

e 1pu BcTaBKe (POPMYJI HCIHONB30BATH BCTPOCHHBIN PENakTop
¢dopmyn Microsoft Equation co cragapTHBIME YCTaHOBKa-
MH, TIPUMEHSIETCS TOJILKO CKBO3HAsI HyMeparus;

®  WUIIOCTPALMM HE JOJDKHBI NPEBBILIATh LIMPHHBI KOJOHKA
(80 MMm) wmm mmpuHB! ctpanunbl (170 mm). s moammceit
9JIEMEHTOB Ha  WDIOCTPAlM  HCIOJB3yeTcsl  MpUPT
TimesNewRoman 11 nr. PuCyHKH MPEACTaBIAIOTCSA B peaak-
LIMIO B IBYX (hopMaTtax: peIakTHPyEeMOM U HepeJaKTHPYEeMOM
(*.jpg; xauectBo He Menee 300 dpi). B TekcTe cTaThy JOKHBI
OBITH MOJPHCYHOYHBIE TIOJIUCH B MECTax Pa3sMeLICHHs pH-
CYHKOB. B KOHIle MOJMMCH K PUCYHKY TOYKa HE CTaBUTCS.
Hanpumep:

Puc. 4. Pacuémmnas 3asucumocmo H)=l/lng
om epemenu u yoaréunocmu K3 om 6160006
ACUHXPOHHO20 08USAMEIISL

e  TabGaMIBI HYMEPYIOTCS, €CIIM UX YHCIIo OoJiee OgHOM. 3aro-
JIOBOK HEOOXO/IMM, KOT/[a TabJIiIia HMEET CaMOCTOSTENbHOE
3HaueHue, Oe3 3aroJIoBKa Jal0T TaOJIUIBI BCIIOMOTaTeIbHOTO
XapakTepa.

3.3. Ilpm mOArOTOBKE PYKOIUCH HEOOXOAWMO PYKOBOJICTBO-

BaThca MexnyHaponHoi cuctemoit enuant CH.

4. TOKYMEHTBI, IPUJIATAEMBIE K CTATBE

4.1. JkcnepTHOE 3aKJII0YEeHHE O BO3MOYKHOCTH OIYOJTHKOBaHMSI.
4.2. NoroBop.

Buumanue! [TyOmukanns crareit sBisercsa 6ecriatHol. [IpenMyiiecTBo omryOIMKOBaHMS PEIOCTABIISETCS] AaBTOPAM H

YUpEXICHUSIM, 0(OPMUBIINM ITOJIIUCKY Ha XKypHaJI.

CTtaTbu IPOXOAT 00513aTENbHOE HAYTHOE PEIICH3UPOBaHHE.

Penakuys octaBiseT 3a cO00i MPaBO OTKJIOHSATH CTaThH, HE OTBEYAIOIINE YKa3aHHBIM TPEOOBAHHSIM.

ITo Bompocam myOsmKarmu crareit oopamarsest: 455000, r. Marautoropek, np. Jlenuna, 38, MarHUTOropckuii rocy1apcTBeH-
HbIH TexHrdeckuil yausepcuteT uM. I'.11. Hocosa, Peaxomnerus xypnana «Bectauk MI'TY um. I''11. Hocosay, M.B. Uykuny.

Tenedons: (3519) 29-85-26, 22-14-93.

E-mail: rio_mgtu@mail.ru; vestnik@magtu.ru (c ykazanuem temsl coobuierns «BectHuk MI'TY »).
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