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OcHoeHble HanpagneHus xypHana «Becmuuk MI'TY um. I'/. Hocoea» T'yn T.C., KopuyHoe A.I"., KopHunoe I".I1. u dp.

K IOBHJIEI0 MITY HM. I.H. HOCOBA

VIK 001.89

OCHOBHBIE HAITPABJIEHUSA KYPHAJIA «BECTHUK
MI'TY UM. I''KM. HOCOBA» (Hay4HblIii 0630p)

https://doi.org/10.18503/1995-2732-2019-17-1-5-17

I'ya I'.C., Kopuynos A.T"., Koprmnos I'.I1., Kopanios C.H., IToxsxoa M.A.
Marnuroropckuii rocyjapcTBeHHbI TexHuueckuil yausepcutet um. I'. 1. Hocoa, Marauroropck, Poccust

Annomayusn. B ctatbe, NoCBSIEHHON 85-1eTHI0O MarHUTOrOPCKOTO TOCYJapCTBEHHOTO TEXHUYECKOTO YHUBEPCUTETA
um. I''11. HocoBa, mpezcTaBieH aHaIu3 MOJOXKEHUA KypHana «BecTHUK MarHUTOropckoro rocyJapCcTBEHHOTO TEXHHU-
yeckoro ynusepcutera uMm. I'.I. HocoBa» B pelTHHIe pOCCHICKHX >KYpHAaJOB, OTMEYEHO, 4TO 3a 16 JeT B XKypHale
OITyOJINKOBAHBI CTaTbU aBTOPOB U3 28 CTpaH MHpa, B PEIAKIMOHHBIA COBET BXOIAT U3BECTHBIE yueHbIe u3 13 cTpan. Ha
mpuMepe HayqHoTo 0030pa ctareld, Boimeamux B Bectanke MI'TY um. 1. Hocosa B 2018 roxy, mokazaHsl OCHOBHEIC
HalpaBJICHUS XKypHaJla, BOCTpeOOBaHHBIE MUPOBBIM HAyYHBIM COOOIIECTBOM.

Kniouesvie cnosea: MarHUTOTOPCKHM TOCYJapCTBEHHBIM TexHuueckuil yHuBepcureT uM. [.JM. Hocoma, xypHan
«BecTHUK MarHutoropckoro rocyAapCcTBEHHOr0 TexHudeckoro ynusepcurera uMm. I'.M. Hocosa», peldTuHr, Hayd-
HBIC HAIIPABJICHMUSL.

— 85 oOpazoBarenpHBIX MporpaMM 1o 15
HAaIpaBJICHHUSM ITOJITOTOBKH aCITUPAHTYPBI.

KomnektuB By3a pa3pabaThiBacT W peaiusyer
CTpaTeTUUECKHUE MPOEKTHI: «Hayyno-
00pa3oBaTeIbHBI LEHTP HOBBIX MAaTEPUAIOB |
iISmArt-metaypruny;  «KomdoprtHas — cpemay;
«BpeMs komrieTeHIIUH U TPO(YECCHOHATTU3MAY).

BBenenune

MarHuToropckoMy roCyJapCTBEHHOMY TEXHH-
yeckoMy yHuBepcutety um. .M. HocoBa B 2019
rony ucnojHsiercs 85 ner, a xypHany «BecTHHK
MarHuToropckoro rocy1apcTBEHHOTO TEXHHYECKO-
ro yausepcutera uMm. [.MI. HocoBa» — 16 mner.

MI'TY um. I''1. HocoBa 3a rossl cBOei I€ATEIbHO-
CTH BBIPOC B KPYIHBIH MHOIONPOGUILHBIN By3 poc-
CUICKOIO 3HAYEHUSI.

B crenax onopHoro By3a Poccuu moarotoieHo
cBpiie 80 THICSY  BBICOKOKBAIM(UIIMPOBAHHBIX
CIHELMAIMCTOB, B HACTOSIIEE BPEMs pPEAIN3yeTCs
848 o00Opa3oBaTeNLHBIX MPOTPaMM, JIEHCTBYIOT 6
JMCCEePTAllMOHHBIX COBETOB, 3aKitoueHo Oosiee 60
JIOTOBOPOB O COTPYAHMYECTBE C By3amu 28 rocy-
JapcTB. YHHUBEPCUTET OCYILECTBISET 00pa3oBa-
TEJIbHYIO ACSITeNbHOCTh MO0 30 yKpYIMHEHHBIM TpYyII-
1aM HamlpaBJICHUH U CHEIHMANBbHOCTEH BBICIIETO 00-
paszoBanust u 12 — cpegHero npodeccHOHATHHOTO
oopazoBanus. [lo yposuio CIIO peamusyercs 51
oOpaszoBaTenbHas mporpaMma mo 23 cHenuanbHO-
ctsiM. 1o ypoBHSIM BBICIIETO 00pa30BaHMUs:

— 423 o0pa3oBaTenbHBIE TpOrpaMMbl 10 51
HanpaBJICHUSIM OJATOTOBKH;

— 107 obpa3oBaTenbHBIX IPOrPaMM 10 8 CHelH-
IBHOCTSIM;

— 138 oOpa3oBaTenbHBIX HporpamMm 1o 34
HanpaBJICHUSIM OArOTOBKH MAaruCTpaTyphbl;

© T'yaI'.C., Kopuynos A.I"., Koprumnos I'.I1., Kopumnos C.H.,
ITonsikoBa M.A., 2019

www.vestnik.magtu.ru

B 2017 rogy MI'TY um. I'.1. HocoBa noGemnn
B KOHKypce MuHoOpHayku P® Ha momydeHue cra-
Tyca YHHMBEPCUTETCKOTO LIEHTPa TEXHOJIOTHYECKOTO
pa3BUTHUS PErHOHa B paMKax peanu3aluyd MpHOpPH-
TETHOTO (eepabHOro NpoekTa «By3bl Kak HEHTPHI
IIPOCTPAHCTBA CO3AAHUS] MHHOBALIMID.

Puc. 1. Ilpeacenarens npaButenscTa PO
J.A. MenBeneB 3HAKOMUTCS C HAYIHBIMH
paspadotkamu MI'TY um. I'.U. Hocosa




K FOBUIEKO MI'TY UM. 1. HOCOBA

Ha ©0a3e yHuBepcuTeTa OTKpBIT HAy4HO-
obpazoBarenbHBId HeHTp «Schneider Electric —
MI'TY mMm. I''1. HocoBay, co3qaHHBIA COBMECTHO C
MHUPOBBIM JIHJEPOM B 00JAaCTH BIIEKTPOIHEPTETUKU
n aBToMatuzaiuu «Schneider Electricy; neicTByrOT
HUWMU nanocraneii, HUN metannypruyeckux T€XHO-
JoTHii B 00paboTkn MarepuanoB maeienuem, HUN
KOMIUIEKCHOTO OCBOEHHUSI T€0pecypcoB; MHHOBAIU-
OHHO-TEXHOJIOTMUYEeCKUi 1eHTp, R&D u crtyaenue-
ckuit OusHec-unKyOarop. B mepuon 2010-2016 rr.
mecth npoektoB MI'TY um. I''1. HocoBa cTtaHoBU-
JUCh MOOEIUTENSIMA KOHKYpCa Ha MPaBo MOTyYSHHUs
cyOcuaMii Ha pearn3alio KOMIUIEKCHBIX MPOCKTOB
[0 CO3JJaHMI0 BBICOKOTEXHOJIOTUYHOTO MPOU3BOJI-
cTBa (B COOTBETCTBUHU C IOCTaHOBiIeHUEeM llpaBu-
teascTBa PO Ne 218). B 2017 rogy By3 mobeann B
KOHKypce Ha TmojdydeHue rpaHToB [IpaBurenbcTBa
P® no npuBieyeHUI0 BEAyIUX YYEHBIX B POCCHUI-
CKHe OpTraHW3allié BBICIIEro oOpa3oBaHHs (B pam-
kax nocta"osnenus [IpaBurenscTBa PO Ne220).

YHUBEpCUTET aKTUBHO COTPYAHHUYAET C KpYII-
HEHIINMHU MPOU3BOJCTBEHHBIMH MPEATNPUATHIMHY, B
YaCTHOCTH, C OJZHUM H3 KPYIMHEHIINX B MHpE —
[TAO «MarHuTOrOpCcKUi METaLTypTHYECKUl KOM-
OuHATY», SBIAIOLUIMMCS CTPATETMYECKUM MapTHEPOM
YHUBEpCUTETa B OOJIACTH MOJTOTOBKHU KaJpoB H
MIPOBEIEHHUsS] COBMECTHBIX HAY4YHBIX HCCJICIOBAHUIL.
[TapTHepamu-paboToAaTeNIIMI  SIBIISIIOTCSL  TaKOKe
rpynma kommanuit OAO «Ypanbckas TOpHO-
MeTaJTyprudeckasl KOMIAHUA», TPYIa KOMIIAHUI
OAO «Meuen», rpynna komnannii 3A0 «Pycckas
Me/IHasi KOMIIaHU U Jp.

ITomumo texuuueckux B MI'TY Ttakxe peanu-
3YIOTCS TyMaHHTapHbIE HaMpaBJIeHHUs MOJITOTOBKH,
YTO MO3BOJISIET FOBOPUTH 00 YHHUBEPCUTETE KaK O
knaccuueckoM. Ha 0Ga3e Bysa nelictByer HaydHo-
HCCIIEA0BATEIBLCKUI MHCTUTYT HMCTOPUYECKOM aH-
TPOTOJIOTUN U (PHUIIONOTHH, AEATENTFHOCTh KOTOPOTO
HampaBiieHa Ha Pa3padoTKy MEXIUCLUUILTUHAPHBIX
MPOEKTOB B O0JIACTH KJIACCHYECKOW apXEOJIOTHH,
WCTOPHUH, JTUHTBUCTHKH, JTUTEPATYPOBEACHUSA, KYyIb-
Typsl Poccum u 3apybexps. B ero cocraB BXOguT
OJlHa M3 aBTOPUTETHHIX B Poccum u Mupe HaydHO-
HCCIleIoBaTeNbCKas cloBapHas jabopaTtopus, nes-
TEIHHOCTh KOTOPOH HampaBieHa Ha yIydlIeHHe
MOJITOTOBKH ~ CIIEI[HATMCTOB-(DUIIONIOTOB, pEIlICHHE
($yHIaMEHTaNbHBIX M NPUKIAIHBIX MPOOJIEM PyCH-
CTHKH B paMKax JIeKcukorpaduu u ¢ppazeorpadu.

MI'TY um. I'1. HocoBa oGnagaer HIMPOKUM
CHEKTPOM MPOrpaMM MEXIYHAPOAHOTO B3aUMO/IEH-
CTBHS C MTHOCTPAHHBIMH By3aMHU-TIApTHEPaAMHU.

CTyneHTsl Hallero YHUBEPCHUTETa MPOXOISAT
oOy4enue B yHuBepcuterax Uranuu, @panuuu, Ye-
xun, CepOum, I'epmanuu, Kuras. Crucok crpaH
MOCTOSHHO paciuupsercs. CBOUMHU IVIa3aMH yBU-

JIeTh KJjacc, B KoTopoM ['anuneo 'anuneit npenona-
BaJl B HTAJBIHCKOM yHHBepcuTere ¢ 6omnee yem 800-
JIETHEeW WCTOpHWeH, Y3HaTh, CKOJNBKO (haMuIIMil BBI-
JIAIOIIUXCSl YUYCHBIX PaclojoKeHbl Ha OHdeneBoi
Oamne B [lapmxke u rae HaxoauTcs camas OoJbIIas
wiomaap EBpomnsl, a Takke pacmimpuTh npodeccu-
OHaJIbHBIEC 3HAHUS U MIPAKTUYECKUE HABBIKU — TaKHUE
BO3MOXHOCTH CIIOCOOCTBYIOT Pa3BUTHIO Ipodeccu-
OHAJIU3Ma.

OCHOBHBIMH JIOCTOMHCTBAMH IpOTpaMM oOMe-
Ha, 110 PaccKa3aM CTYICHTOB-yYaCTHUKOB, SBIISIIOT-
Csl TIOJIE3HBIN OMBIT OOYYECHUSI B YHUBEPCUTETE JPY-
TOi CTpaHbl, CAMOCTOSITENbHAS OpraHU3aIMsl )KU3HH,
HOBBIH B3MJIs111 Ha OyaymIyto mpodeccuro, He3aObIBa-
€Mble BIIEYATICHUSL.

MI'TY um. I''H1. HocoBa B cBOW ouepenp npu-
BJIEKaTeNIeH M JUIsI UHOCTPAHHBIX CTYJIEHTOB. Exxe-
TOJTHO OCYIIECTBIIETCS MPHEM MHOCTPAHHBIX I'paK-
JIaH Ha TPOTpaMMbI OOyYeHUs BBICIIET0 00pa3oBa-
Hus u3 Opannuu, Utamun, BenmnkoOpurtannu, bpa-
3UJIMM U JPYTUX CTpaH. YHHUBEPCUTET PEryJsIpHO
OpraHu3yeT BCTPEUYH C MPUOBIBIIUMH CTYJCHTaMH,
YTO SIBJISETCSI YHUKaAJIbHOH BO3MOXKHOCTBIO AJISI 00-
IIEHUS] 1 0OMEHA OMBITOM C HOCUTEISIMH SA3bIKA, VIS
nproOpeTeHHs HOBBIX JIPY3eil.

YHUuBepcUTET ABISAETCS yUpEeIUuTeNeM U coyupe-
IuTeaeM 22 HAy4yHBIX KYPHAJIOB, U3 KOTOPBIX 2 —
«Uepubie metaiuie» U «CIS Iron and Steel Review»
BKJIFOUCHBI B SCOpUS — MEXJIyHApOJIHYIO OHOJIHO-
rpaduuecKyio u pedepaTuBHYI0 0a3y JaHHBIX, 3 —
«BecTHUK MarHuToropckoro rocyIapCTBEHHOTO
TexHuuyeckoro yHuBepcutera uMm. [.J1. Hocosay,
«[Ipobnembl HCTOpHHU, (DUIONIOTUH, KYJIBTYPBI» M
«ONEKTPOTEXHUYECKUE CHCTEMBl M KOMILIEKCHI)
BxomiT B Ilepeuenr BAK, a Takxke eme 17 cepu-
AIbHBIX HAayYHBIX >KYpHAJIOB IO AKTyaJlbHBIM IpO-
OnmemaM B 00JacTH TYMaHHUTApHBIX M TEXHUUECKHX
HayK MHAEKcupyroTcs B 0aze ganHbix PUHLL.

«BecTHUK MarHuToropckoro rocyaapcTBEHHO-
ro TexHuueckoro yHupepcutera um. I'.1. HocoBay
— HAYYHBIA PELEH3UPYEMBIM >KypHaJI, B KOTOPOM
MyONMHMKYIOTCA Pe3yJbTaThl MPOTPECCUBHBIX Hayd-
HBIX U MPOEKTHBIX PabdOT M3BECTHBIX YUEHBIX, IPO-
MBILUICHHUKOB, MOJIOABIX Y4eHbIX Poccum u 3apy-
0eXbs MO0 MIMPOKOMY CIIEKTPY HCCIIEZIOBaHUN B 00-
JACTH METAJUTYPTHH, MAIIWHOCTPOEHUS, METalJIo-
00paboTKM U B CMEXHBIX OoTpacisix. TemaTunka my0-
JMKaMKi OXBaTHIBA€T BECh KOMIUIEKC aKTyaJlbHBIX
BOIPOCOB OT Pa3pabOTKU TOJE3HBIX HCKOIAEMBbIX,
MOJTyYeHHs YyT'yHa, CTAIM M MPOKaTa J0 MPOU3BOI-
CTBa MPOJAYKIIMU C TIYOOKOW CTENeHbI0 TepepadoT-
KU 7151 pa3IUuHBIX OTpacield S5KOHOMHUKH. bombioe
BHUMaHHE B >KypHaje YIENAeTCs COBPEMEHHBIM
TEHJICHIMSM Pa3BHUTHS CHIPhEBOW 0a3bl, sHEprocOe-
PEKeHMsl, aBTOMAaTU3alM1, SKOHOMHUKH U 3KOJIOTUH,
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CTaHJIApPTHU3ALUY U YIIPABIECHUS KAUECTBOM MPOJYK-
UM, TOATOTOBKM M OOydeHHs KaApoB B 00jacTu
METAJUTypIiH, MAIIMHOCTPOEHUS M METaoo0pa-
OOTKH.

Kypnan usnaercs ¢ 2003 r., 3a npomeanue ro-
Ibl B HEM OIyOJMKOBAaHBl CTaThH AaBTOPOB U3
28 ctpan

Kypnan ¢ 2007 rona BxitoueH B Ilepedens Be-
OYUIMX PELEeH3UPYEMBIX HAayYHBIX JKypHAJIOB U U3-
JaHWH, B KOTOPBIX IOJDKHBI OBITH OIyOJMKOBaHBI
OCHOBHBIE HAay4HbIE pe3yJbTaThl JUCCEPTAlMi Ha
COHMCKAaHHE YYEHOM CTENEHH JOKTOpa M KaHAWuJaTa
HayK.

B Ilepeyens BAK >xypHan Bomen mo rpynmnam
CJIEAYIOIINX HAYYHBIX CIICLMaIbHOCTEH:

» 25.00.00 — Hayku o 3emue;

* 05.16.00 — MeTamTyprust 1 MaTepHaIOBE/ICHNE;

* 05.02.00 — MamMHOCTPOGHUE W MAIIMHOBE-
JIeHNE;

» 05.09.00 — anexTpoTexXHUKA.

CaenieHus 0 JKypHaIax COJIEp)KaTcsl B MEXKIyHa-
pomHbix 0Oaszax gaHHbiXx Ulrich's  Periodicals
Directory, Crossref, a Tacoke B BUHWUTU u PUHLI,.
B penakuuoHHBII COBET KypHajla BXOHST aBTOPH-
TeTHble yueHble uU3 Poccum, Anonuun, ['epmanum,
Wanun, Wtanum, Ilompmm, Kaszaxcrana, AHTIHH,
Opanrun, Manaiizun, Kutas, Cepoun, CioBeHuu.

Kypnan «BectHuk MarHuroropckoro rocynap-
CTBEHHOI'0 TEXHUYECKOro yHusepcurera um. I'.1. Ho-
COBa» TMHAMUYHO Pa3BUBAETCS, B HACTOSIIIEE BPEMS
oH 3aHuMaer 1o nanHeiM PUHI] B pelituare Science
Index 355 moszummmio mu3 3557 xypranos, 702 Mecto
u3 3461 u3ganuii B pedTHHTE 1O pe3ybTaTtam oOIe-
CTBEHHOW SKCTEpTH3bl, UMNakT-pakrop mo 2018 T.
1,02, 9to BBINIE OOJBIIMHCTBA POCCHHCKUX JKypHa-
JIOB aHAJIOTMYHON TEMAaTHKH.

IIpencraBuM aHanu3 HAy4YHBIX HaIllpaBICHUN U
CTPYKTYpPBI JKypHaja Ha puMepe 0030pa BBITYCKOB
2018 roma. MOXHO OTMETHUTH, YTO Pe3yIbTAaThl aHa-
JIM3a OTPAXKAIOT TUIIMYHYIO KAPTHHY BCEX BBIITYCKOB
MOCTIEHUX JIECSATH JIET KU3HU JKypHaa.

CrpykTypa 4-X BBITYCKOB JXypHama «BecTHuk
MI'TY um. I'.1. HocoBa» cnenytomias: 38 crateii (B
ToMm ymcae 10 crareit 3apyOexHBIX aBTOpoB); 140
aBTOpOB U3 6 cTpaH, 21 ropoxaa, 36 mpennmpusATUN U
YUpEeXIeHUI, B TOM 4Hcie 25 3apyOexHBIX aBTO-
pOB, 28 NOKTOPOB HayK. MBI BUAMM, UTO aBTOPCKUMN
COCTaB JXypHajia JOCTaTOYHO IIUPOK MO reorpaduu,
MIPECTABUTENHCTBY 1 KBATH(PUKAIIH.

Pacnpenenenne 40 crareii xxypuanoB 2018 roma
10 TEMaTHKeE CIIeAyIoIIee:

— HayK# 0 3emiie — 13;

— METaJUTYprusi ¥ Matepuanosenenue — 19;

— MallMHOCTPOCHUE W MAITHHOBEIeHHE — 3;

— 3JICKTPOTEXHUKA — 3.

Huxe npuBeneM pe3ynbTaThl aHaIHU3a CTaTeH Mo
HAIPaBICHUSM.

[Ty6nukamm B pasgene «Hayku o 3emuie» co-
OTBETCTBYIOT TEeMAaTHKE HAy4YHOW IIKOJBI, cHOpMU-
poBaBiueticss B MI'TY, — Pa3Butue Teopuu KoMOu-
HUPOBAHHOW I€OTEXHOJOTHU NpPH pa3paboTKe MpH-
POIHBIX U TEXHOTEHHBIX PECYPCOB. B cooTBeTCTBMHI
C Hay4YHBIMH HaNpaBJICHUSMH OIyOJIMKOBaHHBIC
CTaThbU COJEpIKaT Pe3yJIbTaThl HCCIEOBaHUH B 00-
nactsx: «Pa3paboTka MONE3HBIX HCKOMAEMBIX» U
«TexHonornu nepepabOTKU M YTHIM3ALHMU TEXHO-
TeHHBIX 00pa30BaHUN U OTXOOB.

Pa3pa6oTka nmose3HbIX HCKOMAEMbIX

B cratee I'onmuk B.U. u Imutpak KO.B. [1] pac-
CMaTpHUBaeTCs aKkTyajlbHas mpobieMa YINpOdHEHHS
MUHEPAIHHO-CHIPHEBON 0a3bl IBETHON METAILTYPTUU
MyTEeM BOBJICYCHUS B MPOMU3BOACTBO HEAOCTYIHBIX
JUTSL TPAJUIMOHHOW TEXHOJIOTHHU MepepadOTKH 3ama-
COB TEXHOJIOTHUYECKH BCKPBIBAEMBIX Py TMPEHMY-
IIECTBEHHO I[BETHBIX METAJUIOB. ABTOpaMH Ipeasa-
raercsi KOMOMHUPOBaHHWE TPAIULMOHHBIX TEXHOJIO-
ruil pa3paboTKu ¢ MHHOBALMOHHBIMH TEXHOJIOTHSI-
MM BBIIICIAYMBAHUSI METaIoB. JlaHHBIA TOAX0.
SBISIETCSl PEAIbHBIM PE3EPBOM O3I0POBJICHUS 3KO-
HOMUKU TOPHBIX HPEANpUATHH, obecrieunBas W3-
BJICUYCHHE METAJUIOB JI0 O€30MacHOr0 YPOBHS U BO3-
MOYKHOCTh TIOTAIlIeHUsI 00pa30BaHHBIX TOPHBIMH
paboTaMH IyCTOT 3aKIAAKONH TBEPICIOIIUMH CMe-
CSIMM Ha OCHOBE YTHJIM3UPYEMBIX XBOCTOB JOOBIYM
U riepepaboTKU py/I.

CokonoB 1.B. B coaBTOpCTBE C ApyrMMHU y4e-
HbIMH [2] 00OCHOBaJl BO3MOYKHOCTH PACIIMPEHHS
CBIPHEBOI 0a3bl KBapLEBOM OTpaciy 3a CYET BOBJIE-
YEeHHsI B OTPAaOOTKY MaJIbIX KBapLEBBIX XHJI C He-
3HaYUTEJIbHBIMU 3amacamu. llpm sToM mepBocte-
TIEHHOU 3aJlaueil sBIsieTCs BBIOOp criocoba oTpaboT-
KW XWI. B TaHHOM HcClieIoBaHNY, Ha IPUMEPE KH-
761 Ne193 Ky3HEUMXHHCKOTO MECTOPOXKIACHHS Tpa-
HYJIMPOBAaHHOTO KBapua AelcTByromero KbImThm-
ckoro ['OKa, KOMITIIEKCHO paccMaTpUBaETCs BOIIPOC
00 3¢ dexkTuBHOCTH U 1IeTIeCO00Pa3HOCTH OTPadOTKU
3aracoB Majoro MECTOPOXKIEHHS LIEHHOTO ChIPbS
MOJ3EeMHBIM  CITIOCOOOM. ABTOpaMH  BBITIOJIHEHO
CpaBHEHHE IO3EMHOI0 CIocoba pa3paboTKH ¢ OT-
KPBITBIM CIIOCOOOM U BBISIBICHBI €r0 DKOHOMHYE-
CKHE H DKOJIOTHYECKHE TIPEUMYIIECTBA.

Yuensimu Xomernko O.E. u Jlsmenko B.U. [3,
4] mpencraBieHbl OCHOBHBIE HAayYHBIE M MpaKTHYe-
CKHE PEe3yJIbTaThl MCCICJOBAHUH TOBBIIICHUS T€O-
JIMHAMUYECKOW Oe30MacHOCTH TOJ3EMHOM paspa-
OOTKHU CIIO)KHOCTPYKTYPHIX MECTOPOXKICHUH Ha OC-
HOBE JJAHHBIX OINEPAaTHBHOIO KOHTPOJIS M MPOTHO3a
HanpsHDKEHHOTO COCTOSHHSI TOPHOTO MAaccHBa C pas-
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K FOBUIEKO MI'TY UM. 1. HOCOBA

JUYHBIME  QOopMaMl JTUHAMUYECKOTO MPOSBICHUS
TOPHOTO [JaBJIEHUs, NPOQMIAKTUKHA U IPEROTBpa-
LICHUS! TOPHBIX YAAapOB. ABTOpaMH IOJy4Y€HBI HC-
XOAHBbIE NAHHBIE I MPOSKTHPOBAHUS MOA3EMHON
Pa3paboTKH CI0KHOCTPYKTYPBIX MECTOPOXKACHHUH B
3aBUCUMOCTH OT OpHUEHTALUM MaKCHUMAaJbHbBIX
HaIpsKEHUH OTHOCUTENLHO BBIpaboTkH. s n3me-
HEHHUS MHTEHCHBHOCTH BIIHMSIHUSI TEXHOTEHHOTO CO-
CTOSTHHS MaccuBa, c(hOpMHUPOBAHHOIO TOCIIENIOBA-
TENbHO-COMMKEHHBIMU BbIPaOOTaHHBIMH IPOCTPaH-
CTBaMH, NPEIJIOKEH CIIOCO0 paspyIIeHHs] MOPOIHBIX
LEJIMKOB, Pa3ielsSioIMX HX MOJOCTH, YTO MO3BOJISET
CHU3HUTH JHEPTeTHUYECKYIO HaMpsHKEHHOCTh MacCHBa
70 6 pa3 ¥ BTOPHYHYIO OOBOIHEHHOCTH PYIHBIX 3alie-
XKel B JIexadeM OOKy IIaXTHOTO TOJSL. JTO JAeT BO3-
MOKHOCTb TIPOBEICHHS HOATOTOBUTENIBHBIX BHIPa0oO-
TOK 0€3 IPUMEHEHHS! KpeTiei U YBEJTHMICHHS pa3MEpOoB
OYMCTHBIX Kamep B 1,52 pa3za.

B ropHOil OpOMBILIIEHHOCTH 3KOJIOCHYECKUE
TpeOOBaHUS CYIIECTBEHHO KOPPEKTHPYIOT 00JIacTh
palMOHAJIBHOTO  TPUMEHEHHS  aBTOMOOWIBHOTO
TPaHCIOpPTa M TPEOYIOT MPUMEHEHUsI 00JIee YMCThIX
1 3(PQPEKTUBHBIX TPAHCIOPTHBIX CPEIACTB C MEHb-
MM 00bEMOM BBIOPOCOB OTpaOOTaHHBIX ra3oB. Bece
ocTpee BCTaeT mpobieMa 3HAYUTETHLHOTO COKpale-
HUS TOPOTOCTOSIIIETO TOIUINBA, OTPEOIsIeMOro Ka-
pbepHOU TeXHUKOU. ABTOpPHI cTaThu Xa3uH M.JL. u
teikoB C.O. [5] 060CHOBBIBAIOT CIIOCOOBI TOBHI-
HIeHus: dHeprodP@eKTUBHOCTH Ha OTKPBITHIX TOp-
HBIX paboTax, B YaCTHOCTH, TIEPEBOJ] aBTOTPAHCIIOP-
Ta Ha HOTpeOJICHHE 3JIEKTPO’HEPruu (IpUMEHEHHE
TpOJJIeHiBO30B). BbIsiBIEeHO, YTO B 3TOM ciydae
CHIDKAIOTCS. ~ OKCIUTyaTallMOHHBIE  PacXojibl  Ha
TpaHCIIOPTHPOBaHUE TOpHOW Macchl Ha 15-20%, a
TaKXe UCKIIIOYAeTCs 3ara30BaHHOCTb Kapbepa.

B crarse Yeban A.1O., Xpynunoit H.IL. u Sxu-
menko JI.B. [6] aHamm3upyercs BO3MOKHOCTH CO-
BEpPILIEHCTBOBAHUSI KOMILIEKCAa TOPHOTPAHCIIOPTHO-
ro obopymoBaHus aisi pabOTBI COBMECTHO C (pe-
3epHbIMH MamuHaMmu. [Ipeanmaraercs Ha ydacTkax,
PAcCIIONIOKEHHBIX BOJHM3M IEPErpy304HOr0  KOM-
TUIeKCa, BBIEMKY U TPAHCIIOPTUPOBKY TOPHON MacChl
BECTH IOCPEICTBOM MOAEPHU3UPOBAHHBIX KOJIEC-
HBIX CKPEIEPOB, a C YAAJCHHBIX YIaCTKOB BHIEMKY H
TPAHCIOPTUPOBKY TOPHOM MacChl TPOU3BOJUTH OJI-
HOKOBIIIOBBIMH TTOTPY34YHKaMH U aBTOCAMOCBAJIAMH.
BrleMka paznuMyHBIME KOMILIEKTaMUA TOPHOTO 000-
PYAOBaHMS, B 3aBHCUMOCTH OT JAIBbHOCTH TpPaHC-
MOPTHPOBKH Pa3PBIXIICHHOW (hpe3epHBIME MalllnHAa-
MU TOPHOH MAacChl, MIO3BOJISIET ONITUMH3HPOBATH 3a-
TpaThl Ha QYHKIIMOHUPOBaHHE COOPOYHOTO Kapbep-
HOTO TpAHCIIOPTa M IOBBICUTH PEHTA0EIHHOCTD
TOPHOT'O MPOMU3BOACTBA.

Benukanos B.C., [Taadunosa O.P. u Ycos U.T.
[7] paccmoTpenu BOnpoCh IPOrHO3UPOBAHUS TTOKaA-

3arernel HaJle)KHOCTH PYKOSATH KaphepHOTO 3KCKaBa-
Topa. B KauecTBe OCHOBHOI'O MOKAa3aTessl HAIEKHO-
CTU HMHU MPUHAT IOKA3aTeilb JOJIOBEYHOCTH —
cpennuil pecypc. Llenpro uccinenoBaHHs SIBUIOCH
000CHOBaHHE PACUETHBIX 3aBHCUMOCTEH, MO3BOJIS-
IOLIKX OIpPEAEIUTh YHUCIOBBIE XAPAKTEPUCTUKH pe-
cypca PyKOSITH 9KCKaBaTopa MeTogaMu (pr3maeckoit
TEOPHH HAACKHOCTU. B pesynbTare pa3paboTaHsl
pacueTHble (OPMYIIBI AJISI ONPEACICHUS] CPEeTHETO
pecypca pyKOSITU Ha OCHOBAaHUM H3MEPEHHUM WM
pacyeToB ACUCTBYIOIINX HAa HEE HATPY30K U, CIEN0-
BaTENbHO, BOZHUKAIOIMIMX B PYKOSTH HAIPSHKEHUH.
ABTOpaMHu TpeanaraeTcsi METOAMKa JUId pacdera
YHICIIEHHBIX 3HAUEHUI pecypca pyKoSTH KapbepHOTro
9KCKaBaTopa ¢ YYETOM CIy4allHOW MpUPOABI 3TOrO
napamMeTpa M H3MEHSIOLIUXCS SKCIUTyaTallMOHHBIX
YCJIOBUH.

TexHonorum nepepadoTKM M YTUIN3ANNHA
TeXHOIeHHbIX 00pa30BaHUil U 0TX010B

B craree Monmakosoii M.C. u Koxonosa A.K.
[8] mpuBeneHs! pe3yibTaThl UCCIEOBAHUS 110 BBIIIE-
JIAYMBAHUIO MEIHM W3 XBOCTOB (DJIOTAITMOHHOTO 000-
raieHus 30JI0TOMETHON pyabl MecTopoxacHus Kym-
Oenp. [lns BbIOOpa ycrmoBWil Tporiecca BhIIIENadnBa-
HHUSL MeOW HM3Yy4YEeHBl 3aBHCUMOCTH PacxXoia CEpHOU
KUCTIOTBI, MPOJOJDKUTENFHOCTH, TEMIIEPaTyphl, COOT-
Homenus T:2K. Jlns nHaTeHCH(UMKAaIMK Tiporiecca cep-
HOKHCIIOTHOTO BBIIIETIAYMBAHUS TIPEIOKEHO HCIIONb-
30BaTh ()EPPOMArHUTHBIN ITOPOIIKOOOPA3HBIN KaTaU-
3aTOp, BBEJICHUE KOTOPOTO CIOCOOCTBYET CHIDKEHHIO
KWHETUKH BBIIEIaYNBaHAs M PAcX0/a PacTBOPHUTEIS,
TIOBBIIIAET YPOBEHD M3BIICUSHHUS ME/IH.

IMon pyxoBoxcTBOoM mpodeccopa UmxeBcko-
ro B.b. BbImosHeHO wuCCcienoBaHUEe (DIOTUPYEMOCTH
rpaduTa yrieBogopoaaMu U KHCIOPOICOAEPKAIIMHI
coequHeHusiMU [9]. M3ydyeHo neiicTBue mpencTaBUTe-
Jied OCHOBHBIX KJIaCCOB YIJIEBOJIOPOIOB U KHCIIOPOJ-
COJIEpKAIX COCTUHEHUH. Y CTaHOBJIEHO, YTO Hanbo-
niee (pIIOTOAKTHBHBI aJIKaHBI, aJKEHbI M apoMaTHde-
CKHE YrieBomoponabl. BeisBiensr HamOonee 3¢ddek-
THBHBIE COOMpareny Juis rpagura — peareHThl, CO-
Jiep)Kalye, B OCHOBHOM, BBICOKOMOJIEKYJISIPHBIE Tia-
padUHOBBIE U aPOMAaTHYECKUE YIIIEBOAOPOABL.

UccaenoBanusasmu KoxxonoBa A.K., Monmako-
Boit M.C. u Jlyitimon6aesa H.II. [10] BbIsABICHO, UTO
B YCJIOBHUSIX TIOJHOTO BOJI0000pPOTa 000TaTUTENBHOM
¢dabpuxu, npu HedhPEKTUBHOU padoTe MPOLECCOB
00e3BOKMBaHMSA, NMPOMCXOANUT HACBHILICHHE LUPKY-
JUPYIOUIEeH BOJBI MUTAMaMH KPYITHOCThIO MeHee 5
MKM. B pe3synbraTe CcHmXaeTcss NPOU3BOJUTEIb-
HOCTh (PUIILTPOBAIILHOTO 000PYIOBAHMUS U TIOBBIIIA-
eTcsl BIAXKHOCTh TOTOBOH NPOXYKIMH. BrimonHeH
aHaJIM3 MUHEPAIIOTHYECKOTO COCTaBa (PUIBTPYEMBIX
MIPOIYKTOB, TTOA00p peareHTa-QIIOKyIsIHTa I 3¢-
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(DEeKTHUBHOTO CTyIICHUS W QUIbTpauuu (HIOTALMOH-
HBIX KOHLIEHTPATOB. YCTAHOBJIEHBI NPUYUHBI 3a0H-
BaHUS MOP (PUIBTPYIOIIMX 3IEMEHTOB U OIpezese-
HBI HaTpaBJICHUsI TOBBIICHUSI TPOU3BOTUTEIHHOCTH
W JIOCTH)KEHHUSI MPOEKTHBIX MOKa3aTeNel Mo BIIaX-
HOCTH F'OTOBO MIPOAYKIIHH.

B cratpe 3amortnna I1.A. u Jlo6anosa B.I'. [11]
MpeacTaBiIeHbl OCHOBHBIE HAyYHBIC U MPAKTHYECKHE
pe3yabTaThl UCCIEAOBaHUS MOBBILICHUS 3()(EeKTHB-
HOCTH H3MEJIbYCHHUS 30JI0TOCOAEPIKAIMX MOPOA B
mporecce PyAOHNOATOTOBKM C TNPUMEHEHHEM II0-
BEPXHOCTHO-aKTUBHBIX BemllecTB. Ilpeanoxena me-
TOJIMKA MOJ00pa MOBEPXHOCTHO-aKTUBHBIX BEILECTB
Yyepe3 M3MEpEHHE KPaeBOro yria CMauyuMBaHHUsS Ha
MOBEPXHOCTH MHHepana. Pa3paborana TexHOJOrus
WHTEHCU(UKALUU MpOLecca U3MEIbUYEHHUs TOPOBL,
KOTOpasi OTIMYAETCsl OT aHAJIOrOB OOOPOTHBIM HC-
MOJIb30BaHUEM PACTBOpPA UIsi SKOHOMHH TOCIIEeIHE-
0, a TAKXKE TEM, YTO B Ka4€CTBE OMOJHUTEIBHOIO
paspywatomero (U3NYECKOro BO3AEHCTBUS HC-
MOJIB3YIOTCSl HE DJIEKTPHUYECKHE, a aKyCTHYECKHe
UMIYJbCHl (YABTPa3BYK). ABTOpaMH OIpEIENIECHBI
Haubonee d¢dexruBHbIe [IAB, 0 BRIXOTY Kaa0T0
KJlacca mocie nporecca mmensuenns, — KuCK-1, -
3, -8, Antiprex D u JICH.

Astops! IlankpatseB I1.B., Komomoen A.B. u
[NanTenees B.C. [12] uccneayoT oauH U3 MEPCIEK-
TUBHBIX 30JIOTOPYIHBIX PailoHOB OPEHOYPrcKoro
VYpana, B wactHocTH KyMmakckoe MecTOpOXKAEHUE,
IJIe  Pa3BUTBl  30JIOTO-KBapleBas ©  30JI0TO-
cynb(uaHO-KBapueBas ¢popManus B YriIepOIUCThIX
ciaHnax. s Takoro poma OOBEKTOB HpPUBIEKA-
TENBHOW SIBJISIETCS TEXHOJIOTHS BBINIENAYNBaAHUS
30JI0Ta U3 PyJl HEMOCPEJICTBEHHO Ha MECTe MX 3aje-
ranus, 0e3 mpoBeneHus JOOBYHEBIX padot. lpemna-
raercsi IpUMeHNTh Ha KymMakckoM MecTOpOXIeHUH
METOJ CKBKHHHOTO TIOJI3¢MHOT'O BBINIEIAYNBAHMS,
KOTOPBII TIO3BOJIUT PEUIUTH MPOOIEMY MOMIOTHEHNUS
30JI0THIX 3aI1acOB 3a CUET Pa3pabOTKHU MECTOPOXKIe-
HUH, HEpEeHTA0EIbHBIX ISl MEXaHMYECKHX METOJOB
JIOOBIYH.

OTeyecTBEHHBIMH CIIEUATIMCTAMHA M 3apyOex-
HBIMH YUYEHBIMH BBINOJHEH 0030p [13] ocHOBHBIX
BapHaHTOB yJaJleHUs CyJIb(PaToB AJs TEXHOTEHHBIX
CTOYHBIX BOJ, DJKOHOMHYECKOE M TEXHHUYECKOE
CpaBHEHHE JIOCTYIHBIX TexHosoruii. Ha ocHoBe
MPOIEMOHCTPUPOBAHHOTO CPABHEHHS U SKOHOMHYE-
CKUX BBITOJl YCTAHOBJICHO, YTO HamboJiee MepcreK-
TUBHBIMH Ha CETOJHSIIHUNA JIEHb SBISIOTCS OHOJIO-
THYECKHd W peareHTHble TexHonoruu. [Ipesmaraet-
cst 9 eKTUBHBIN BapHaHT HEJOPOTOW U TpeIBapH-
TeNBbHOW 00paboTKM 1Jisl cynbdaTa - 00padoTKa u3-
BECTBIO IIPU YCJIOBUH, YTO KOHLEHTpALUs Cyab(ara
npesbimaet 2000 mr/m.

B paznene «MeTtanayprusi 4 MaTepuaioBese-

HHe» TPAJUIMOHHO MyOJIMKYIOTCSI CTaThbH BEIYINX
yaeHbix Poccuiickort ®Depeparuu, ONMKHETO U
JAJIbHETO 3apyOe’Kbsi, MOCBSILEHHBIE Pe3ybTaTaM
Hay4yHBIX MCCIENOBAaHUM IO BCEM IepenesnaM Me-
TaJTypTUYECKOr0 MPOU3BOACTBA: BBHIILIABKA YyTyHA
U3 JKEJIe3HOW PyJbl B IOMEHHBIX Ie4ax, nepepadoT-
Ka 4yryHa B CTallb, 00pabOTKa MeTayIOB JaBJICHU-
€M, IMPOU3BOACTBO METAIOU3JEINNA Pa3IUIHOIO
HazHaueHHsa. TemaTwka myONMMKyeMbIX B JaHHOM
pazzene craTed 1oBOJbHA HIKMpoKa. B maHHBIN pas-
JIeJl BKJIFOYAIOTCSI CTaTbU, IOCBSIIEHHBIE PE3yJbTa-
TaM MOZEIMPOBAaHUsS METAUTYPrHYecKHX Mpolec-
coB, OOJBIION ONOK MPENCTaBISIOT CTAaThH, IMOCBS-
HICHHBIE HM3YYEHHIO OCOOCHHOCTEH CTPYKTYpO- H
CBOWCTBOOOPA30BaHMs B MeTallaXx M CIUIaBaxX Npu
Pa3IMYHBIX BUJIaX BHELIHETO BO3JCHCTBUS.

Kax u3BecTHO, JOMEHHOE MPOU3BOACTBO SIBIIS-
€TCsl TIEPBBIM TepeesIOM MPOU3BOACTBEHHOTO ITHK-
Ja TMpOM3BOACTBA MeTauonsaenuid. B crarbe
A.C. Xapuenko [14] npencraBieHbl pe3yibTaT AUC-
CepTALlMOHHBIX HCCIIEZIOBaHU, IMOCBSIIECHHBIE BbI-
SIBIEHUIO 3aKOHOMEpPHOCTEH MOCTYIJIEHUS KOMIIO-
HEHTOB IIMXTHI 10 KPYMHOCTH M3 OyHKepa Oecko-
HyCHOTO 3arpy3ouHoro ycrtpoiictBa (b3Y) B ko-
JIOUTHUKOBOE TMPOCTPAHCTBO TMeYW sl pa3pabOTKu
palMOHANBHBIX PEXUMOB 3arpy3KH KeJIe30pyIHBIX
MaTepHajoB B JOMEHHYIO Ieub, 00ECIEUMBAIOLINX
MIOBBIIIEHUE TEXHUKO-3KOHOMUYECKUX IOKa3aTeen
TUTaBKU. ABTOPOM YCTaHOBJIEHBI 3aKOHOMEPHOCTH
MOCTYIUICHUS! KOMIIOHEHTOB HIMXThHI MO KPYIMHOCTH
n3 OyHkepa B3Y B KOJOIIHMKOBOE MPOCTPAHCTBO
NeYn Uil Pa3jInUHBbIX YCIOBUH 3arpy3Kd, MO3BOJIS-
IOII[ME PAaBHOMEPHO PAaCHpENeNiaTh MaTepHuaibl Io
OKpY>KHOCTH Tieud. Pa3paboTanHble MaTeMaTHue-
CKHE 3aBHCHUMOCTH HO3BOJISIIOT YCTAHOBUTH OUY€pe.-
HOCTh U PaBHOMEPHOCThb MOCTYIUICHUS XKeJe30py-
HBIX MaTepHajoB MO KPYIMHOCTH M3 IIMXTOBOTO OYH-
kepa b3V B KOJOMIHMKOBOE MPOCTPAHCTBO I€YH MPH
pasnMuHbIX pexuMmax 3arpy3ku. C MpaKkTHYECKOH
TOYKHM 3PEHHUsI HCIOJIb30BAaHHE Pa3paOOTaHHBIX pe-
JKUMOB 3arpy3kd Ha JoMeHHbIX mnedax [TAO «Mar-
HUTOTOPCKUI MeTaTypruuecKuii KOMOMHATY», OCHA-
LIEHHBIX KOMMNAKTHEIM b3V noTKOBOrO THIA, TIO3BO-
JIUT TIOBBI-CUTH OKPYKHYIO PaBHOMEPHOCTBH pacHpe-
JIeTICH!s] TIIMXTOBBIX MAaTEPUAJIOB M0 KPYITHOCTH, 4TO
00eCTIieYnT YBENWYEHHE TEXHUKO-DKOHOMHYECKHX
NoKazaTesned padoThl JOMEHHOH IEUH.

Pa3zpaboTka peXHMOB TEXHOJIOTHYECKUX IIPO-
[IECCOB METAJLUTypIHUECKON OTpaciu OazupyeTcs: Ha
WCIIOJIb30BAaHUH PA3JIMYHBIX METOJOB MaTeMaTH4e-
CKOT'O MOJIETUPOBaHUSI.

Tak, B pabote [15] pemeHa 3agaya onTuMH3a-
UM 3aKyIKH YTOJbHON MIMXTHI U TIOAOOPE J0JIEBO-
rO y4acTusi IOCTaBIIMKOB, 00ECIIEYHBAIOIETO MU-
HUMAaJIbHYI0 €€ CTOMMOCTb IIPU TEXHOJIOTHYECKU
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K FOBUIEKO MI'TY UM. 1. HOCOBA

3aJaHHOM KadecTBe KOkca. Pe3yinbTaTom npoBencH-
HOTO HCCJIEIOBaHUs SBJISIFOTCS pa3padoTKa METOIM-
KM ONTHMAJIBHOTO MOTPEOIEHUS] yTrOIbHOM IINXTHI,
olpefeNieHHe HENWHEHHBIX CTaTUCTUYECKUX B3au-
MOCBsI3el MEKAY MOKa3aTeIsIMH KaueCcTBa YroJIbHON
IIMXTHl W IIOKa3aTelIsIMU KayecTBa I10Jy4aeMOro
KOKCa, ONpeleNeHUe MPUHIHUINAIBHOW BO3MOXKHO-
CTH TIOCTPOCHHUSI MOJENH ONTHMHU3ALMHA TPUBO3a U
noTpebyeHus yroabHOTo chpbst B [IAO «Marnuro-
TOPCKUH METaLTyprHYeCKUil KOMOWHAT.

Hcrnonb3oBaHue  KOMIBIOTEPHOM  MpOrpaMMbl
LVM FLow no3Bonuiio onpenenuTs Haubosee Bepo-
ATHBIE MecTa 00pa30BaHMs AE(EKTOB M 3aBUCUMOCTb
KONMYeCcTBa JI€(PEKTOB OTIAMBKU OT TEXHOJIOTMYECKHX
nmapameTpoB [16]. ABropaMu mpesioxKeHa ONTUMATb-
Has TEXHOJIOTHsI, O3BOJIAIOIIAS MTOTYYHUTh MPaKTHye-
CKH 0e3/1e(peKTHYIO OTIIMBKY, YMEHBIINTh KOIUYECTBO
clloeB 000JI0YKOBOI (hOPMBI, YTO B CBOIO OUepe/lh Be-
JIeT K S5KOHOMHH BPEMEHH, 3aTPAueHHOIO0 Ha €€ M3ro-
TOBJICHHE U PECYPCOB, YTO SBIISETCS, HECOMHEHHO,
BXHBIM (JAKTOM B JIMTCHHOM NPAKTHKE.

MaremaTryeckoe MOJICIMPOBAHUE TaKKe WC-
MOJIB3YETCS IS OTIPEENICHNS ONITUMAIbHOM (hOpMBI
UCTIONB3YeMOro 00OpYAOBaHMS M OCHACTKU. Tak, B
pabote [17] mpencraBneHbl pe3yibTaThl pacueTa B
cpene maremaTuueckoro nakera MathCad 15 Benu-
YMHBl MOMEHTOB M BO3HHKAIOIIUX OT UX AEHCTBHUS
HanpsDKEHUH B HCIIONB3YyEMBIX B METH3HOM MpO-
MBINIJICHHOCTHU INIACTUKOBBIX KaTYHIKax IJid CMOTKH
poBoJIOKHU. [IpenmyiniecTBoM NpUMEHSIEMON MOJe-
T SIBJISIETCS. BO3MOKHOCTH BHU3YAJIM3ALUH I10JTY-
YEHHBIX 3aBUCHMOCTEHl B Buie rpaduxoB. OcHOB-
HBIM Pe3yJbTaTOM HCCIICIOBAHUI CTallO0 MpeaIoxKe-
HHUE BBIIIOJHATH JOIIOJIHUTCIIbHBIC pera KECTKO-
CTH, PAcCIIONIOKEHHBIEC HA BHEIIHEH cTopoHe (paHna
KaTyILIKH, B COOTBETCTBUM C BO3MOXKHBIMU Harpas-
JICHUSIMHU TJIaBHBIX HaHpH)KeHHﬁ, noJ yrijioMm K pa-
JUAJIbHBIM U KOJIBIIEBBIM PeOpaM »KEeCTKOCTH.

[IporpeccuBHOE pa3BUTHE TEXHUKH M TEXHOJO-
I'Mid, HEOOXOIUMOCTD YIPABJICHHUsS] CBOWCTBAMHU KOH-
CTPYKIIMOHHBIX MAaTCpUaJIOB MABJIAKOTCA MOIIIHBIM
CTHMYJIOM JUIsI pa3pa0OTKH HOBBIX COCTABOB CTajel
W CIUIaBOB, 00JIa/Ial0MINX YHUKAJIBHBIMU CBOWCTBA-
MU C YYETOM YCJIOBUH MX 3KCIUTyaTaI|H.

B crarbe [18] mpoBeneH cpaBHUTENBHBIA aHAIN3
Ka4deCTBEHHBIX TMokazareneit cramm 11001'13J1 mpu wc-
MOJIB30BAaHUH MOJM(HUKATOPA Pa3IMYHON KPYITHOCTH.
PaspaboTanneiii aBTopamu AuQQy3HOHHBIA pacKuc-
nuTens amoMoconepkammii PIIA ommdgaercst BbIco-
KOM TUCIEPCHOCTHIO YacTHII, SDPEKTUBHEE PACKHCIIS-
€T METaJlI 110 CpaBHEHHIO ¢ Moandukaropom L-Cast®
5,3. OTO MO3BOJIAET HOBLICHTHE M3HOCOCTOMKOCTE CTa-
71 32 cyeT (POPMHUPOBAHUS OJTHOPOAHON MUKPOCTPYK-
TypBl, YIIy4IIUTh XHUJKOTEKY4eCcTh CTalId M oOecre-
YUTH JIYYIIYIO 3aII0JIHAEMOCTb (OpPM.

B pamkax peanmzanuy KOMILIEKCHOTO MPOEKTa
MO0 CO3JaHHI0 BBICOKOTEXHOJIOTHYHOTO IPOH3BO/I-
crBa, BeimoaHgemoro @DI'BOY BO «MITY
uMm. [.'1. HocoBa» coBmectHo ¢ ITAO «Maruuro-
TOPCKUH METaJUTyprUuecKuii KOMOMHATY» TP TO-
nepxxke MwunaoOpHayku Poccunm, paspabaTweiBaetcs
OTIBITHO-TIPOMBITIIIEHHAS] TEXHOJIOTHS IIPOU3BOJICTBA
YIBTPAXJIAOCTOUKOTO  HAHOCTPYKTYPHUPOBAHHOTO
JIMCTOBOTO MpOKAaTa JUisi UMIOPTO3aMEIIeHUsT MaTe-
pHAJIOB, B TOM YHCIIE KPHOT€HHBIX, HCIIOIb3YEMBIX B
YCIIOBUSIX CBEPXHHU3KHX KPUTHUECKUX TEMIIEPaTyp,
MOBBIIICHHON KOPPO3MOHHON aKTUBHOCTH, a TaKXKe
B apkTHueckux mmpoTax. B cratee [19] mpeacras-
JICHBI PE3yIbTAThl UCCICAOBAHUS BIUSHUS PEKUMOB
MHOTOCTaIMITHON TepMUYECKOi 00pabOTKH Ha OCO-
OeHHOCTH (POPMHUPOBAHUS MUKPOCTPYKTYPHI JTUCTO-
BOI'O IIpOKaTa KPUOT€HHOW KOHCTPYKLMOHHOM CTa-
71, 00J1aaromieil MOBLIIIEHHON XJIaJ0CTONKOCTEIO.
[IpoBenennple wCCIeNOBAaHUS ITO3BOJIMIN YCTaHO-
BUTH BIHUSHUE PEKUMOB TEPMUUYECKOW 0OpabOTKH
Ha 0COOCHHOCTU (DOPMHPOBAHUS MUKPOCTPYKTYPHI
crasiu Mapku OH9A, comepxkamieir 9% Ni. [lomy-
YeHHBIE PE3YNbTaThl MPEACTABIISIOT HAYYHBIA HHTE-
pec s TOHWUMAaHHUA OCOOSHHOCTEH MeXaHW3MOB
paspylieHUs MPH KPUOTCHHBIX TEMIIEpaTypax HC-
CJIeTyeMbIX CIUIaBOB, MPUMEHSIEMBIX IJISI U3TOTOB-
JISHUsI Pe3epBYapoOB /ISl XpaHEHHUS W TPAHCIIOPTH-
POBKH CIKMKEHHOTO Ta3a.

[peanoxeHn W HaydHO OOOCHOBAaH HOBBIW CIIO-
co0 TOJy4eHUs] OMMETaNTHYECKOW MPOBOJIOKU W3
JIParolieHHBIX METaJUIOB JJIsi IOBEIHMPHBIX IIETICH,
3allMILEHHbBI nareHToM Poccuiickoil ®enepauuu
[20]. C ucnons3oBaHreM pa3pabOTaHHBIX PEKUMOB
MIPOBEICHBI IKCIICPUMEHTAILHBIC UCCICIOBAHUS 10
MOJTyYEeHUI0 OMMETAITUIYECKON MTPOBOJIOKH, Y KOTO-
poii B KaudecTBE CEpJIEYHHMKA WCIIOJNB30BaH CILIaB
cepebpa 925 mpoObl, a B KayecTBe OOOJIOUKH —
cruiaB 30510Ta 585 nmpoOkl. ONBITHO-NPOMBIITICHHAS
anmpo0anus TEXHOJOTHH TIONY4YeHUs OuMeTayuihde-
ckoii mpoBookd B OAO «KpacuseTrmeT» A U3ro-
TOBJICHUS IOBETUPHON 1ienu Tuna «PoMO nBOWHOIN
MTO3BOJIMIIA MTOTYYUTh KA9€CTBEHHYIO MPOAYKIIHIO.

JlokazaTenscTBa BO3MOMXHOCTH HCITOJIB30BaHUS
KOPO3HOHHOCTOWKOH M JKapoOIpOYHON  cTaju
13X12H2B2M® nnsi W3rOTOBJICHHS 3allOPHOM ap-
MaTyphl ¥ JieTalieid He(hTSHBIX HACOCOB MPEJICTaBIIe-
HbI B cTaThe [21]. TexHuueckue ycinoBus AJs CTa-
JIeH 3TOro Kilacca CBOAATCS K TPeOOBAHUIO CTOMKO-
CTH TIO OTHOIICHHUIO K KOPPO3WH, BHICOKHUM 3HadUe-
HusM yaapaoi Bazkoctu KCV mpu — 60°C, a Takxe
MPEeIeIoB TeKy4YecTH U nmpoyHocTH. CII0KHOCTH CH-
Tyally 3aKJIF0YAeTCsl B TOM, YTO M3TOTABIHMBACMbIC
JIETalld MOTYT UMETh Pa3HYI Maccy, MO3TOMY IS
pa3pabOTKH PEXUMOB TEPMHUYECKOH 00pabOTKH,
obecrneunBaronieii HeOOXOUMOE COYeTaHHEe MeXa-
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HUYECKUX CBOICTB, OblIa MpOBEAEHA Cepusi HKCIe-
pumeHTOB. JloKa3aHO, YTO JOCTHUTHYTHIE BEIHYHHBI
MEXaHUYECKUX CBOMCTB HCCIEAYEMOM MPAKU CTAJIN
yIOBIETBOPSAIOT TPeOOBAHUIM K M3AENUAM, TPUIEM
HMEETCS 3amac Mo yJIapHOW BSI3KOCTH, KOTOpPBIN Ba-
JKEH TSI MACCUBHBIX JIeTaleil.

[Iupokuii Kpyr BOIPOCOB, CBA3AHHBIX C Pa3BU-
THEM METOJIOB, OCHOBAaHHBIX Ha MPUMEHEHUU
BHEIIHUX BO3ICHCTBUHA pa3nUYHON (U3NUECKON
MPUPOJIBI, M W3YYCHNE WX BIMSHWS HA CBOWCTBA M
CTPYKTYpYy 00pabaTbIBaeMbIX CTajel MpeICTaBlIeH B
cTaTthsx [22-24]. Tak, ycTaHOBIEHBI 3aKOHOMEPHO-
CTH BO3JIEHCTBUS MMIYJIBCHOTO MarHUTHOTO TOJIS
Ha pacIUlaB TMapaMarHUTHOTO MeTaula NpHU KpH-
cramm3anuu [22]. B pe3ynbTare mpoBeIeHHBIX UC-
CIIEIOBaHUN OBLIO YCTAaHOBJIEHO, YTO HMMITYJIECHOE
MarHuTHOE ToJie sBisgeTcs 3)(HEKTUBHBIM BHEUTHUM
SHEPrOCUJIOBBIM (haKTOPOM, CIIOCOOHBIM BIHUSATH Ha
SHEPreTHYECKOe M TUHAMHYECKOE COCTOSIHHE pac-
J1aBa, KOTOPOE M3MEHSET CTaTUYEeCKOe BHYTpEHHeEe
JIaBJIEHHE B MapaMarHUTHOM paciuiaBe. IIpoBeneH-
Hbl€ pacyeThl MOKa3bIBAIOT, YTO MarHUTHOE IMOJie
YBEIMYMBAET 3HAYCHWE MMOTeHIuana [ubOca mms
XKUAKON (haspl, 9TO BeNET K BO3PACTAHUIO CKPBITOM
TerIoThl (azoBoro nepexoxa. [loxydeHHble pe3yib-
TaThl MOTYT OBITh MUCIIOJIE30BAHbI [P aHAIH3E JKC-
MEPUMEHTANBHBIX JTAHHBIX M0 KPHUCTALTH3AINH TIa-
paMarHWTHBIX PACIUIaBOB IOJ JEHCTBHEM MarHHT-
HOTO TOJs ¥ 06€3 Hero B yNpaBisieMOM KPHCTaJUIN-
3aTope, a TakKe NpU pa3padOTKe HOBBIX METOJIOB,
CHOoCcO0OB MM TEXHOJIOTHI MOydYeHUs] MaTepPHAaJIOB
C 3apaHee 3aJaHHBIMH (DHU3HKO-MEXaHUYECKIUMH
cBoOMcTBaMHU. AjspoTepMoakycTuieckas o0pabdoTka
MOXKET HCIIOJIb30BaThCS JUIA YBEIHYEHHUS MpodU-
HOCTHBIX XapaKTEPUCTHK OBICTPOPEIKYIIUX CTaleit
[23]. UccnenoBanne 0coOOEHHOCTEH MHUKPOCTPYKTY-
pBl IMPKOHMEBOTO CIIaBa B HAKOBAJIBHAX bpumx-
MeHa [24] MO3BOJIMIIO YCTaHOBHUTH 3HAYCHUE CTAOU-
JTU3UPYIONIEH TeMIepaTypsl Il MeTacTaOMIIbHOU
(hazpl, 4TO MOXKET OBITH UCIIONB30BAHO JJISI TIPOTHO-
3UPOBaHMS KOHCTPYKIIMOHHOHM JTOJTOBEYHOCTH 000-
PYIOBaHHS, PUMEHSIEMOTO B a3pPOKOCMHYECKOH WU
aTOMHOH MHAYCTPHH.

Uzyuenne 0cCOOCHHOCTEH  MHKPOCTPYKTYPHI
CTaJI Ha Pa3IMYHBIX MACHITA0HBIX YPOBHSX SIBIIS-
€TCsl OHUM W3 KIFOYEBBIX aCIEKTOB COBPEMEHHOTO
MaTEepPHAJIOBEACHUS, IMOCKOJIBKY KaXKABIA 3JIEMEHT
CTPYKTYpBl OKa3bIBaeT BIMSAHHE Ha MEXaHUUYECCKHE
CBOMCTBAa MaTEpHAJIOB, YTO B CBOIO OYepeab Mpe.-
OTIpe/IeTIsieT TOKa3aTeny HaJeKHOCTH M JIOJITOBEY-
HocTU Metaiuton3aenuil. HoBuszHa pe3ynbTaToB pa-
00ThI [25] 3aKiro4aeTcss B yCTAHOBIICHUU 3aKOHO-
MEpHOCTe (popMHUpOBaHUs, OCOOEHHOCTEH CTPYK-
TYpBl ¥ KHHETHKH 00pa30BaHUs M MOBEJCHUE yTJe-
poma mpu obpazoBaHUH OeckapOMTHOTO OEHHUTA B

cranu, conepxkarniei mac. %: 0,98 C, 1,52 Si, 1,91
Mn, 1,44 Cr, 0,11% V. ABTOpBI YCTaHOBWJIH TIPH-
YHHBI PE3KOI0 PA3IUuUsl MEXIY PpacCUMTaHHBIMU
JUI TETParoHajJbHOro (eppuTa U HaOII0JaeMbIMH
KOHIIEHTpausMu yriepoja. [Ipaktudeckas 3Hauu-
MOCTh TIOJIyY€HHBIX PE3YJIbTaTOB 3aKJII0YacTCi B
MOJIYYCHUH HOBOM TEOPETUYECKOH M 3KCIEPUMEH-
TanbHOW MH(OpMaIMK, HEOOXOAUMOW JJIsl TOHUMA-
HUSI 0COOCHHOCTEH M HEBBIICHEHHBIX IMPOLECCOB B
cTaisx ¢ OeckapOWTHBIM OEHHHUTOM, Ba)KHBIX IS
pa3pabOTKH HOBBIX CTAJIEH ATOTO KJjlacca U PEKUMOB
TEPMHUYECKOH 00pabOTKH UX.

B oTnenpHOe Hay4yHOE HampaBlIeHUE CIEAYET
BBIIETIUTH IIUKJI CTATEH, MOCBAIIEHHBIX 3IEKTPOXU-
MHYECKOH 00padOTKe aIFOMHHHEBBIX CILIABOB [26-
28]. U3BecTHO, YTO TEXHHYSCKHA ATFOMHHHM C I10-
BBIIIEHHBIM COJIEpKaHUEM JKeJle3a, KpeMHUS U JIpy-
TUX OpUMecell M3-3a HU3KUX JKCIUTyaTallMOHHBIX
XapakTepUCTUK HE MOXKET HAlTH NpUMEHEHHE B
NpoMbINUIEHHOCTH. C 3TOM TOYKM 3peHHs pas3pa-
00TKa HOBBIX COCTaBOB CIUIABOB Ha OCHOBE aJIIOMU-
HUS SIBJISIETCS] BECbMa aKTyaJbHOU 3aj1adeil. Pe3yib-
TaThl UCCIEJOBAHUM MOKA3aJIH, YTO TOOABKHU JUTHSA
HE3HAYUTEIbHO YBEIUYUBAIOT TEH-TOEMKOCTh, JH-
TaJBIINIO0 U SHTPOINIO UCXOMHOTO ciutaBa AXK2.18 u
HE BIMSIOT HAa Benn4uHy 3Heprun [ udoca [26]. Ilo-
KazaHo [27], 4YTO JIETHpOBAaHWE ATFOMHHHEBO-
MarHUeBbIX CIUIABOB PEAKO3EMEJIEHBIMU MeTalJIaMH
MPUBOJUT K YBEIMYEHHUIO MPOYHOCTHBIX CBOWCTB,
KOPPO3UOHHON CTOMKOCTH, 3JIEKTPOCONPOTUBIICHUS
U TemneparypHoro nopora padotsl. Iloterunocra-
TUYECKUM METOJIOM B MOTEHIHOIUHAMUYECKOM pe-
JKUME HCCJIEIOBAaHO AaHOAHOE TIIOBEJCHHE CIIaBa
AXS5K10 ¢ xamprmem, ctpoHnueM u OGapuem [28].
ITony4ensl naHHble 00 OCOOEHHOCTSIX KOPPO3HOH-
HOT'O pa3pylIEHHUs] JaHHOTO CIIaBa B DJIEKTPOJIHUTE
NaCl paznuuHOl KOHIEHTpaiuu. M3yuenue npupo-
JIbl KOPPO3MOHHOTO TIOBEACHHSA CIUIAaBOB JaHHOMN
CHUCTEMBI SIBIISICTCS BaXKHBIM IIaroM K IT03HAHMIO
NPOLECCOB MX PadUHUPOBAHUS U MOJyYCHHUIO MaTe-
pHAJIOB C 3aJaHHBIMU MEXaHUUYECKUMHU CBOMCTBAMHU.

TpyOHas MPOMBIIUIEHHOCTH SBISETCA OJHOM U3
MEPEOBBIX OTpacieil POCCHICKOW METaTypruu C
TOYKH 3PEHHsI UCIIOJIb3YEMbIX TEXHOJIOTHH, 000py-
JIOBaHMS U TPOU3BOANMOI mpoxyKiun. PaboTer [29-
31] moOCBSIIEHBI W3YYEHHUIO psa TEOPETHUKO-
9KCIEPUMEHTAIILHBIX aCIIEKTOB MPOM3BOJCTBA TPYO.
B cratbe [29] mpemiokeH XUMHUYECKHH cOCTaB
TpYOHOH CTanm, YTO SABISIETCA UCXOAHOM MH(DOpMa-
ueil Mpu NMPOEKTUPOBAHUH TEXHOJIOTHYECKUX pe-
YKUMOB KOHTPOJIMPYEMOM NMPOKAaTKU. TOHKOCTEHHBIE
TpyObl W3 KOPPO3MOHHOCTOMKMX CTajeid HaxOIsT
HIMPOKOE MPUMEHEHHUE B aBUALIMH, PAKETOCTPOECHHH,
KOCMHYECKON TEXHHKE, CyJOCTPOECHWH, MAaIIHHO-
CTPOEHHUHU, YEPHON U 1IBETHOW METaJTypryu, aTOM-
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HO SHEPreTUKe, XUMUIECKOH, HEPTIHON U Ta30BOM
MPOMBIIIUICHHOCTH W APYTUX OTPACsIX, MOITOMY
M3ydeHHE OCOOCHHOCTEW IPOM3BOJCTBA TaHHBIX
TpyO THOKOH sBNseTCs akTyaidbHOH 3amayein [30].
Hcnonp3oBaHue aHATUTHYSCKUX COOTHOIICHUM IS
OTIpE/IETICHHSI OCTATOYHBIX HANPSIKEHHA, MPeICTaB-
JIEHHBIX B cTaThe [31], MO3BOJISET MPOTHO3UPOBATH
MOBE/ICHNUE TPYOHBIX METAJUIOU3JCIUN B YCIOBUSIX
AKCIUTyaTallMOHHBIX HATPY30K U MPEJOTBpAIaTh UX
paspylieHue.

Kak m3BecTHO, MHOTOPOIHKOBBIE KaJTUOPHI O3~
BOJISIFOT PEaJIM30BaTh MPEUMYIECTBO JIehopMaIuu
MeTaljla, KOTOPOE 3aKIII0YaeTCs B CO3JaHUN 00BbEM-
HOTO HAaIpPsDKEHHO-1e(OPMHUPOBAHHOTO COCTOSHUS
MeTaJljIa, YTO MOBBIIIAET €Tr0 IJIACTUIHOCTh, YBEIH-
YUBAaeT CTENeHb nedopMaruil 3a OOUH IMPOXOI U
MPU 3TOM YJIydIiaeT (pU3MKO-MEXaHUYECKHE CBOM-
CTBa roToBbIX M3zAenuii. Tak, B pabote [32] omucan
ANTOPUTM OTpEIeNICHUS] SHEPTOCHUIIOBBIX TapaMeT-
POB BOJIOUEHUS MeTallIla B POJIMKOBBIX KaIHOpax Ha
OCHOBE METOJMKHU JAMCKPETH3aIlMK o4ara jaedopma-
MU C MOMOIIbI0 aHATUTHUCCKUX YPABHCHUH OIH-
canusi GOPMOM3MEHEHHUs. JTO TO3BOIHIIO pa3zpabdo-
TaTh TEOPETUYECKOE OOOCHOBAHHE TEXHUYECKOTO
PEIICHHUS TIPU CO3JaHHH HOBOTO SKOHOMHYECKH 3()-
(hDEKTUBHOTO TEXHOJOTHYECKOI0 Ipoliecca BoJoYe-
HUA NPOBOJAa KOHTAKTHOro tuna M® u3 Meau u ee
cmiaBoB o I'OCT P 55647-2013 B caBoeHHOM
KOMIUIEKTE POJIMKOBBIX KAJIUOPOB M3 KPYTrJIoW 3aro-
TOBKM 3a OJIUH NPOXoJl. BHenpeHue AaHHOTO Mpo-
1ecca B NMPOMBIIIICHHOE MPOU3BOJCTBO TMO3BOJIUT
COKpATUTh PHEPro3aTparthl 3a CUeT CHHUKEHUS KOJH-
4yecTBa (DaCOHHBIX IEPEXOJOB IMPH BOJIOUCHHUH, a
TaK)X€ MOBBICUTh CTOMKOCTh MHCTPYMEHTA 3a CUeT
3aMEHBI TPEHHSI CKOJIBKEHUS Ha TPEHNE KaueHUSI.

Cratpu, onyOnukoBaHHBIE B pazzene «Mamm-
HOCTPOEHHE W MAIIHHOBEIEHUE», ITOCBSIIICHBI
MPaKTUKOOPUEHTUPOBAHHBIM HCCIICJIOBAHUSAM IPO-
IIECCOB U OOBEKTOB METALTYPTHYECKUX MAIUH M
obopynoBanus. HaydHo-TeXxHWYECKHe pe3yJbTaThl,
CoJiepiKaIluecs B 3THUX CTAaThiX, 00JIAJA0T MPaKTH-
YECKOM 3HAYUMOCTBIO U MPEJCTABJISAIOT HHTEPEC KaK
JUTSL CTICIIMAITUCTOB TPOMBIIUICHHBIX MPEAPHUSITUH,
TaK U JUI1 YYEHBIX ¥ O00YJarOIIUXCs BBICIINX y4eO-
HBbIX 3aBEJCHHN 10 HampaBieHHIO «TexXHOJoruue-
CKH€ MalllMHBI U 000PYI0BaHUEY.

B cratee Jlexosa O.C. u ap. [33] paccmarpuBa-
FOTCSl aKTyaJIbHBIE BOMPOCHI Pa3pa0O0TKU U HCCIEI0-
BaHHUSI KOMITAKTHOH YCTAHOBKH COBMEIICHHOTO IPO-
1IeCca HEMPEPHIBHOTO JIMThS U IMKIHYECKON Jedop-
MaIMy TPY TOJTYYCHUH JTUCTOBOM CTaJI JIJISl IPOM3-
BOJICTBA CBAapHBIX TPyO. OHUM U3 OCHOBHEIX JOCTO-
WHCTB YCTaHOBKH SIBJISIETCS. BO3MOXHOCTH JIOCTHIKE-
HUS BBICOKOTO KauyecTBa IPOIYKIIMU 32 CYET JINThS
TOHKOTO cysi0a 1 ero 00XKaTHs CTeHKaMHU-OOHKaMH ¢

BBICOKOH CTeIeHbl0 AeopManyy B Y3KOM TeMIlepa-
TypHOM HHTEpBaje, 4YTO OOECIeYrBaeT 3HAYNTENb-
HYIO0 TIPOPaOOTKY JINTON CTPYKTYPHI M OJHOPOIHYIO
MEJIKO3EPHUCTYIO CTPYKTYPY MeTaJlia.

TexHonorn4yeckrue pexxuMel 00pabOTKU W mapa-
MeTpbl 000pYIOBaHUS OTPEAENeHBI, UCXOAS U3 pe-
3yJIBTATOB KOMITBIOTEPHOTO MOZEIUPOBAHUSI B KOM-
miekce ANSYS. Ilpaktuueckas peanuzanus Mpo-
JEMOHCTPHPOBaHa Ha MPHUMEpE MOIYyYeHHS JHCTOB
m3 cramu Mapku 0912C ceuenmem 3+8x2250 MM
JUTSL CBapHBIX TPYO.

B cratbe 3aitneca C.A. [34] npuBoasTCs pe3yiib-
TaThl MHOTOJIETHHUX HCCJIEIOBAaHMA 1O pa3paboTKe
HOBBIX CIOCOOOB ITOBEPXHOCTHOTO IUIACTHYECKOTO
JNeOPMHUPOBAHHA ¥ TEXHOJOTHMYECKOTO 000py/10Ba-
HUS ISl X pearm3aiid. B OCHOBe mpearaeMbix
Ccroco0oB 00pabOTKH HCIOIB30BAaH TPUHIIMIT IICH-
TPOOEKHOTO YIPOYHEHHUSI M YIPOUHEHHUSI POITUKOM C
M3MEHEHHOU KMHEMATHKOM BpAICHHUS. 3aCIyKHBACT
BHUMAaHHUS OpUTHHAIIbLHAS KOHCTPYKIIHS LIEHTPOOCK-
HOTO OOKaTHHKa, TO3BOJISIOIAs PETYINPOBATH pado-
4ee yCUine, TeHepupyeMoe IICHTpOoOeKHOM cuioi. B
MIpOIlecCe MCCIEOBAaHUNA YCTaHOBJIEHBI OCHOBHBIC
TEXHOJIOTHYEeCKHE (PaKTOPbI MOBEPXHOCTHOW YMpOY-
HstomIel 00padOTKH, OKa3hIBAIOIINE CYIIECTBEHHOE
BJIMSTHUE HA Ka9eCTBO 00pabaThIBaeMbIX MaTEPHAJIOB.
PesynbTaTel pabOTBI TPEACTABISTIOT HECOMHEHHBIH
WHTEpEC sl CHEIUAMCTOB MAIIMHOCTPOHUTEIEHBIX
MIPENPHUSITHH, 3aHUMAIOIIAXCS OTJIENIOYHO-
YIPOUYHSFOIIUMHE OTIEPALIASMH.

Crates [lonosa I.II., KyGapesoit C.1O. [37]
MOCBSIIEHA  HCCIENOBAaHUID  aBTOOATaHCHPOBKH
BUOpanMoHHBIX MamuH. OCHOBHOE BHUMaHUE y/e-
JeHO pabo4yuM OpraHaM MallWH, COBEpPIIAIONIAM
JIMHENHBIE KOJEeOAaHUsI C BBICOKOM UIS MX MAaccChl
YaCTOTOW, C IIENBI0 CHIXKEHUS HETPOM3BOUTEIb-
HOM MEXaHWYECKOM pPEaKkTUBHONM MOUIHOCTH U IIO-
BBIIIEHUST SHEprodQPekTuBHOCTH. B X01€ nccnemno-
BaHWI YCTaHOBJICHO MHHHMAJIBHOE YHCIO pabouux
OpTraHoOB, COBEPIIAIOIINX JIMHEHHBIE KONeOaHUs B
cOaJaHCUPOBAHHOM MEXaHHU3ME C IIOCTOSHHBIM
IIPUBEJAECHHBIM MOMEHTOM uHepuuu. IIpuBeneHsl
NpUMEpPhl aBTOOATAHCUPOBKH MEXAHU3MOB C ITOCTO-
SHHBIM TPHUBEACHHBIM MOMEHTOM HHEPLIHHU C pas-
JIMYHBIM KOJMYECTBOM Pa0OUYMX OPTaHOB.

Cratpu, OMyOJIMKOBaHHBIE B paszfene «jek-
TPOTEXHUKAY, OCBSIIECHBI, KaK IPaBWIIO, HanboJee
aKTyaJIbHBIM, MPAKTHYECKU 3HAYMMBEIM TpobiaemMam
COBPEMEHHOW PHEPreTHKH, B TOM YHUCIIE U Ha Me-
TATUTYPruiCCKUX NPCANPUATUAX. X ornnyaeT BHI-
COKHMU Hay4yHbIl YPOBEHb B IIOCTAHOBKE M PELICHUU
KOHKPETHBIX HAyYHO-TEXHUYECKHX 3a/1a4.

3acimykuBaeT BHUMaHus cTaThsi HukomaeBa A.A.
— 3aBeayrolero Kadeapoi, u ero acnupaHToB [36].
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T'yn T.C., KopuyHoe A.I"., KopHunoe I".I1. u dp.

OTta craThsl HHTEPECHA TEM, YTO MOCBAIIEHa NPobIe-
MaM KadecTBa 3JIeKTpo3Hepruu B Typuun, rae noyru
10 mer ycmemHO paboTaeT MeTal-TypruvyecKuil 3a-
Bo1 «MMK-Metalurji». Haunnas ¢ 2011 roga — nep-
Boro paboyero Busuta HukomaeBa A.A. c¢ rpynmoit
CTYJICHTOB U IOCJIEIYIOIINX MOE300K Ha 3TOT 0OBEKT
(Bcero mx OBUIO IIECTH) C IOB3POCICBIIMMU Maru-
CTpaHTaMH U aclUpaHTaMM, aBTOPCKUM KOJUICKTH-
BOM coOpaH u oOpaboTaH Oorareimuii Marepuan 00
OCOOCHHOCTAX KJIMMA-THYECKUX YCJIOBUH TI'OPHBIX
MpUOPEKHBIX paiioHoB Typunu u X BO3AEHCTBHN HA
MPOTSDKEHHbIE JMHUM AnekTponepenad 380 kB;
YCTaHOBJICHBI 3aBUCHMO-CTU TJYOMHBI W YacTOCTH
MPOBAJIOB HANPSDKEHHS OT CE30HHBIX TPO30BBIX pas-
psinoB. OTO MO3BOAWIO C(HOPMYIHPOBATH HOBBIE
CXEMOTEXHHUYECKHE IPUHIMITBI IOCTPOCHUS LIEXOBBIX
CHCTEM OJJIEKTPOCHAOKEHHs, 00ECHEeUNBAIOINE HX
HaJle)KHOE  (YHKIMOHUPOBAaHWE TPH  TpoBaliax
HaIpPsDKEHUS BO BHEIIHEN MUTAOILIEH CETH.

Crates mpodeccopa MyrammmoBa P.I'. [37]
OYEeHb TIOJNIE3HA JJIsI HayYHO-TIPOM3BOJICTBEHHBIX
KOJJIEKTMBOB. ACHHXpOHHBIN asurarens (Al),
n300peTeHHbIi pycckum uHkeHepoMm M.O. [lamuBo-
Job6poBonbckum noutn 130 net Hazam, ceromHs sB-
JISIETCSI CaMbIM MAacCOBBIM BO BCEX OTpAcisX TMpo-
MBIIIICHHOCTH. ACHHXPOHHBIE JBUTATENH MOTPEO-
TSIOT 2/3 BCel AIEKTPOIHEPTUH, BHIpadaThIBaeMOi B
Hamieil ctpane. Ha npotsbkenun nocnegnux 20 net
TBOpUYECKUH KoJulekThB Myramumosa P.I'. nmocneno-
BaTeJIbHO W ICJICHANPABICHHO pEHIAeT BaXXHYIO
HApOJHO-XO3SIMCTBEHHYIO 3ajady — MOBBILICHHE
sreprodddexruBHocTr AJl 32 CUET MHHOBALIMOHHBIX
pa3paboTOK M YCOBEPUICHCTBOBAHUS KOHCTPYKIIUH
00MOTOK. B paccmaTpuBaemMoii cTatbe JaHa METOIH-
Ka OLEHKA MAarHUTHBIX CBOMCTB 3JICKTPOTEXHHUYE-
CKOM CTajiil ABUTaTeNiel NP MPOBEACHUH KalHUTallb-
HOTO peMOHTa. JTa METOIMKa BechMa HeoOXoauMa
JUIS. OKOHYATENILHOTO TIPUHSITUSI PELICHUSI B KaXKIOM
KOHKPETHOM CIIy4ae — PEMOHTUPOBATh WIH yTHUIIU3H-
poBatb AJl. be3ycnoBHO, pe3ynbTaThl UCCAEAOBAHUI
OyIlyT WHTEpECHbl U TIOJIE3HBI CIIEIHAIUCTAM-
SHEPreTUKAM BO BCEX OTPACIISIX MPOMBIILICHHOCTH.

Wnrepecna cratea yuéneix HOYpI'Y o npume-
HEHUH TEpMOdJIeKTpUUeckoro monyisi [lenbtee B
pexume TeHepanuu djekTpodHepruu [38]. B xome
WCCIIEIOBAHUH TMPEeUIo’KeHa METOJIUKA MMOCTPOCHUS
MOJIETH 3JIEMEHTAPHON TEPMOUIEKTPUUECKOMN sUEH-
KH{, BBITIOJHEH aHAIN3 Pa3IUYHBIX CTATUYECKUX pe-
KMMOB T€HEpallMd JIIEKTPOdHEprur. TepModJeK-
Tpuyeckre Moaynu [lenbThe B pexuMe TeHeparu
ANIEKTPUYECKON DHEPTUH SIBIISIOTCS IKOJOTHYESCKH
YUCTBIM HCTOYHUKOM SHEPTUH, MO3BOJSIOT IMOJNY-
YUTH C  OJHOTO  TIEHEepPaTopHOro  MOAYJIS
(40x40%10 MM) SIEKTPUIECKYIO SHEPTHIO MOIIHO-
cteio 70 40 Br. [IpuMeHeHHE TEPMOIICKTPHICCKUX

MOJyJieH 00JIafaeT IEeIbIM PSJIOM TPEUMYIIECTB:
OTCYTCTBHE JABIDKYIIUXCS W HM3HANTUBAIOIIMXCS Ya-
CTEl; MaJblil pa3Mep U BEC; YCTOMYMBOCTh K MeXa-
HUYECKUM Bo3zaeicTBusiM. Kpome TOro, TBEpIO-
TeNbHAs TEePMETUYHAs] KOHCTPYKIMS TEIJIOBOrO
Hacoca Ha ocHOBe Moayns IlenpThbe mMO3BOMSIET OT-
BOJUTH TEIJIO M3 TEPMETHUYHO 3aKPBITHIX 00HEMOB,
HarpuMmep, VIS OXJAXKACHUS SJIEKTPOHHBIX KOMIIO-
HEHTOB BBIUUCITUTEIHHON TEXHUKHU.

3akiIouyenue

Takum oOpaszom, >xypHan «Bectouk MITY
M. I'."1. HocoBay SBISETCS CONUAHBIM KYpPHAJOM,
C BBICOKHM HMITIAKT-(haKTOpOM, 3HAUUTEIIbHBIM OXBa-
TOM aBTOPOB IO TeorpaduuecKoMy MpH3HAKY, KBa-
muduKanmy, HaydHeIM 3HaHUSM. HekoTtopoe mpeo6-
JaJaHUE METAJUIYpPrU4ecKOd U TOpHOM TEMAaTHUKU
00BACHSIETCS TBOPYECKUMH KOHTAKTaMH C HAyYHBIMU
HIKOJIAMH MarHUTOTOPCKOTO YHUBEPCHUTETA.

Cnucok nuTeparypbl

1. Tonuk B.W., Omutpak F0.B. Mepcnektusbl koMBUHMPOBa-
HWS! TOPHbIX TEXHOMOTUIA NPU NPOU3BOACTBE LIBETHBLIX Me-
TannoB // BectHuk MarHuTOropckoro rocyaapCTBEHHOrO
TexHu4eckoro yHusepcuteTa um. I.M. Hocosa. 2018. T.16.
Ne1. C. 4-10.

2. LUenecoobpasHocTb nogsemHoit 0TpaboTkn Marbix Keap-
uesbix xun / Cokonos W.B., CmupHos A.A., AHTunuH HO.I",
bapanosckuin K.B., HukutuH U.B., Poxkos A.A. // BecTHuk
MarHuToropckoro rocygapCTBEHHOTO TEXHUYECKOro YHu-
BepcuteTa um. .M. Hocosa. 2018. T.16. Ne2. C. 4-13.

3. XomeHko O.E., NaweHko B.W. lNosblleHne reomexaHuye-
ckoi 6e3onacHoCTH NoL3eMHON pa3paboTku CNOKHOCTPYK-
TYPHbIX MecTopoxaeHun // BecThuk MarHutoropekoro roc-
YOAPCTBEHHOMO TeXHUYeckoro yHusepcuteta um. .M. Ho-
cosa. 2018. T.16. Ne2. C. 14-21.

4. Xomenko O.E., NsweHko B.W. TeogmHamuyeckas Oes-
OMacHOCTb NpY yBenuYeHnn ryOuHbl paspaboTki pyaHbIX
MecTopoxaeHuin // BectHuk Marnutoropckoro rocypap-
CTBEHHOrO TexHU4eckoro yHusepcuteta um. 1. Hocosa.
2018. T.16. Ne4. C. 4-12.

5. XasuHn M.J1.,, WTbikoB C.O. KapbepHbiit anekTpuduumpo-
BaHHbIA TpaHcnopT // BecTHnk MarHuToropckoro rocyaap-
CTBEHHOrO TexHU4Yeckoro yHusepcuteta um. .M. Hocosa.
2018. T.16. Ne1. C. 11-18.

6. Yeban AIO., XpyHuna H.M., Axumenko [O.B. Cosepuen-
CTBOBAHME KOMMMEKCa FOPHOTPAHCNOPTHOrO 0BopyaoBa-
HWUs Ans paboTbl COBMECTHO C MalUMHaMW MOCHOMHOr0
tpeseposanns // BectHuk MarHutoropckoro rocygap-
CTBEHHOrO TexHuyeckoro yHueepcuteta um. .. Hocosa.
2018. T.16. Ne3. C. 40-45.

7. BenukanoB B.C., Mancunosa O.P., YcoB W.I. Ananus
nokasaTenen [ONTOBEYHOCTU PYKOSTU KapbepHOro 3Kcka-
Batopa // BecTHuk MarHutoropckoro rocygapCTBEHHOMO
TexHW4eckoro yHusepcuteTa um. I.1. Hocosa. 2018. T.16.
Ne4. C. 13-20.

8. Monmakosa M.C., Koxonos A.K. Cnocob nonyyeHus meau
“3 XBOCTOB (brioTauuu 30MoToMeaHon pyabl // BecTHuk
MarHuTOropckoro rocygapCTBEHHOTO TEXHWYECKOro YHY-

www.vestnik.magtu.ru

13



K FOBUIEKO MI'TY UM. 1. HOCOBA

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

14

BepcuteTa um. .M. Hocosa. 2018. T.16. Ne2. C. 22-28.
Umkesckuit B.b., ®ageesa H.B., M'MbianHa H.B. ®dnotupy-
€MOCTb rpacura yrnesoLopodamMi U KUCMOPOZcogepka-
WyUMK coepuHeHnamun // BectHuk MarHutoropckoro rocy-
[apCTBEHHOrO TeXHUYeckoro yHusepcuteta um. .U, Ho-
cosa. 2018. T.16. Ne3. C. 5-16.

Koxonos AK., Monmakosa M.C., flyiwonbaes H.M. Bol-
SIBMEHNe BO3MOXHBIX NpuymH npobrnem npu 0be3soxmBa-
HWM NpOLYKTOB (hroTaumoHHoro oboraieHns // BecTHuk
MarHMTOropcKoro rocygapCTBEHHOTO TEXHWYECKOTO YHU-
BepcuteTa um. .M. Hocosa. 2018. T.16. Ne3. C.17-24.
3amotuH [.A., JlobaHos B.I. WHTeHcudukaums npouecca
U3MENbYEHNS 30M0TOCOAEPXALLEN pyabl C UCMONE30BAHUEM
MOBEPXHOCTHO-AKTUBHBIX BELLECTB M AONOMHUTENBHON 0Bpa-
BoTkoin ynbTpassykom // BecTHuk Marnutoropekoro rocyaap-
CTBEHHOTO TEXHWYeckoro yHueepcuteta um. .M. Hocosa.
2018. T.16. Ne3. C.25-32.

MaHkpaTbes [1.B., Konomoey A.B., Mantenees B.C. Pas-
paboTka ocTaTouHbIX 3anacoB Kymakckoro 30110TOpyLHOrO
mecTopoxgaeHus (OpenByprckas obnacts) // BectHuk Mar-
HWTOTOPCKOrO rOCyAapCTBEHHOTO TEXHUYECKOTO YHUBEPCH-
TeTa um. I".1. Hocoea. 2018. T.16. Ne3. C. 33-39.

O630p MeTomoB ydaneHus Cynb(aToB U3 TEXHOTEHHbIX
BOZ, ropHbIx npeanpuatuin [ A6apaxmarosa P.H., Opexosa
H.H., ®uwep X.-b., Abgpaxmaros P.H., Heceaber A.M.,
Koccos [.10. /| BecTHuk MarHuToropckoro rocyaapcTeeH-
HOrO TeXHW4eckoro yHmueepcuteta um. .M. Hocosa. 2018.
T.16. Ne4., C. 21-29.

XapueHko A.C. 3aKOHOMEPHOCTW MOCTYNNEHNST KOMMOHEH-
TOB LUKXTbI MO KpynHocTW u3 ByHkepa B3Y B konowHuko-
BOE MPOCTPAHCTBO NEeYM B 3aBMCUMOCTW OT YCMOBWIA 3a-
rpy3ku // BecTHuk MarHUTOropckoro rocynapCTBeHHOro
TEXHMYecKoro yHueepcuteta um. .M. Hocosa. 2018. T.16.
Ne3. C. 46-56.

OnTumusaums notpebneHus yronbHoro cbipbst B MMAO
«MMK» Ha ocHoBe MaTemMaTu4ecKkoro MogenupoBaHus /
Junathukos A.B., lmenéra A.E., Ctenanos E.H., WHait-
aep O.A. /| BecTHuk MarHUTOropckoro rocyaapCTBEHHOro
TeXHM4eckoro yHueepcuteta um. .M. Hocosa. 2018. T.16.
Ne4. C. 30-38.

KomnbtoTepHoe MoaenupoBaHue (PU3nN4eckoro nuTaHus OT-
nusok CBC B nutbe no BbinnaensieMbiM Mogenam / Cyluko
T.WN., Typuwes B.B., Mawresa T.B., Monos C.B. // BectHuk
MarH1TOropckoro roCyAapCTBEHHOrO TEXHUYECKOrO YHUBEP-
cuteta um. I"./. Hocosa. 2018. T.16. Ne1. C. 45-53.

AHanus ocobeHHOCTEN HanPsKEHHOTO COCTOSHUS (hraHLa
HaMOTOYHOrO YCTPOWUCTBA Kak KOMbLLeBOW nnacTuHbl / Ko-
Hee C.B., Mwxamney B.®., Tedprenes W.E., ®aiin-
wreiH A.C. // BeCcTHUK MarHuToropckoro rocyaapcTBeHHo-
ro TexHuyeckoro yHusepcuteta um. .M. Hocosa. 2018.
T.16. Ne3. C. 98-102.

CpaBHUTENBHBIA aHaNM3 Ka4eCTBEHHbIX NOKasaTeneit cranm
110MM13/1, BbINNABNEHHON C NPUMEHEHMEM Pa3MNYHBIX MO-
ANNKATOPOB M packucnuTenbHbIX cmecen / Yamkud A.B.,
YankuH B.A., Nosos B.C., KacumrasmHos A.[., Kapman
t0.B., Briko IM1.0. // BectHuk MarHutoropckoro rocyaap-
CTBEHHOMO TeXHWYeckoro yHusepcuteta um. I.M. Hocosa.
2018.T.16. Ne1. C. 19-25.

WccnegosaHne BRMSHWUS MHOTOCTaAMAHON TEPMUYECKON
00paboTkm Ha 0COBEHHOCTU HOPMMPOBAHWS MUKPOCTPYK-
TYpbl KPUOTEHHOM KOHCTPYKLUMOHHOW cTanu / [lonewkos
M.MN., Oenmcoe C.B., Hukutenko O.A., T'ywmna M.C., Cre-

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

kaHoB [N.A. // BeCTHUK MarHUTOropckoro rocyapCTBEHHOMO
TexHW4eckoro yHusepcuteTa um. .M. Hocosa. 2018. T.16.
Ne2. C. 29-40.

ViccnenoBaHue TeXHONOTAK MOMyYeHNs GuMeTannmyeckmx
AedopmMupoBaHHbIX nonygabpukatos npu npou3BoaCTBe
IOBEMMPHBIX Lieneit 13 cnnasoB kpacHoro 3onota / Cu-
nenbHukoB C.B., Ynbucora E.C., NlonatuHa E.C., dutkos-
ckast t0.[., bunpapeBa KA., Jlonatun B.A. // BecTHuk
MarHuTOropcKoro rocyfapCTBEHHOTO TEXHWYECKOr0 YHM-
BepcuteTa um. 1. HocoBa. 2018. T.16. Ne4. C. 39-44,
BrnnsiHne MEXKPUTMYECKON 3aKankm Ha MeXaHWyeckue
ceonctea crann 13X11H2B2M® / Mupsaes [.A., be-
ank A.C., Cosbiknd C.A., Makoseukun A.H. // BecCTHuk
MarHuTOropcKoro rocyJapCTBEHHOTO TEXHWYECKOr0 YHM-
BepcuteTa um. 1. HocoBa. 2018. T.16. Ne4. C. 45-49.
BospgencTame MMNynbLCHOTO MarHUTHOTO NONS Ha pacnnas
napamarHuTHOro Metanna npu kpuctannusauu / Jonry-
wwH O.M., Oybckuin I A., Hecbenbes A.A., Puse B.B., [on-
rywuHa O.B., Kaiinep A. // BecTHuk MarHutoropckoro roc-
YOApCTBEHHOMO TEXHWUYECKOro yHueepcuteTta um. I.M. Ho-
cosa. 2018. T.16. Ne3. C. 57-66.

Atpouwerko C.A. BnusHue aspotepmoakycTuyeckon obpa-
BoTkM Ha xapakTepucTkm BbicTpopexylumx cTanen // Bect-
HUK  MarHuToropckoro  rocyfapCTBEHHOTO  TEXHWUYECKOro
yHuBepcuTeTa um. I'.M. Hocosa. 2018. T.16. Ne4, C. 50-56.
CTpyKTypHO-(ha3oBble MPEBpALLEHNs, MPONCXOAALLME B
NCEeBLOMOHOKPUCTANIMYECKOM LIMPKOHUM NpU Tennoi ae-
copmaumn B kamepe bpumkmena / Eroposa J1.10., Xne6-
Hukosa H0.B., Mauenos A.M., MumtoruH B.I. // BecTHuk
MarHuTOropcKkoro rocyfapCTBEHHOTO TEXHWYECKOrO YHM-
BepcuteTa um. .. Hocoea. 2018. T.16. Ne3. C. 120-128.
TepmoanHaMU4YECKie, CTPYKTYPHbIE W KOHLEHTPALMOHHbIE
ocobeHHocTH 0BpasoBaHus BeckapbugHoro 6eiHnTa B Map-
raHeL-kpemMHucTbIX ctansx / Mupsaes [.A., fAkoenesa U.J1.,
TepeleHko H.A., Byngawes /1.B., Mup3oes A.A. // BeCTHuk
MarH1TOropcKoro rocyapCTBEHHOTO TEXHUYECKOTO YHUBED-
cuteta um. I.M. Hocosa. 2018. T.16. Ne1. C. 26-36.
BrnusHue nuTus Ha TEMMOEMKOCTb M U3MEHEHWe TepMOaNHa-
MUYECKMX PYHKLIW aromMiH1eBoro cnrnasa AXK2.18 / Asnmos
XX., Tanmes W.H., AmoHos W.T., N6poxumos H.O. // BecTHuk
MarH1TOropckoro roCyAapCTBEHHOMO TEXHUYECKOrO YHUBEP-
cuteta um. I"./. Hocosa. 2018. T.16. Ne1. C. 37-44.

Hoposa M.T., Basupos H.LU., Manves W.H. BnusHue ue-
pus, Npa3eoguMma 1 HeoauMa Ha SNEKTPOXMMUYECKUE Xa-
PaKTEPUCTUKK anmioMMHUEBOro cnnasa AMr6 B HelTpans-
Hon cpege NaCl // BectHuk Marnutoropckoro rocygap-
CTBEHHOTO TEXHWYECKOrO yHUBepcuTeTa um. .. Hocosa.
2018.T.16. Ne2. C. 41-47.

O koppo3noHHom noTeHumane cnnaea AX5K10, mogudm-
LMPOBAHHOTO LEeNTOYHO3EMENbHBIMW MeTannamm, B cpese
anektporuta NaCl / fAky6os Y.LU., Fannes W.H., CaHros
M.M., FanveBa H.W. // BecTHuk MarnuToropckoro rocyaap-
CTBEHHOTO TEXHWYECKOro yHuBepcuteta um. .M. Hocosa.
2018. T.16. Ne3. C. 109-119.

ViccnenoBaHue BNUSIHUS PEXWUMOB KOHTPONMPYEMOW Mpo-
kaTku TPYOHON CTanm Ha CTPYKTYPHOE COCTOSIHWE ropsiye-
pedopmmupoBaHHoro ayctenuta / Moneukos .M., MywwmHa
M.C., Anekcees [.10., Emaneesa [.I', KysHeuosa A.C.,
HuknteHko O.A. // BectHuk MarHutoropckoro rocypap-
CTBEHHOTO TEXHWUYEeCKoro yHuBepcuteta um. .M. Hocosa.
2018. T.16. Ne3. C. 67-77.

V3yyeHve TennoBbIx SBNEHWA npu mbke Tpyb ¢ packatbl-

Becmuuk MI'TY um. I'.A. Hocoea. 2019. T.17. Ne1




OcHoeHble HanpagneHusi xypHana «Becmuuk MI'TY um. I'/. Hocoea»

T'yn T.C., KopuyHoe A.I"., KopHunoe I".I1. u dp.

BaHuem / bobbines A.B., Koanos A.B., Makcumos C.[1.,
Xanuynud E.B. // BecTHuk Marnutoropckoro rocypap-
CTBEHHOTO TEXHWYECKoro yHuBepcuteta um. .M. Hocosa.
2018. T.16. Ne3. C. 87-97.

31. Konmoropos I'.J1., KysHeuosa E.B., Xabaposa [1.B. Penak-
CaLms OCTaTOYHbIX HAMPSKEHUIA U TOYHOCTb TPYOHBIX Me-
Tannousgenuin // BectHuk MarnuToropckoro rocyaap-
CTBEHHOTO TEXHWYECKOro yHuBepcuTeTa uM. .M. Hocosa.
2018. T.16. Ne3. C. 103-108.

32. Cnaeux B.C., Hopeu A.W., XnpkuH H0.B. MeToauka onpe-
[eneHns 3HEeprocunoBbIX MapameTpoB MpW BOMOYEHUN
npocunen tuna M® B CABOEHHBIX PONMKOBBIX Kanubpax
3a oguH npoxog // BectHuk Marnutoropckoro rocypap-
CTBEHHOTO TEXHWYECKoro yHuBepcuteta um. .M. Hocosa.
2018. T.16. Ne3. C. 78-86.

33. WccnenoBaHne HanpshKEHHOTO COCTOSHMS CUCTEMbI BOiKN-
nonoca npu MOMYYeHUW NUCTa W3 CTanM Ha YCTaHOBKE
COBMELLEHHOrO MpoLecca HenpepbIBHOMO NUTbs 1 aedop-
mauum / Nlexos O.C., Muxanes A.B., LLiesenes M.M., bu-
nanos [1.X. // BecTHk MarHUTOropckoro rocyaapCTBeHHO-
ro TexHudeckoro yHusepcuteta um. .M. Hocosa. 2018.
T.16. Ne2. C. 48-53. https://doi.org/10.18503/1995-2732-
2018-16-2-48-53

34. 3anpec C.A. HoBble cnocobbl MOBEPXHOCTHOIO MiacTuye-
CKOro JepOpMMUPOBaHIAS NPK WU3rOTOBMEHWM OETaNen ma-
WwiH /| BecTHUK MarHUTOropckoro rocyaapCTBEHHOMO Tex-

HuJeckoro yHusepcuteta uMm. M. Hocosa. 2018. T.16.
Ne3. C. 129-139. https://doi.org/10.18503/1995-2732-
2018-16-3-129-139

35. Monoe W.M., Kybapesa C.HO. AeTobanaHcupoBka Bubpa-
UMOHHbIX MalwmnH/ BecTHuk MarHutoropckoro rocypap-
CTBEHHOrO TEXHM4Yeckoro yHueepcuteta um. .. Hocosa.
2018. T.16. Ne3. C. 140-144. https://doi.org/10.18503/
1995-2732-2018-16-3-140-144

36. Hukonaes A.A., Veekees B.C., lloxkuH W.A. AHanus nposa-
OB HanpsKeHUs B paroHHbIX anekTpuyeckux ceTsx 380 kB
nposuHUMA Xatait u AgaHa Typeukoir pecnybnuku // Bect-
HUK  MarHuToropckoro rocyfapCTBEHHOTO  TEXHWUYECKOro
yHueepcuteta um. .M. Hocosa. 2018. T.16. Ne1. C. 61-70.

37. TosblweHne 3HeproaheKTUBHOCTU U pecopcochepexe-
HWE MpW KanuTanbHOM PEMOHTE, MOLEPHU3aLMM U YTUNN-
3auun  Burateneil  acuMHXpOHHLIX 3MeKTponpuBoLoB /
Myrarumos  P.I'., 3akuposa P.A., Myrarmmosa A.P.,
OawHuos K.3. // BecTHuk MarHuToropckoro rocynapcreeH-
HOro TexHW4eckoro yHueepcuteta um. .M. Hocosa. 2018.
T.16. Ne3. C. 145-159.

38. MogenupoBaHue TEPMO3MeKTpUYeckoro Moayns MenbToe
B pexume reHepauun anektpoaHeprum B cpege ANSYS
Workbench / PomaHos K.B., Motoput A.B., ConomuH E.B.,
Kosanés A.A., [bsuerko W.W., Fanees P.I'. BectHuk Mar-
HWUTOTOPCKOrO rOCyAapCTBEHHOTO TEXHUYECKOTO YHUBEPCH-
TeTa um. 1. Hocosa. 2018. T.16. Ne4. C. 57-64.

Moctynuna 15.02.19
[MpuHsTa B neyatb 25.02.19

INFORMATION ABOUT THE PAPER IN ENGLISH

https://doi.org/10.18503/1995-2732-2019-17-1-5-17

VESTNIK OF NOSOV MAGNITOGORSK STATE TECHNICAL UNIVERSITY:

KEY AREAS (scientific review)

Gennady S. Gun — DSc (Eng.), Professor, Adviser to the Rector
Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. E-mail: goun@magtu.ru

Alexey G. Korchunov — DSc (Eng.), Professor, Head of the Department of Design
and Operation of Metallurgical Machines and Equipment, Vice Rector for International Affairs
Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. E-mail: international @magtu.ru

ORCID 0000-0002-2844-8283

Gennady P. Kornilov — DSc (Eng.), Professor, Head of the Department of Industrial Power Supply
Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. E-mail: korn_mgn@mail.ru

ORCID 0000-0002-2451-3850

Sergey N. Kornilov — DSc (Eng.), Professor, Head of the Department of Logistics

and Transportation System Management

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. E-mail: kornilov_sn@mail.ru

Marina A. Polyakova — DSc (Eng.), Associate Professor,

Professor of the Department of Materials Processing Technologies
Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. E-mail: m.polyakova@magtu.ru

Abstract. The paper, devoted to the 85" anniversary of
Nosov Magnitogorsk State Technical University, analyz-
es Vestnik of Nosov Magnitogorsk State Technical Uni-
versity with regard to the ranking of Russian journals. It
is stated that in the past 16 years the journal published
papers of authors from 28 countries; the editorial board
includes well-known scientists from 13 countries. A sci-
entific review of papers issued in 2018 is used as an ex-

ample to show key areas of the journal, which are im-
portant for the world scientific community.

Keywords: Nosov Magnitogorsk State  Technical
University, Vestnik of Nosov Magnitogorsk State
Technical University, ranking, research areas.

References

1. Golik V.I. Dmitrak Yu.V. Prospects of using a combination
of mining techniques in the production of non-ferrous

www.vestnik.magtu.ru

15



K FOBUIEKO MI'TY UM. 1. HOCOBA

10.

1.

12.

16

metals. Vestnik Magnitogorskogo  Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018,
vol. 16, no. 1, pp. 4-10.

Sokolov V., Smirnov A.A., Antipin Yu.G., Baranovsky
K.V., Nikitin V., Rozhkov A.A. Economic feasibility of
underground development of small quartz veins. Vestnik
Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Uni-
versiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk
State Technical University]. 2018, vol. 16, no. 2, pp. 4-13.
Khomenko O.E., Lyashenko V.I. Improved geomechanical
safety in the underground mining of complex structure
deposits. Vestnik Magnitogorskogo Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018,
vol. 16, no. 2, pp. 14-21.

Khomenko O.E., Lyashenko V.I. Geodynamic safety when
increasing the depth of underground mining of ore
deposits. Vestnik Magnitogorskogo Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018,
vol. 16, no. 4, pp. 4-12.

Khazin M.L., Shtykov S.O. Electric mining trucks. Vestnik
Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Uni-
versiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk
State Technical University]. 2018, vol. 16, no. 1, pp. 11-18.
Cheban A.Yu., Khrunina N.P., Yakimenko D.V. Enhanced
mining and hauling equipment complex to be used together
with surface miners. Vestnik Magnitogorskogo Gosudar-
stvennogo Tekhnicheskogo Universiteta im. G.I. Nosova
[Vestnik of Nosov Magnitogorsk State Technical Universi-
ty]. 2018, vol. 16, no. 3, pp. 40-45.

7 Velikanov V.S., Panfilova O.R., Usov |.G. Analysis of the
dipper handle durability. Vestnik Magnitogorskogo Gosu-
darstvennogo Tekhnicheskogo Universiteta im. G.I. Noso-
va [Vestnik of Nosov Magnitogorsk State Technical Univer-
sity]. 2018, vol. 16, no. 4, pp. 13-20.

Molmakova M.S., Kozhonov A.K. Method of extracting
copper from flotation tailings of gold and copper ore. Vestnik
Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Uni-
versiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk
State Technical University]. 2018, vol. 16, no. 1, pp. 22-28.
Chizhevsky V.B., Fadeeva N.V., Gmyzina N.V. Floatability
of graphite with hydrocarbons and oxygen containing
compounds. Vestnik Magnitogorskogo Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018, vol.
16, no. 3, pp. 5-16.

Kozhonov A.K., Molmakova M.S., Duyshonbaev N.P.
Identifying possible causes of problems in the dewatering
of flotation products. Vestnik Magnitogorskogo Gosudar-
stvennogo Tekhnicheskogo Universiteta im. G.I. Nosova
[Vestnik of Nosov Magnitogorsk State Technical Universi-
ty]. 2018, vol. 16, no. 3, pp. 17-24.

Zamotin P.A., Lobanov V.G. Intensification of gold ore
grinding process with the help of surfactants and additional
ultrasonic. Vestnik Magnitogorskogo Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018,
vol. 16, no. 3, pp. 25-32.

Pankratiev P.V., Kolomoets A.V. Panteleev V.S.
Development of the remaining reserves of the Kumak gold
deposit (Orenburg region). Vestnik Magnitogorskogo
Gosudarstvennogo Tekhnicheskogo Universiteta im. G.I.
Nosova [Vestnik of Nosov Magnitogorsk State Technical

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

University]. 2018, vol. 16, no. 3, pp. 33-39.
Abdrakhmanova R.N., Orekhova N.N., Fischer H.-B.,
Abdrakhmanov R.N., Nefedjev A.P., Kossov D.Y. Methods
of sulfate removal from mining waste waters: overview.
Vestnik Magnitogorskogo Gosudarstvennogo Tekhnich-
eskogo Universiteta im. G.I. Nosova [Vestnik of Nosov
Magnitogorsk State Technical University]. 2018, vol. 16,
no. 4, pp. 21-29.

Kharchenko A.S. Size related charging patterns dictated by
charging conditions when components are fed from the
BLT charging hopper to the furnace top. Vestnik Magnito-
gorskogo Gosudarstvennogo Tekhnicheskogo Universiteta
im. G.I. Nosova [Vestnik of Nosov Magnitogorsk State
Technical University]. 2018, vol. 16, no. 3, pp. 46-56.
Lipatnikov A.V., Shmelyova A.E., Stepanov E.N., Shnayder
D.A. Mathematical modeling and optimization of raw coal
consumption in PJSC «MMK». Vestnik Magnitogorskogo
Gosudarstvennogo Tekhnicheskogo Universiteta im. G.1.
Nosova [Vestnik of Nosov Magnitogorsk State Technical
University]. 2018, vol. 16, no. 4, pp. 30-38.

Sushko T.I, Turishev V.V., Pashneva T.V., Popov S.V.
Computer simulation of the shs casting feed in investment
casting. Vestnik Magnitogorskogo Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018,
vol. 16, no. 1, pp. 45-53.

Konev S.V., Mikhaylets V.F., Teftelev I.E., Fainshtein A.S.
Analysis of the characteristic stress state of the coil flange
as a circular plate. Vestnik Magnitogorskogo Gosudar-
stvennogo Tekhnicheskogo Universiteta im. G.I. Nosova
[Vestnik of Nosov Magnitogorsk State Technical Universi-
ty]. 2018, vol. 16, no. 3, pp. 98-102.

Chaykin A.V., Chaykin V.A., Lozov V.S., Kasimgazinov
A.D., Karman Yu.V., Bykov P.O. Comparative analisys of
the quality indices of the 110G13L steel produced with
various inoculants and deoxidizing agents. Vestnik Magni-
togorskogo Gosudarstvennogo Tekhnicheskogo Universi-
teta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk State
Technical University]. 2018, vol. 16, no. 1, pp. 19-25.
Poletskov P.P., Denisov S.V., Nikitenko O.A., Gushchina
M.S., Stekanov P.A., Understanding the effect of multi-
stage heat treatment on the microstructure of cryogenic
structural steel. Vestnik Magnitogorskogo Gosudarstven-
nogo Tekhnicheskogo Universiteta im. G.I. Nosova [Vest-
nik of Nosov Magnitogorsk State Technical University].
2018, vol. 16, no. 2, pp. 29-40.

Sidelnikov  S.B., Chibisova E.S., Lopatina E.S,,
Ditkovskaya Yu.D., Bindareva K.A., Lopatin V.A. Study of
the technique to produce bimetallic deformed semi-finished
products for jewelry chains made from red gold. Vestnik
Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Uni-
versiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk
State Technical University]. 2018, vol. 16, no. 4, pp. 39-44.
Mirzaev D.A., Bezik A.S., Sozykin S.A., Makovetskii A.N.
Effect of intercritical quench hardening on mechanical
properties of 11% CR steel. Vestnik Magnitogorskogo
Gosudarstvennogo Tekhnicheskogo Universiteta im. G.1.
Nosova [Vestnik of Nosov Magnitogorsk State Technical
University]. 2018, vol. 16, no. 4, pp. 45-49.

Dolgushin D.M., Dubsky G.A., Nefedev A.A., Rive V.V,
Dolgushina O.V., Kayper A. Effect of pulsed magnetic field
on paramagnetic melt during crystallization. Vestnik Magni-
togorskogo Gosudarstvennogo Tekhnicheskogo Universi-
teta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk State
Technical University]. 2018, vol. 16, no. 3, pp. 57-66.

Becmuuk MI'TY um. I'.A. Hocoea. 2019. T.17. Ne1



OcHoeHble HanpagneHusi xypHana «Becmuuk MI'TY um. I'/. Hocoea»

T'yn T.C., KopuyHoe A.I"., KopHunoe I".I1. u dp.

23.

24.

25.

26.

21.

28.

29.

30.

www.vestnik.magtu.ru

Atroshenko S.A. Changes in the characteristics of tool
steel after aerothermoacoustic treatment. Vestnik Magnito-
gorskogo Gosudarstvennogo Tekhnicheskogo Universiteta
im. G.I. Nosova [Vestnik of Nosov Magnitogorsk State
Technical University]. 2018, vol. 16, no. 4, pp. 50-56.
Egorova L.Yu., Khlebnikova Yu.V., Patselov A.M.,Pilyugin
V.P. Structural phase transformations in zirconium pseudo-
single crystals subjected to thermal deformation in the
bridgeman chamber. Vestnik Magnitogorskogo Gosudar-
stvennogo Tekhnicheskogo Universiteta im. G.I. Nosova
[Vestnik of Nosov Magnitogorsk State Technical Universi-
ty]. 2018, vol. 16, no. 3, pp. 120-128.

Mirzayev D.A., Yakovleva |.L., Tereshchenko N.A,
Buldashev 1.V., Mirzoev A.A. Thermodynamics, structure
and concentration of carbide-free bainite in manganese-
silicon steels during its formation. Vestnik Magnitogorskogo
Gosudarstvennogo Tekhnicheskogo Universiteta
im. G.I. Nosova [Vestnik of Nosov Magnitogorsk State
Technical University]. 2018, vol. 16, no. 1, pp. 26-36.
Azimov Kh.Kh., Ganiev I.N., Amonov I.T., Ibrohimov N.F.
Effect produced by lithium on the heat capacity and the
changing thermodynamic functions of the Azh2.18
aluminium alloy. Vestnik Magnitogorskogo Gosudarstven-
nogo Tekhnicheskogo Universiteta im. G.I. Nosova [Vest-
nik of Nosov Magnitogorsk State Technical University].
2018, vol. 16, no. 1, pp. 37-44.

Norova M.T., Vazirov N.Sh., Ganiev I|.N. Effect of cerium,
praseodymium and neodymium on the electrochemical
properties of the AMg6 aluminium alloy in the NaCL neutral
medium. Vestnik Magnitogorskogo Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018, vol.
16, no. 2, pp. 41-47.

Yakubov U.Sh., Ganiev I.N., Sangov M.M., Ganieva N.I. On
the corrosion potential of AIFe5S10 alloy inoculated with
alkaline-earth metals in the NaCl medium. Vestnik Magnito-
gorskogo Gosudarstvennogo Tekhnicheskogo Universiteta im.
G.I. Nosova [Vestnik of Nosov Magnitogorsk State Technical
University]. 2018, vol. 16, no. 3, pp. 109-119.

Poletskov P.P., Gushchina M.S., Alekseev D.Yu.,
Emaleeva D.G., Kuznetsova A.S., Nikitenko O.A.
Understanding the effect of controlled rolling regimes for
pipe steel on the structural condition of hot-deformed
austenite. Vestnik Magnitogorskogo Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018, vol.
16, no. 3, pp. 67-77.

Bobylev A.V., Kozlov A.V., Maksimov S.P., Khaliulin E.V.
Understanding the thermal phenomena occuring during
pipe bending and rolling. Vestnik Magnitogorskogo Gosu-
darstvennogo Tekhnicheskogo Universiteta im. G.I. Noso-

31.

32.

33.

34.

35.

36.

37.

38.

va [Vestnik of Nosov Magnitogorsk State Technical Univer-
sity]. 2018, vol. 16, no. 3, pp. 87-97.

Kolmogorov G.L., E.V. Kuznetsova E.V., Khabarova D.
Relaxation of residual stresses and precision of steel
pipes. Vestnik Magnitogorskogo — Gosudarstvennogo
Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of
Nosov Magnitogorsk State Technical University]. 2018, vol.
16, no. 3, pp. 103-108.

Slavin V.S., Norets A.l., Zhirkin Yu.V. Method for defining
drawing force parameters when drawing MF type sections
in double gauge rollers in one. Vestnik Magnitogorskogo
Gosudarstvennogo Tekhnicheskogo Universiteta im. G.I.
Nosova [Vestnik of Nosov Magnitogorsk State Technical
University]. 2018, vol. 16, no. 3, pp. 78-86.

Lekhov O.S., Mikhalev A.V., Shevelev M.M., Bilalov D.Kh.
Understanding the stress state of the movable platen and
the strip in the production of steel sheets on a combined
contin-uous casting and rolling line. Vestnik Magnitogor-
skogo Gosudarstvennogo Tekhnicheskogo Universiteta im.
G.I. Nosova [Vestnik of Nosov Magnitogorsk State Tech-
nical University]. 2018, vol. 16, no. 2, pp. 48-53.

Zaydes S.A. New surface plastic deformation techniques in
the manufacture of machine parts. Vestnik Magnitogor-
skogo Gosudarstvennogo Tekhnicheskogo Universiteta im.
G.I. Nosova [Vestnik of Nosov Magnitogorsk State Tech-
nical University]. 2018, vol. 16, no. 3, pp. 129-139.

Popov I.P., Kubareva S.Yu. Autobalanced vibration. Vestnik
Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Uni-
versiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk
State Technical University]. 2018, vol. 16, no. 3, pp. 140-144.
Nikolaev A.A., Ivekeev V.S., Lozhkin I.A. Analysis of
voltage fall in 380 kV regional electrical power networks of
Hatay and Adana provinces, Turkey. Vestnik Magnitogor-
skogo Gosudarstvennogo Tekhnicheskogo Universiteta im.
G.I. Nosova [Vestnik of Nosov Magnitogorsk State Tech-
nical University]. 2018, vol. 16, no. 1, pp. 61-70

Mugalimov R.G., Zakirova R.A., Mugalimova AR,
Odintsov K.E. Enhanced energy efficiency and resource
saving in the overhauling, retrofitting and disposal of
industion motors. Vestnik Magnitogorskogo Gosudarstven-
nogo Tekhnicheskogo Universiteta im. G.I. Nosova [Vest-
nik of Nosov Magnitogorsk State Technical University].
2018, vol. 16, no. 3, pp. 145-159.

Romanov K.V., Motorin A.V., Solomin E.V., Kovalyov A.A.,
Diachenko LI, Galeev R.G. Simulating the Peltier
thermoelectric module in the electricity generation mode in
the ANSYS Workbench environment. Vestnik Magnitogor-
skogo Gosudarstvennogo Tekhnicheskogo Universiteta im.
G.I. Nosova [Vestnik of Nosov Magnitogorsk State Tech-
nical University]. 2018, vol. 16, no. 4, pp. 57-64.

Received 15/02/19
Accepted 25/02/19

Oopa3en 111 TUTHPOBAHUS

OcHoBHble HanpasneHus xypHana «Bectauk MI'TY um. 1. HocoBax» (nayunsiii 0630p) / T'yu I'.C., Kopuynos A.T'., Kopuunos I'.IT., Kopuu-
noB C.H., ITonsixoBa M.A. // BectHrk MarauToropckoro rocy1apcTBeHHOro TexHH4Ieckoro ynusepeutera uM. .M. Hocosa. 2019. T.17. Nel. C. 5-17.
https://doi.org/10.18503/1995-2732-2019-17-1-5-17

For citation

Gun G.S., Korchunov A.G., Kornilov G.P., Kornilov S.N., Polyakova M.A. Vestnik of Nosov Magnitogorsk State Technical University: key
areas (scientific review). Vestnik Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Universiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk
State Technical University]. 2019, vol. 17, no. 1, pp. 5-17. https://doi.org/10.18503/1995-2732-2019-17-1-5-17

17



PA3PABOTKA NOJIE3HbIX UCKOIMAEMbIX

PA3PABOTHA MOJIE3HbIX HCHOMAEMbIX

VK 622.27 https://doi.org/10.18503/1995-2732-2019-17-1-18-25

OIIBIT U DOPEKTUBHOCTDb ITPUMEHEHMUSA _
INNIACTU®OUIIUPOBAHHBIX 3AKJ/IAJOYHBIX CMECEHN

MoHTsiHOBa A.H.l, Tpodpumon A.B.Z, PymsaIes A.E.z, Bunpunackmit B.B.Z, Harosumus 10.H.2

1000 «Texuonornn 3axmamxu BBIPa0OTAaHHOTO TIPOCTPAHCTBa», MockBa, Poccus
2000 «Mucrutyt Nimponnkensy, Caukr-TlerepGypr, Pocens
33anonﬂpﬂmﬁ ¢uman [TAO «I'MK «Hopusckuit HuKens», Hopuibck, Poccust

Annomayun. IoctaHoBKka 3a1auM (AKTyaJbHOCTh padoThl): CucTeMbl pa3pabOTKH C 3aKJIaJKOH BBIPAOOTAaHHOTO
MIPOCTPAHCTBA TBEPACIOUIMMHI CMECSIMH ITHPOKO PACIPOCTPAHEHBI IIPH JOObIUE BEChbMa LICHHBIX PYA B CIIOKHBIX TOPHO-
T€OJIOTHYECKUX YCIOBHUIX B YaCTH YNPABICHUS TOPHBIM JABICHUEM U MOIJIEP)KaHUS YCTOWIMBOCTH BBIPAOOTOK, B OCO-
OEHHOCTH Ha yJIapOOINacHbIX pynHHKax. COBEpPIICHCTBOBAHHE COCTABOB 3aKJIAJAOYHBIX OETOHOB — TeMa BEChMa aKTYy-
anpHast, T.K. B IPOU3BOICTBEHHOH ce0ECTOMMOCTH TOOBIYN PYABI CHCTEMAaMH pa3padOTKH ¢ 3aKIaAKOI BEIpabOTaHHOTO
MIPOCTPAHCTBA HA JIOJIO 3aKJIAOYHBIX padoT nmpuxoautcs 20—25%. CHIkeHHe pacxoI0B Ha 3aKiIaJouyHble paboThl J0-
CTHTaeTcs NMPUMEHEHHEM Pa3JIMYHBIX THUIIOB 0E3LIEMEHTHBIX BSUKYILIMX, BOBJICYCHHUEM Pa3JIMYHOTO POJa XUMHYECKUX
J00aBOK M OTXOJOB MPOMBIIUIEHHOCTH. OCOOCHHOCTH HCIONIB30BaHMsSI XUMHYECKUX J100aBOK B ycnoBusix KpaiiHero
CeBepa co37al0T MEpPEUEHb CYIIECTBEHHBIX OTPAHUUCHNH, YTO EJAET IIPOU3BOICTBO IUIACTH(UIIMPOBAHHBIX 3aKIIaJ0U-
HBIX CMECEH BOIIPOCOM BechbMa CJIOKHBIM. Ile1b padoThl: B paMKax BBITOJIHEHHON pabOTHI LEbIO SIBISUIOCH CHIDKCHNE
cebecronmoct 1 M° 3aKmagouroro Gerona. IIpy 5TOM TPAHMUHBIME yCIOBHSAMHU SBISUTHCH MHHHMAIBHBIC KOPPEKTH-
POBKHM CYIIECTBYIOIIEH TEXHOJIOTHH, PELENTYPhl COCTABOB M MPOM3BOANTEIBHOCTH MenbHHUN. Mcnoab3yemble MeTO-
AbI: CHI)KEHHE ce0eCTOMMOCTH 3aK/IaZl0uHOr0 OETOHA JOCTHUIaeTCsl BBEICHMEM XUMHUYECKOH 100aBKHU JIMTHOCY Ib(oHa-
Ta Texamdeckoro (JICT), koTopast mo3BOJIIET CHU3UTH BOAOMOTPEOHOCTh cMeceit Ha 40—-60 m Ha 1 M 6e3 H3MeHeHus
MOJIBIDKHOCTH CMECH M YXYAIICHHS PEOJIOTMYECKUX XapaKTepUCTHK. B cBoro ouepenp, Ooiee onTHMAaIbHOE BOJOIE-
MEHTHOE OTHOIIEHHE T03BOJISIET MOBBICUTH MPOYHOCTHBIE MTOKA3aTENH WM MPU CHIDKEHUH PacXo/ia BSHKYILETO BBIHTH
Ha periJaMeHTHbIe IMokaszaTenu npoyHoctd. HoBu3Ha: B pabore oTpakeHBI pe3yibTaThl MCCIEAOBAHMI NPUMEHEHHUS
IIacTU(UINPOBAHHBIX 100aBOK NPH HPOU3BOJCTBE 3aKJIaJIOYHBIX cMecell. Pe3yabrar: MHOro4HMCIeHHBIMU Jlabopa-
TOPHBIMH H OTIBITHO-TIPOMBIIIUICHHBIME dKcIiepuMeHTaMu Ha pyaankax AK «AJIPOCA» (Baenpenst B 2005 roxy) u 30
IMTAO «I'MK «Hopuibckuii HUKeNIb) AOCTUTHYTO CHI)KEHHE pacxoja MopTiaHaieMenTa 10 50 Kkr/m°. IIpakTHyeckas
3HAYMMOCTh: Ha OCHOBE ITOJIOKHUTEIBHBIX PE3yJIbTATOB OIBITHO-IIPOMBIIIJICHHBIX UCIBITAHUN pa3paboTaH TEXHOIOTH-
YecKHi periaMeHT Ha TexHuueckoe nepeBoopyxenue I13K pynunukos Tamnax n 3@ ITAO «I'MK «Hopunbsckuii HU-
KEJb».

Knrwoueswie cnoea: nnactudunupyromue 100aBKH, JUTHOCYIb(GOHAT TEXHUYECKHUH, MM0o13eMHasi pa3paboTka, 3aKia-
JIOYHBIE KOMIUIEKCHI, TBEPCIONINE 3aKJIaJ0UYHbIe CMECH, TEXHOJIOTHH 3aKJIaIKH BHIPA0OOTAaHHOTO NMPOCTPAHCTBA, M C-
KYCCTBEHHBIH MaCCHB.

CoOBepIIEHCTBOBAHNE COCTaBOB 3aKJIAJJOYHBIX
Beenenne 0ETOHOB — TeMa BechbMa aKTyajbHas, T.K. B IPOH3-
BOJICTBEHHOUM ce0eCTOMMOCTH MOOBIYH PYyIBI CHUCTE-
MaMH Pa3paboTKH € 3aKIaJKoi BBIPAOOTAHHOTO
MPOCTPAHCTBA HA JIOJIO 3aKJIaJI0YHBIX PadOT MPUXO-
mures 20-25%. Hebicokue TpeGOBaHUSI K MPOY-
HOCTHBIM TIOKa3aTesiM MO3BOJSAIOT 3] QeKTUBHO

Cucremsl pa3paboTKu ¢ 3aKIaJKOH BBIpaObOTaH-
HOTO TIPOCTPAHCTBA TBEPJCIONIMMH CMECSIMH IIIHPO-
KO paclpOoCTpPaHEHbI NpH J00bIYe BeChbMa ILEHHBIX
Py CIOKHOM MOP(HOJOTHU U B CIOKHBIX TOPHO-

TEOJIOTHYECKUX YCIOBHSIX B YaCTH yIPABICHUS TOP- NPHMEHATh DA3NHYHbIE THTIBI GE3IEMEHTHBIX BSi-
HBIM JIaBIICHHEM W TIOMICPKAHUA YCTOWMMBOCTH  yevynyx B TBep/ICIOLIMX KOMIOZHIHAX [5—8], @ Tak-
BbIpa0boTOK [1, 2]. OCOOEHHO aKTyaJlbHO MPHUMEHE- ’Ke PA3IMYHOTO POJIA XHMHUYECKHX J0OABOK.

HHUE 3aKJIQJ0YHBIX OETOHOB HA YAAapOOIACHBIX PY/I- HecMoTps Ha IIMPOKMi CHEKTp J00aBOK pa3-
HUKaX, B TOM YHCJC 3TO MOATBCPXKIAIOT JYYNIME  jUYHOrO Ha3HAUYEHHs, SPPEKTUBHO MPUMEHIEMBIX B
MHPOBBIC IIPAKTHKH [3, 4]. CTPOUTENBCTBE, IIPU TMPOU3BOJICTBE 3aKJIAJOYHBIX

CMECEH NaHHBIE BEIIECTBA HCIIONB3YIOTCS KpailHe
© Montsanosa A.H., Tpodpumos A.B., Pymsane A.E., Buib- PENKO. OTMeueHHOoe O6yCJ‘IOBJIeHO TeM, 4TO 3aKia-

yunckuii B.B., Harosunuu 10.H., 2019
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Onbim u 3ghghekmusHOCMb NPUMEHEHUST hilacMuUgbULUPO8aHHbIX 3aknadoyHbIX cmecell

MonmsiHoea A.H. u dp.

JIOYHBIC CMECU WMEIOT CBOM CHEIH(PHUECKUE 0CO-
OCHHOCTH, KOTOPBIC BHOCSIT CYIIICCTBCHHBIC KOPPEK-
THBHI B IPUMEHEHNE T00ABOK:

1. ITogBMXHOCTD (PacTeKaeMOCTh) 3aKIaTOTHBIX
CMecel 3HAUUTENILHO BBIIIC, YEM Y CTPOUTEIBHBIX
PacTBOPOB U OETOHOB.

2. CopnepxaHue TOHKOIAMCIEPCTHBIX (QpaKIui
(menee 0,14 MM) B HCTIONBE3yEeMOM 3aIOTHUTENE 3a-
KJIaJ0YHEIX cMecer cocTaBiseT ~ 30% u Oozee, 9To
3HAYUTEIILHO MPEBBINIACT MTOKA3aTEIH JIJIs 3aI0JIHU-
tenelt 6eToHoB (He Oonee 2% , TOCT 8736 u 8267).

3. Bogonementrnoe (B/I]) oTHOImEHUE, ompeme-
JISFOIIee MPOYHOCTh, Y OETOHOB M PacTBOPOB Baph-
upyet ot 0,2 o 1,0; B 3aKiIaI0YHBIX CMECSX — OT
1,0 no 4,0. IlpuueM, eciiu B CTPOUTEIHCTBE 3aBUCH-
MOCTh TipouHocTH OT B/I] O1M3Kka Kk TUHEHHOM, TO B
3aKJIaJJOYHBIX CMECSX — BBIPAKEHHAS KBaJpaTHYHAs
u BrnusiHue B/l Ha IPOYHOCTH B TPaHUYHBIX JHAIIa-
30HaxX KPpUBOH HE CYILIECTBEHHO.

4. CopepxaHue IIEMEHTa B 3aKJIAJOYHBIX CMeE-
CSX OTHOCHTEIRHO O0eToHOB — noHmKeHHOe (50—300
Kr/M3), T.K. Tpedyemasi POYHOCTh XapaKTepU3yeTCs
HEBBICOKUMU noka3aTersMu — oT 0,5 go 10 MITa.

5. B cuity HE0OX0JMMOCTH TPaHCIIOPTUPOBAHHS
3aKJIAJIOYHBIX CMECel Ha 3HAYUTEIILHBIC PACCTOSHUSI
Mo TpyOONpOBOIYy B CAMOTEYHOM PEXHME HEJOIy-
CTHMO MIPUMEHEHHNE J00aBOK, COKPAIIAIONINX CPOKH
CXBaTbIBaHUA CMCCHU MM «TEMII CTApCHUA», KakK
MPUHATO XapaKTePU30BaTh NaHHOE CBOWCTBO y 3a-
KJIQJ9AKOB.

6. 3axitajouHbBIe CMECH U JT0OAaBKH, KaK COCTaB-
JISOIIAsl WX 4acTh, HE JOJDKHBI BBIIEIATH B IAXT-
HYI0 aTMOC(epy OnacHbIe JUIsl 3I0pPOBbs BEIIECTBA.

7. O6beM TPOM3BOJICTBA 3aKJIAIOYHBIX CMECEH
3HAYUTENIFHO TMIPEBBINIAET OOBEMBI IMPOU3BOJICTBA
OETOHOB M pPacTBOPOB B CTPOUTENECTBE, YTO 00Y-
CIIOBIIMBAET HEOOXOAWMOCTh OTKa3a OT IepeMep3a-
IOIUX J100aBOK, TPEOYIONIMX OpraHu3aluid Mac-
ITa0HBIX TEIUIBIX CKJIAJIOB JIJISi XPaHEHUs JT00aBKH,
T.K. 3TO COIPSDKEHO CO 3HAYUTEIHHBIMU KAIUTATh-
HBIMH 3aTpataMu. BMecTe ¢ TeM ombIToM paboTHI C
MepeMep3arolMMKi MaTeprallaMu B CEBEPHBIX YCIIO-
BUAX BBIABJICHO, YTO 3a4aCTYIO JAaXE IMPU HAJIUYHUU
TEIUIBIX CKJIAJIOB KOMIIO3HIIMY TOJTHOCTHIO HAIPaB-
JISIOTCS B OTXOJ[ IOCIIE aBAPHMHBIX OTKIFOYCHUN
JNeKTpocHaOXeHusA. PuckoBath paboOTOCTIOCOOHO-
CTBIO 3aKJIaJOYHBIX KOMIIJIECKCOB M COOTBETCTBECHHO
IIJTaHAMH ,ZIO6BI‘H/I HE MPEACTABIACTCA BO3MOKHBIM.
CrnenoBaTelbHO, Ui PYTHUKOB, PACIIOJIOXKEHHBIX B
yenoBusix Kpaitnero CeBepa U MOCTaBJISIOIIUX Ma-
TEpHAJIbI 10 HABUT'ALITUH, HEAOITYCTUMO ITPUMCHCHUC
KHUJIKAX J00aBOK, YTPauUBAIOIIUX CBOW CBOMCTBA
MIpH [IepeMep3aHuu.

MaTepl/IaJlbl M METOAbI HCCJICAOBAHUSA

[Tox pyxoBOACTBOM OJHOTO U3 aBTOPOB CTAThU,
nmaboparopueli  TEXHOJOTHH 3aKJIaJIKN AK

«AJIPOCA» BBIIOJTHSINCH MHOTOYMCICHHBIE JKC-
NEPUMEHTHI 110 ONPOOOBAHUIO W3BECTHBIX B CTPOH-
TEJIbCTBE HOBMHOK-00aBOK B 3aKJIaJ0YHBIX CMECAX.
HcnpiTanus n1o6aBoKk NPOBOAMIMCH B COCTaBax 3a-
KJIaJIOYHBIX CMeceld Ha OCHOBE MOPTIAHALEMEHTA
Mapkd M400 Skyrckoro memMeHTHOTO 3aBonxa. B
Ka4yecTBE 3aIlOJHUTEINS HCIIOIb30BAINCh MEJIKO3Ep-
HUCTBIH Tiecok mectopoxaeHus «lIpukapbepHoe»
wni 1uabazoBble MOPOJBI, MOATOTOBICHHBIE IO
«MEIBHUYHOW» TEXHOJIOTHH.

YCTaHOBIEHO, YTO IO CPaBHEHUIO CO CTPOU-
TENbHBIMH CMECSIMH B 3aKJIaJOYHBIX CMECSAX HC-
MOJIb30BaHUE  JIMTHOCYNb()OHATA  TEXHUYECKOTO
(JICT) 6onee >ddexTnBHO, YeM NpUMEHEHHE A00a-
BOK ITOCIIeIHETO mokoseHus (puc. 1, 2). Dpdextus-
HocTh JICT ocHOBaHa Ha ajCOpPOIIMOHHOM B3aWMO-
JNEHCTBUM HE TONBKO C MPOAYKTAMH THAPATAIMH
[EMEHTa, HO M C TOHKOJHMCIEPCHBIMH YacTUIAMU
3aKJIaJOYHBIX cMeceil. OTMEeUeHHOe CONPOBOKAACT-
Csl COKpAIlCHHEM BOJOCOICPKAHUS MHHEPAIbHBIX
CHUCTEM H YBEIMYCHHUEM WX MPOYHOCTH IPH CHHKE-
HUM pacxoja nemenrta. Kpome toro, muraocynbdo-
HaTbl XapaKTEPU3YIOTCSl 3HAYUTEIBHO MEHbLICH
CTOMMOCTBIO 110 CPaBHEHUIO C PA3IMYHBIMH 100aB-
KaMH{ HOBOT'O TIOKOJICHHSI.

JlurHocynbdonarel Texumdeckue (JICT) — mo-
0OYHBIN MPOIYKT TepepaboTKu npeBecuHbl. CocTaB
10 KOMIIOHEHTaM, % Mac.: JIMTHOCYJIb(OHAT HATPHS
— 66-71, caxapa — 10—12, HaTpueBbIC COIM CEPHU-
croii kuciotel 12—14. Ha 3aknamodHple KOMILIEKCEI
MOCTABJISIOTCS] OPOILKOOOpa3HbIle MaTepHalbl, pac-
TBOPHUMEIE B BOJIE.

BHeapenune u ycnenrHoe Ucrolib30BaHue JINTHO-
cynbdonara texandeckoro (JICT) mpu npousBoj-
CTBE 3aKJIAJIOYHBIX CMECEH Ha aaMa30[00bIBAIOLINX
pynaukax AK «AJIPOCA» mnoareepxkaeHo 16-
netHer npaktukoit [9]. B 2000 r. va pynnuke «1H-
TEpHAIIMOHATBHBIN» BBISBIEHO, YTO NpPUMEHEHHE
JUTHOCYJIb(OHATA TEXHUIECKOTO MO3BOJISET yBEIIH-
YUTh PAaCTEKaeMOCTh 3aKJIaJOYHBIX CMecei B BhIpa-
O0oranHoM mpoctpaHcTBe ¢ 40 10 80 M, CHIDKAeT
BOJIOOT/IENIEHHE OT 3aKJIaJIOYHOTO MaccuBa B JBa
pasa M NOBBIIAET NPOYHOCTH 3aKJIAJAKH HKBUBA-
neHTHo ~ 50 kr mopriaHaneMmeHTta. B ycnoBusx
pynauka «Aiixam» (¢ 2005r.) AOMOMHUTENBHO 3a-
¢ukcupoano, uro cMecu ¢ JICT camoTekoM OCBO-
00XIal0T TPyOONPOBOA O Hayala €ro MPOMBIBKH
(yronm HakJIOHa TOPHU30HTAIBHOrO ydacTka 20). Ha
pynauke «Mwup» no6aska JICT mpumensnace ¢
2009r. (mo ero 3akpeiTus B aBrycre 2017r.) B cocra-
BaxX 3aKIQJIOYHBIX CMecel Ha KOMIUIEKCHOM BSDKY-
1ieM, IOJy4aeMOM M3 LEMEHTHOIO KIMHKEepa H
LEOIUTOBBIX TOPOI.

B 2015-2017 rr. OO0 «TexHon0THH 3aKIa KN
coBMectHO ¢ OO0 «MHCTHTYT [ IMpOHUKETELY) pas-
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pabotanu  rmacTHGUUIUpPOBAHHBIE  3aKJIaJOYHbIC
cmecu misi pyaaukoB Tammaxa [TAO «I'MK «Ho-
puibckuii HUKeb» [10]. Ha maHHBIX TOPHBIX Mpe-
NPUATHSIX HauOONBLINHA yIENbHBIA BEC UMEIOT CO-
CTaBbI 3aKJIAJ0YHBIX CMEcell Ha OCHOBE aHTUAPHUTA —
AL (asrHMApUTO-IIIaKO-TIeMeHTHBIE) — 28,9% u
AN (aHTEAPUTO-IITAKO-IIEMEHTHBIE CO IIIe0-
HeM) — 29,6%, nanee LI (niako-iieMeHTHBIC CO
mebneM) — 26,4% u HIXI] (uniako-1ieMeHTHBIE C
xBocTtamu oboramenus) — 15,1%. Cucrema paspa-
OOTKH C TBEpACIONMICH 3aKIagKOW BBIPAaOOTAHHOTO
MpocTpaHcTBa Ha pyAHuKax Tannaxa u TpeOGoBaHUs
K KauecTBYy cMecei onucansl padote [3].

3arpaThl Ha 3aKNaAKy COCTaBIAIOT TOPsAKa
4 mmpn py6. B Tron. B mpousBoacTBeHHOM cebecTo-
MMOCTH NTOOBIYM PYIBI CHCTEMaMHU pa3pabOTKH C
3aKJIaIKOM BBIPa0OTAaHHOTO MPOCTPAHCTBA Ha JOJIIO
3aKJIaIOYHBIX paboT npuxoautcs 21-22%. B cebe-
CTOMMOCTH 3aKJIaJKH 3aTpaThl Ha MaTEepHAIBl CO-
craBisitoT 60-61%. B cTpykType 3aTpar Ha mMaTtepu-
anpl Ha LEeMeHT oTHocutcs 45-51%; anrugpur —
30-37%; mebens — 1-12%; rpannutak — 2%, XBO-
cTbl oboramenus — 11% (ucmonb3yroTcs TOIBKO Ha
maxte «Komcomonbckasy). CTOMMOCTh MaTepHalioB
JUTS TIPOW3BOJICTBA 3aKJIAJOYHBIX cMeceH, pyO./T (B
nenax 2017 r.): uement — 5759; anrunpur — 1428;
mebens — 425; rpannuiak — 39; XBOCTBI oOoraiie-
Hus — 110.

B 2016 r. BHINOJHEHHBIMU JA0OPATOPHBIMU
SKCHIEPUMEHTAMH YCTaHOBJIEHO, YTO N00aBKa JIWT-
HocynbgoHaTta Texundeckoro (JICT) mo3Bomsier Oe3
MOTEPH TIPOYHOCTH 3aKIAaJKH COKPAaTHTh PacXoj
IHEMEHTA B HIJIAKO-UEMCHTHBIX TBECPJACIOUINX CMECAX

Mapku M30 Ha 25%, a B aHTHUIPUTOBBIX COCTAaBAX —
Ha 10%. B 3aKk1a109HBIX CMECSX Ha OCHOBE XBOCTOB
oboramenns TamHaxckoW oOoraTtutelbHON (habpH-
Ki 3((EeKTUBHOE HCIOJIB30BAHUE TLIACTH(GUIUPO-
BaHHBIX J00aBOK HE 3a(UKCHPOBAHO.

B 2017 r. na maxte «CkagucTasy MPOBEICHBI
OTIBITHO-TIPOMBITIUIEHHBIE ~ UCIIBITaHUS  (Jamee —
OIIN) HOBBIX MIACTH(HUIIMPOBAHHBIX 3aKJIaJOYHBIX
cmeceil. B npouecce OIIM ucnonb3oBaiuch cineny-
IOII[e MaTepUaTbl: IUIAK TPaHyJIHPOBAHHBIN HUKeE-
JeBbld; HeMeHT HOopuiabCKOro LIEMEHTHOIO 3aBOAA
IM1300-120; mebens kapvepa «CKambHBIN»; aH-
TUAPUT MIAXThl «AHTHUIPUTY»; MOPOIIKOOOPa3HBIH
nurHocynboHat Texauueckuid (JICT).

3aKmaouHBIA KOMIDIEKC MaxThl «CKamucTassy —
CcaMblii HOBBII W3 BCEX 3aKJIaJOYHBIX KOMILUIEKCOB
3amonsipHoro ¢unuana. Ero cTtpouTenscTBO 3aBep-
meHo B 2015r. TexHomoruyeckas JTUHUS TPOU3BOJ-
CTBa TBEPJCIONINX CMECEW OCHAIeHa IBYMsI Iapo-
BbeIMH MenbHUIaMu CM 4x13.5 m (puc. 3), cucre-
MOW aBTOMATH3aIlMM C ABTOMATHYECKHMH J103aTO-
paMH MaTepHaloB M TMOKa3aHUSIMH PAacXOAOMEPOB
MaTepuanoB Ha MoHUTOpE omepaTopa [13K.

[lo pexomeHmamusaM MPOU3BOJCTBEHHHKOB B
nporniecce OIIM mpou3BOIUTENHHOCTE METBLHUIIBI
BIIEpKHBaach 160 M>/a — Ha cocTaBax 6e3 mebHs
u 130 M%/4 — Ha cocraBax co me6Hem. ITozgada mia-
cTUGUIpYOIMEeH T00aBKM B TEXHOIOTHUIO OCY-
HIECTBISIACh CO  CHEIHAIBHO OpPraHW30BaHHON
TUIOMAAKA (OTM.+15M), B OTO3UPOBAHHOM CYyXOM
BUJIE HETIOCPEJCTBEHHO B MPUEMHYIO TEUYKY MeEJb-
HuUukI (puc. 4).

120

B Be3 no6aBok

100

O JICT-no (1)
B "NlurHonaH b-4"-1,5%
B "NlurHonaH B-4"-1,0%

80

60 -

40 -

20 A

OTHocUTenbHas MPOYHOCTb 3aKnagkKu, %

Ao6aBku

O "MdeM-HNK"-0,3%

O "MoeM-HNK"-0,6%

0O "MNeM-HIK"-0,9%

@ "MeHunym C 323"-0,6%
B "MeHnym C 323"-0,8%
B "MexHunym C 323"-0,9%
@ "Kpunonnact" -2,2%

3 "Kpunonnact" -2,5%

B "neHuym 51"-2%

B "TneHuym 51"-3%

3 "Penamukc M"-1%

@ "Penamukc M"-2%

@ "Stacheplast"-1,5%

@ "Stacheplast"-1,0%

@ "Stacheplast"-0,5%

B "Melflux"-0,5%

B "Melflux'-1,0%

Puc. 1. Bnusuaue 1106a1301< Ha IIPOYHOCTHBIC IMOKA3aTCJIN 3aKJIIaAK Ha OCHOBEC MEJIKO3CPHUCTOT'O IIECKa

20

Becmuuk MI'TY um. I'.A. Hocoea. 2019. T.17. Ne1



Onbim u 3ghchekmueHOCMBL NPUMEHEHUS NTacMUUYUPOBaHHLIX 3aKnadoyHbIX cmecell

MonmsiHoea A.H. u dp.

140

120

100

80 +—

60 +—

40 +—

20 +—

OTHOoCUTeNnbHas NPOYHOCTL 3aKnagku, %

HJo6aBku

o J1ICT-0,9%

0"C-3"- 0,8%
0"C-3"-1,3%

@ "neHnym C 323" -0,2%
@ "MeHnym C 323" - 0,5%
B "nexHnym C 323" -0,8%
3 "nennym C 323" - 0,9%
B "JlurHonaH B-2" 0,8%

B "JlurHonaH B-2" 1,0%

B "J[lurHonaH B-2" -1,5%
0O "MeM-HNK" - 0,3%

0O "MeM-HNK" - 0,6%

O "N M-HIK" - 0,8%

W "KoHkpenon"-0,8%

B "Melflux" -0,375%

0O "Stachement"-0,4%

Puc. 2. BiustaHre 106aBOK Ha IPOYHOCTHBIE TTOKA3aTeNN 3aKJIaIKH Ha OCHOBE qUa0a30BbIX TIOPOJ]

(«MeTPHHYHBIIN CITOCO0 MOITyYeHUs 3aKIaI0THBIX CMeCcei)

Puc. 4. [lozupoBanue miactuuuupyroieii 1o6aBku B 10k koHBeiiepa Ne2 TI3K IIIC
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PA3PABOTKA NOJIE3HbIX UCKOIMAEMbIX

Ha cragum mpuroroBneHHs TBEPIACIOIIUX CMe-
ceil mocruramach MX pPacTeKaeMoOCTb Ha Ipudope
Cytrapma 30-33 cM, 9TO COOTBETCTBYET pacTeKae-
MOCTH MIPUMEHSEMBIX 3aKJIaJOYHBIX CMEcel Ha pac-
CMaTpPUBAEMBIX PYIHMKAX (IIOKa3aTelb BHIBICH Ha
CTaluM TEXHUYECKOro aynuta). JlOmOJHHUTENBHO
(PUKCUPOBANKCh TUIOTHOCTb, BIAXKHOCTb, TPAHCO-
CTaB CMecCed, MPOM3BOIWICS pacdeT (HaKTHICCKOU
IIPOM3BOMUTEIBHOCTH MEIBHULB! (M°/4) U hakTiHde-
CKOT0 COCTaBa 3aKJIafouyHoN cMecH. OnpoOoBaHus U
pacueTbl BBIIOJIHEHBI B COOTBETCTBHU C pa3pado-
TaHHOHN MeTonukou mposenenus OITH.

l'oToBeIe TMacTH(UIMpPOBaHHBIE 3aKIaJOYHbIC
CMeCH TOJABAIMCh B HKCIIEPHUMEHTAJbHYIO BhIpa-
00TKY 32 QHIBTPYIOIIYIO MEPEeMBIUKY. VIcKyccTBeH-
HBIH MaccuB Ha maxTe «Ckanucras», Kak U Ha BCeX
MOJ3EMHBIX pYyJHHKax 3amoisipHOro (Quanana,
(OpMHPYIOT TOCIIEAOBATEIBHO C €AMHOBPEMEHHBIM
IOJJbEMOM BBICOTHI ci10s 3axinanku Ha 0,5-0,7 m. C
BHEIIHEH CTOPOHBI MEPEMBIYKH BBITIONHSACTCS I10-
POIHAs MOACHINKA C LEJIBI0 YBEIUUYEHHS €€ YCTOii-
YHBOCTHU K THUAPOCTATUIECKOMY HATOPY.

ITomaua roToBBIX 3aKJIaJOYHBIX CMECed B DKC-
MIEPUMEHTANBHYIO BBIPaOOTKY 38/4, OKOHTYpEHHYIO
MEPEMBIYKON, OCYIIECTBISIACH CAMOTEKOM IO TPY-
OonpoBoay, B IITaTHOM pexume. M3 mpousBeneH-
HBIX 3aKJIaJOYHBIX cMeceld (HOpMHUpOBAJICS MHOrO-
CJIOMHBIA HMCKYCCTBEHHBIH MAacCHB, OTMETKHU CJIOEB
3aKJIJIOYHON CMECH HAaHOCHITUCH Ha MEPEMBIUKY.

B mpomecce OIIM Owputo oTMeueHO, YTO TLIA-
CTUGUIPOBAHHBIE 3aKJIAI0YHBIE CMECH O0JIaaroT
YIIy4lIEHHOH, [0 CPaBHEHHIO ¢ 0a30BBIMU COCTaBa-
MH, PacTeKaeMOCTbIO C MOBTOPEHHEM KOHTYPOB
PYOHOTO Tejla U YCKOPEHHBIMH CPOKAaMH 3aTBepIe-
BaHUsI B BEIpaOOTaHHOM MPOCTPAHCTBE.

B BrIpabotke 38/4 chopmupoBaHo 9 ciioeB pasz-
angHoro cocrtaa. O0mmii 06beM chOPMHUPOBAHHO-
IO MHOTOCJIOHHOTO 3aKJIaJIOYHOI'0 MacCUBa B BbIpa-
0oTke 38/4 ~ 2365 Mm3.

B mponecce Bcero nepuoga OIIN u3 npusMka
MEJIGHUIIBI Ha 3aKJIaJJOYHOM KOMIUIEKCE MPOU3BO-
quiicst oT0op mpob TacTU(UIMPOBAHHBIX 3aKiia-

JTOYHBIX CMECEH, U3 KOTOPhIX (popMoOBaIuch 00pas-
el-Kyos! pazmepoM 10x10x10 cm. Xpanenwme 00-
pas3loB NPH HOPMAIBHBIX YCIOBHSX TBEPJCHUS
ocymecTBIsuIoch B LleHTpe reoanHamMuyeckoil 6e3-
onacHoctn 3@ IIAO «I'MK «Hopwunsckuit HE-
kemp»» (manee — LII'B). Yepes 28, 90 u 180 cyT BoI-
MOJIHEHBI MCTBITaHUS O00pa3IoB-KyOOB Ha MpoY-
HOCTb MPH OJTHOOCHOM C)KATHH.

Puc. 5. BeiOypuBaHnue KepHa U3 MHOTOCJIOHHOTO
3aKJIaJIOYHOTO MacCHBa B BhIpaOoTKe 38/4

Uepes 150 cyT TBepaeHHs 3aKJIaJJOYHOIO Mac-
cuBa W3 CPOPMHUPOBAHHBIX B BbIpaOoTKe 38/4 mc-
KYCCTBEHHBIX CIIO€B BEIOypeH KepH (puc. 5). Tpac-
CHUPOBKAa CKBRXHMH yKa3aHa Ha puc. 6. KepH xpa-
Hwics B LII'b B repMeTHyHO yrakOBaHHOM COCTOSI-
HUU JI0 NOCTHXKEHHS cpoka TBepaenus 180 cyt, mo
WCTEYEHUIO JJAaHHOTO CPOKA — WCITBITaH.

/Eﬁm

cnon Ne9, AWLLLL M30

cnon Ne8, ALLLILI M&0

cno# Ne7, LWLLL M60

crioi Ne, AL M60

cnon Ne5, ALLLL M30

POIJl 64

cnon Ne4, LWL M30

cnow Ne3, WLLLL M30

BOCTOK

crnon 1 eygl|—————

cnoi Ne2, AL, M100

—

Puc. 6. OpuenTanus CKBayKUH MPH BEIOYpHBaHUK KepHa (BbipadoTka 38/4)
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Ha paccmarpuBaeMBIX pymHHKax HaubOoliee pac-
MIPOCTPaHEHBb! IMATh COCTABOB 3aKJIQJIOYHBIX CMECEH:
LIILT M30 (26,4%); ALLLL M30 (20,5%); ALIIIL]
M30 (24,1%); AILLIIL M60 (4,0%); ALILL M100
(6,1%). Yerplpe U3 yKa3aHHBIX THUIIOB M MapoK 3a-
Kaaku npu ux mactrdukarmu (LTI M30, AL
M30, AL M30, AT M100) mpomnuii OnbITHO-
MIPOMBIIIICHHBIE UCIIBITAHUS C TIOJIOXKUTEIIHHBIM Pe-
3ynmpraToM. KnHetnka Habopa MpoYHOCTH TUIACTU(H-
LIMPOBAaHHBIX COCTaBOB 3aKJIa[IOYHBIX CMecel, mpo-
LIEAIIMX HUCIIBITAHUSA, OTpakeHa Ha puc. 7. B mpowus-
BOJICTBEHHBIX YCIIOBHSIX TTOJTBEPKIEHO COOTBETCTBHE
PEOJIOTHYIECKNX W TPOYHOCTHBIX XapaKTepPHCTHK HO-

—
o

BBIX 3aKJIQJIOYHBIX CMeCel TpeOOBaHUSAM periaMeHTa
TEXHOJIOTHYECKOTO  MPOU3BOACTBCHHBIX IPOIECCOB
MPY BEJCHUH 3aKIaJ0YHBIX PadOT Ha pyaHuKax 3D
ITAO I'MK «Hopwnsckmii Hukenmsy (mamee — PTIII).

3akiIouyenue

[Tnactudunmposannsie coctassl LI M30,
ALIIT M30, AIIIIL M30, ALILL M100 pexomen-
JTOBaHBI K TIPUMEHEHHIO C LEJIbI0 COKPAIICHUS pac-
X0Jla IIeMEeHTa B TBEpACIOIMUX cMmecsx Ha 25, 10, 10
1 13% COOTBETCTBEHHO W CHIKEHHUS CeOECTONMO-
CTH 3aKJIaJOYHBIX paboT, 0€3 CHIKCHUS TTPOYHOCTH
3aKiIaaKu (cM. Tadauy).

I Ipeaen npovYHOCTH MPU OJTHOOCHOM
catin, MITa

[ R L T NV s R I - s B ]

100 120 140 160 180

Bpewms TBepaeHns, cyT

— 4 — IINOIITM30 (OITH, kyGsr) —e— AIITITIT M30 (OIT1, xyGsr)
—=— AIII M30 (OITIL ky6sr) —=@— ALITIT M100 (OTII, xyGor)

Puc. 7. Kuneruka Habopa MpoYHOCTH IUIACTU(GHULIUPOBAHHBIX 3aKJIa0UHBIX CMecel

PenenTypa u cBOMCTBa MIACTHOUIIMPOBAHHBIX 3aKJIaJ04YHBIX CMECEH, PEKOMEH/IOBAaHHBIX B IPOU3BOJICTBO
st pynHukoB [TAO «I'MK «Hopunbckuil HUKEIb

, Croficrsa Crxenne| IPOYHOCTB IPH OJ1-

CocraB 3aKJIaJOYHON cMecH™*, Kr/M . « | comepxa- | HOOCHOM CXKATHH,
< 3aKJIaI0YHOHU CMECHU
2 HUS Iie- MTIIa gepes cyTok
g Tun u map- MEHTa B
o | Kazakman- | g " CMECH TI0
© KH = 8, o = 8 |E PK w CpaBHe-
= O = 153 = Y )
2 3 E 2] 8| 82 o || % mmoc | 28 | 90 | 180

= | 2 = PTIIIT***,

%

1 Hlf/glou 135 765 | 665 | 490 |1| 3033 |205| <240 | 25 | 20| 32 | 40
2 Aﬁgéu 70 | 445 |450| 640 | 490 |1| 3033 |210|<235| 10 |15 | 27 | 40
3 ‘?\gg 45 | 760 |830| - | 490 [1| 3033 |213|<235| 10 |12 32 | 54
4 Q%LOI 130 | 740 |740| - | 490 |1] 3033 [211|<240| 13 |45 60 | 90

* PK, y, W — pacrekaemocTb Ha npubope Cyrrap/a, INOTHOCTh U BIaXXHOCTh CMECEi COOTBETCTBEHHO.
** Mcxons U3 HECTaOMIBHOCTH CBOWCTB M BJIQXKHOCTH MCXOJIHBIX MaTE€PUANIOB, PACXOJ BOABI B IPOLIECCE MPOU3BOICTBA TBEP-
JICIOIMUX CMECEil yTOUHseTCs 1Mo pacTekaeMocT cMeceit Ha npubope Cyrrapaa 30—-33 cm. [Ipu 3TOM pacxon LeMeHTa H Ji0-

6aBku JICT BbIIEpKHUBAIOTCS CTPOTO 10 PELENTYpE.

**% PTIIII — PeriaMeHT TEXHOJIOTHYECKUX MPOU3BOACTBEHHBIX MPOIECCOB MIPU MPOM3BOACTBE 3aKJIa0YHBIX padoT.
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PA3PABOTKA NOJIE3HbIX UCKOIMAEMbIX

Ha cragum TeXHONOTHMYECKOTO perijaMeHTa Ha
MPOEKTUPOBAHKE OCYIIECTBICHA Pa3pabOTKa TEXHO-
JIOTUYECKUX CXEM yJacTKa IPUTOTOBIICHUS PacTBO-
pa 100aBKH M MOJAYd €ro B TEXHOJIOTHIO TMOITyYe-
HUS TBepAeromux cmeceil. OmnpeneneHsl crenudu-
Kamsa o0opymoBaHUS U TpeOyeMble MHBECTHUIIHOH-
HBle BIOKeHHA. [Ipom3BeneH pacueT HEOOXOIUMBIX
pecypcoB (MaTepHalbl, CKaThlid BO3AYX, BOJA, SJIEK-
TPORHEPTHS, IUTATHI) AJISl BHEIPEHUSI HOBOTO TEXHU-
YECKOTO PEIICHUS.
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Abstract. Problem Statement (Relevance): Backfilling
systems are widespread in the extraction of very valuable
ores in difficult mining and geological conditions with re-
gard to controlling rock pressure and maintaining the stabil-
ity of the excavations, especially in the rockburst prone
mines. Improving the composition of backfilling concrete is
currently very relevant. In the production cost of mining ore
with filling of a mined-out area, a share of backfilling work
accounts for 20-25%. Reducing backfilling work costs is
achieved by using various types of cement-free binders,
involving various kinds of chemical additives and industrial

wastes. The peculiarities of the use of chemical additives in
the conditions of the Far North create a list of significant
limitations, which make it highly complex to manufacture
plasticized filling mixtures. Objectives: a main goal was to
reduce the cost of one cubic meter of backfilling concrete.
At the same time, the boundary conditions were minimum
adjustments to the existing technology, formulation of
compositions and productivity of mills. Methods Applied:
the backfilling concrete cost reduction is achieved by intro-
ducing technical lignosulfonate, a chemical additive, which
allows us to reduce the water demand of mixtures by 40-60
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liters per cubic meter without changing the mobility of the
mixture and lowering rheological characteristics. In its turn,
a more optimal water/cement ratio makes it possible to in-
crease the strength parameters, or with a decrease in binder
consumption to reach the specified strength parameters.
Originality: the paper presents the results of the studies on
the application of plasticized additives in the production of
backfilling concrete. Findings: Numerous laboratory and
pilot industrial experiments at ALROSA mines (imple-
mented in 2005) and the Polar Division of PJISC MMC
Norilsk Nickel resulted in a decrease in portland cement
consumption of up to 50 kg / m®. Practical Relevance: on
the basis of positive results of pilot industrial tests, a tech-
nological regulation was developed for the revamping of
the backfilling factories of Talnakh mines and the Polar
Division of PJSC MMC Norilsk Nickel.

Keywords: Plasticizers, technical lignosulfonate, under-
ground minig, backfilling factories, hardening backfilling
concrete, backfilling techniques, artificial massif.
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IOBBILNEHUE CPOKA SKCIUITYATALIUU JIMTBIX BPOHEN
N3 BBICOKOMAPI'AHIHEBOMU CTAJIM MEJIBHULIbI
HOJYCAMOU3SMEJIBYEHUSA
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Brosun K.H., ®eoxtrcros H.A., Xabuoymmun [11.M.
MarauToropckuii rocy1apcTBeHHbIN TexHnueckuil yausepcuter um. I.11. HocoBa, Maruuroropck, Poccust

Annomayus. Ha oboraturensHbIX (paOpuKax TOPHOI IPOMBIIIIIEHHOCTH 3HAYNTEbHAS 9acTh OOLIMX 3aTpar Ha mepe-
pabotky (o1 45 10 65%) pacxoayercs Ha BBHINOJIHEHUE OTepaluii ApoOIeHUS U U3MENbYEHHS, B TOM YHCIIe U Ha MeJb-
HUYHYIO QyTepoBKy. ObecneueHne paboTOCIIOCOOHOCTH M3MENBYUTEIHLHOT0 000PY/I0BAHUS B YCIOBUAX aOpa3HMBHOIO
BO3/ICHCTBUSI Y/l M KPYTJIOCYTOYHOTO PEKUMa pabOThI, TpeOYeT MPOU3BOAUTH MEPUOJMYECKYIO 3aMEHY M3HOIICHHON
(byTepoBKkH. 3aTpaThl Ha €€ NPUOOPETEHHE, TOCTABKY U MOHTa)XX B TEUSHHE T'0Jla COCTABIISIOT IECATKH MHJUTHOHOB pyO-
JIel, a IpoCcTOH 000PYIOBaHUS, CBA3AHHBINA C 3aMEHOM (yTEpPOBKH, COKpAIIaeT 00bEMbI TOTOBOM NPOIYKIMH HA COTHH
MHUUIHOHOB pyOiel B rox. IIpaktndeckast 3¢ (eKTHBHOCTD MEJIIBHUYHBIX OPOHEH MMITOPTHOTO ITPOM3BO/ICTBA HE BCET/A
MIOJTBEPKIACTCS O’KUIAEMO MOJIOKUTEIBHBIM PE3YIbTaTOM (haKTHUECKOHN HKCILIyaTalllH, U MOBBIMICHHEM KO3 GHUIH-
eHTa ucnojb3oBanus obopynosanus (KHMO), HO UX UCHONB30BaHUE 00sI3aTEIBHO TPEOYET 3HAUUTEIBLHBIX (DHHAHCOBBIX
Pacxo/I0B U CBA3aHO C PUCKAMH B YCIOBHIX HECTaOMIbHOM MOJUTUYECKON U (pMHAHCOBOM cuTyarmu. [loaTomy 3anaua
MOBBILIEHUs CPOKA AKCILTyaTallui OpOHel MeIbHUYHOM (pyTEepOBKH SIBIISIETCS aKTyaJIbHOM 3anaueil. B craTbe paccMoT-
PEHO MpPEUIOKEHHOE U pPEeaM30BaHHOE PEUICHHE 3aJayll MOBBIIMICHHS CPOKa SKCIUTyaTalud (YTEepOBKUA METbHUIIBI
Mokporo morrycamonsmenpueHust (MIICH-70x23) u3 cranu 110I'13J1. [IpuBeneHs! pe3ynbTaThl MOHUTOPHHTA (haKTHYIC-
CKOW SKCIUTyaTaluy (pyTepOBKH U MaTeMaTHYECKOTO MOEINPOBAHHUS TPACKTOPUH PYJHO — IIAPOBOTO MOTOKA B MEJb-
HHIIE, BBISIBJICHBI 30HBI HHTEHCHBHOTO M3HOCA, Ie(eKTh OTIIMBOK OpOHEH M pa3paboTaHbl HOBbIE KOHCTPYKIIMH 3JIEMEH-
TOB (pyTepoBku. C MOMOIIBIO MPOrPAMMHOTO MaKeTa MOJEIMPOBAHUS UCCIIEI0BaHbI CYIIECTBYIOLINE JINTEHHbIE TEXHO-
JIOTHH, BBISBICHBI PUYMHBI BO3HUKHOBEHHUS Ie(EKTOB M pa3pabOTaHbl TEXHOJOIMH JIUThsi OPOHEH HOBOW KOHCTPYK-
LMK, UCKIIIouatolue oopasoBanue nedekroB. [TokazaHbl pe3yabTaThl MPOMBIIIICHHBIX UCTIBITAHUN OpOHEH HOBOW KOH-
CTPYKIMH, H3TOTOBJICHHBIX IO Pa3pabOTaHHBIM TEXHOJIOTHSM.

Kniroueevie cnosa: MeJIbHHUIA MMOJIyCaMOU3MEIIbUCHU S, OTJIMBKA, MOJACINPOBAHNUEC, TEXHOJIOT U JIUTHA .

M3BOJICTBEHHBIN mporiecc [2]. YBenmueHue Mmpood-
JKUTENILHOCTH AKCIUTyaTallMOHHOTO pecypca (yTe-
POBKH MEJIBHUII MO3BOJIUT COKPATUTHh KOJUYECTBO W
MIPOJIOJIKUTEILHOCTE  OCTAHOBOK — O0OPY/IOBaHUS,
CHHM3WThH 3aTpaThl Ha NMPUOOPETECHHE M TPUBEIET K
YBEIUYCHHUIO POU3BOIUTCIBHOCTH U ITPUOBLIH.

BBenenune

[Ipobnema TOBBIIEHUS] CpOKa JKCILTyaTalldu
MEJIbHUYHOU ()yTEPOBKH HE HOBA M OKOHYATEJILHO HE
pewieHa. IIpumeHeHWe  JAOCTMKEHUN  HAy4YHO-
TEXHUYECKOTO Iporpecca Pa3IuIHbIX 00macTeil, cro-

COOCTBYET pa3BUTHIO HOBBIX METOIOB M MHCTPyMEH-
TOB JUIl PEUIEHHs 3TOTO BOIPOCA M IO3BOJSAET JO-
CTUYb PalMOHATBHOTO U A(P(PEKTUBHOTO pe3yibTara
[1, c. 173]. Pemenne mpoOiaeMbl TOBBIIEHUS CPOKa
JKCIUTyaTalud (YTEPOBKH OCOOCHHO BaXKHO JUIA
¢abpuk, paboTaromuX MO CXEMe MOTyCaMOU3MENb-
yenust. TspKenble, ylapHO-aOpa3uBHBIC YCIOBUS JKC-
TuTyaTanui  GyTepoBKH TpeOyroT Ooliee dacTyro
OCTaHOBKY MEJIBHMIIBI JUIS 3aMEHBI 3alIUTHBIX Opo-
Hell. A B Cllydae OTCYTCTBUS pE3€pBHON TEXHOJIOTH-
YECKOW HHUTKH IEPBOM CTaauM, HA IEPUOJ 3aMEHBI
(dyTepoBKH, HEOOXOJNMO OCTAaHABIHMBATH BECh MPO-

© Bposuu K.H., ®eokrucroB H.A., Xabubymmun 111.M., 2019

B HavanbeHbII nepuoj SKCILTyaTallid METbHULIBI
XanOymiuHckol oOoratutensHOH GalOpuku  uis
BBISIBJICHHST CBOHCTB ()yTEPOBKHM M ONTHMH3AIUH
MIPOJIOJDKATEIFHOCTH  MEKPEMOHTHOTO  IEpHOJIa
OBLTM WCCIIeIOBaHbl METAIIMYECKHe OpPOHU, H3TO-
toBieHHbie n3 crtanm 110I'13J1. Cranp [andunbna
HMEET CBOWCTBO YIPOUHATHCS TOJ JIEUCTBUEM
YIOApHBIX HArpy30K, MO3TOMY €€ TPHUMEHSIOT IS
W3TOTOBJICHUST (PYTEPOBKH JIPOOWIBHOTO W U3MEIb-
YUTEIhHOr0 00opymoBaHus. [lo xumuueckomy co-
CTaBy 3TO ayCTCHHUTHAs CTajlh M 00JIAaeT XOPOIITH-
MH DKCIUTyaTallMOHHBIMH cBoOWcTBaMH. C IEIBIO
MOBBIIICHUS ONPEJCICHHBIX CBOMUCTB €€ JOMOJIHU-
TENBHO MOJUPHUIUPYIOT U JIETUPYIOT [3—6].
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BaxxHpIM ycrioBHEM B Tpoliecce pelleHHs 3a1a-
9y OBUIO WCKIIOYHTHh WM MUHHUMH3HPOBATH BO3-
MOXKHBIe 3arparbl. [lo3ToMy pemmim HCKITIOYUTH
JIETUPOBAHKE U JJOCTUYh MAKCUMAJIBHO BO3MOYKHOI'O
pe3ynbTaTa ¢ Oponsimu u3 ctanu 110013J1

B teuenune 3-X jmeT mpoBeT MOHUTOPHHT CTOM-
KOCTH (PyTEepOBOK: BBITIONHSUIA TPOMEKYTOYHBIE
OCMOTpBI, 3aMepbl 1 COOp CTATUCTHYECKUX AAHHBIX,
OTIpeNeNAIOUINX CKOPOCTh UCTUPAHUSI PabOvMX II0-
BEPXHOCTEW M XapaKTep W3HOCA MPOPIIIL, C YIETOM
00BeMOB TiepepadaTeiBa€MOil pyIsl 1 €e MeXaHh4e-
CKHUX CBOMCTB.

B xone Habmonenus Ui Kaxaoro Buga OpoHei
BBISIBIICHBI OCOOCHHOCTH JIEMOHTaXa, CPEAHSA MpPo-
JIOJKUTETTFHOCTh  OKCIUTYaTallid, PAacIlOIOKEHUE
00X XapaKTepHBIX 30H WHTEHCHBHOTO H3HOCA
(puc. 1, a), HaIM4YKE UACHTUYHBIX CKPBITHIX Jedek-
ToB nuThs (pue. 1, 0) (ycagouHas pakoBHHa, yca-
JIOYHAsl TIOPUCTOCTh, JTUTEHHBIC TPEIIMHBI, TIPUTAP
[7, 8, c. 145-161, 9, c. 46-51]), yxyamaromme dKc-
IIJIyaTallUOHHBIE CBOUCTBA.

0

Puc. 1. I3HOC OpOHEl TOpIIeBOH 3arpy304HON
CTEHKH (a) ¥ JIe(PEKTHI JINThS, BHIIBICHHBIC
B IIpoIiecce KcIuTyaTaruu (0)

OOIen3BeCcTHO, YTO HAIMYHUE JIUTHIX Je(EeKTOB B
OTJIMBKAX CIIOCOOHO MPUBOJIUTH K CHIKEHHIO HX JKC-
TUTyaTallMOHHOW cTolikocTH. Hanmmuue yriryOneHuii u
HEPOBHOCTEH HA MOBEPXHOCTH OTIMBKH, 00pa30BaH-
HBIX PAKOBHHAMHU M MOPUCTOCTBIO, CIIOCOOCTBYET OT-
PBIBY YacTHIl METAIUIA OT Tejla OpOHU U YCKOpSIeT HcC-
THpaHWe TpH yAapHO-aOpa3UBHOM HW3HOCE, BO3JCH-
CTBYIOILIEM Ha MeNbHUYHYIO (QyTepoBky [10, c. 104—
106]. Hanbosee onacHbIMH SIBISIOTCS CKPBITBIE JIUTHIC
neeKThl, KOTopble Helb3sl UCIPaBUThH TTOCIIE TPOU3-
BOJICTBA JIMTON JICTAIIN.

[IpumenuB nporpammubiii naker ROCKY DEM
Particle Simulator [11] u peanbHBIE TTapaMeTpbI, CMO-
JIETUPOBAITM ¥ BU3YaJIM3UPOBAIH TPAEKTOPUIO PYAHO-
[IIAPOBOT'0 TIOTOKAa B OOJIACTH TOPIIEBOM 3arpy304HOM
KPBILLIKH ¥ LEHTPAJIbHOW YacTu Oapabana (puc. 2, a, 3,
a). Takum 00Opa3oM, 30HBI HHTEHCUBHOTO M3HOCA 00-
HApY)XWIH B 30HE KOHTaKTa MaKCHMAIIbHO JIBHXKY-
nieiicst YacTy pyAHO-IIAPOBOrO TOTOKA U QPyTEPOBKH,
KOTOpBIE PACIIONIOKEHBI paiiaibHO, B 00JIACTH CTHIKA
BHEIITHETO M CPEIHEro psIoB OpOHEH TOpIEeBOi
KPBIIIKH, U 10 IIEHTPATLHON YacTh OapabaHa.

CpaBHEHHE JaHHBIX, MTOJIYYCHHBIX MOJICIUPOBA-
HUEM, C (PaKTUIECKUM COCTOSHHEM (PYTEPOBKH IIO-
Clie DKCIUTyaTallid TOJATBEPXkAAET IMPAaBUIBHOCTh
CO3IaHHOH MOJENU W BHUPTYaJbHO BOCCO3aHHOTO
npoiiecca (puc. 2, 3).

1
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Puc. 2. TpaexTopus (a) u 30HB U3HOCA
Ha CMOJIEIMPOBaHHOM (0) 1 pakTHUeCcKOH (B)
TOPLIEBOH 3arpy304HOM CTEHKH M1OCIE
9KCIUTyaTalMu: 1 — 30Ha MaKCUMaIbHOTO U3HOCA,;
2 — 30Ha MUHIMAaJIFHOTO U3HOCA OpOHeH

ITony4eHHOE pacronoXKeHne 30H MaKCUMaIbHO-
ro u3HOca OpOHEH TOpIEeBON KpHIIIKK U OapabaHa
IIpu COIMOCTAaBJICHUN HWACHTHUYHO IIOJOKCHUIO ITUX
30H B PEAIBHO ACUCTBYIOIIEH MEIIbHULIE.

1

a 0 2 B

Puc. 3. TpaexTopus (a) 1 30HBI U3HOCA
CMO/ISITMPOBAHHOM (0) 1 QakTHIeCKoii (B)
¢byTepoBkH OapabaHa rmocie SKCIUTyaTaluu:
1 — 30Ha MakCHUMaJILHOT'O U3HOCA; 2 — 30Ha
MHUHHMAJIBHOTO H3HOCA OpoHEei

Manou3HammBaeMol y4acTKU SBJISIOTCS KOH-
CTPYKIIMOHHBIM 0aJlJIaCTOM, YBEJIWYUBAs OOLIYIO
Maccy (hyTepoBKH. 3a cueT nepepacrpenaeaeHus Ma-
JIOW3HAIIMBAEMOM YacTH MeETala B 30HY MaKCH-
MaJIbHOTO W3HOCA W YMEHBIICHHs BBICOTHI JIU(TE-
pOB (yTepOBKHM BHYTpEHHEro psaa ObLIM pa3pabo-
TaHbl HOBbIE KOHCTPYKIIUK OpOHEW TOPIIEBOM 3arpy-
304HOM KPHIIIKY 1 OapabaHa.

[IpOMBINIIICHHBIE UCTIBITAHUS SKCIIEPHMEHTAIb-
HOTO KOMIUIEKTa OpoHeill pa3pabOTaHHOH KOH-
CTPYKIIMHU B YCIIOBHSX JISHCTBYOIIETO TIPOU3BOJICTBA
MOKa3ad YBEJIMYCHHE TepHoJa OJKCIUTyaTallud Ha
30,7% 1o cpaBHEHHUIO ¢ OPOHAMH 0A30BOM KOHCTPYK-
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. OfHaKo MPH OCMOTPax B INPOIECCE IKCILTyaTa-
MM U IOCTETICHHOI'0 M3HOCa pabouell MOBEPXHOCTH
OpoHEell B OTIMBKAaX TaKKe BBIABICHBI CKPBHITHIE yca-
JIOYHBIE PAaKOBUHBI U MIOPUCTOCTh. XapakTep U IMOJo-
KEHHE 3THX Je(EKTOB UICHTHYHBI Ae(eKTaM, BbISB-
JICHHBIM IPHU OSKCIUTyaTallMd 0a30BOTO KOMILUIEKTa
Oponeit (cM. puc. 1, a). DT0 TOATBEPIUIIO HEOOXOTH-
MOCTb M3Y4€HHMs CYLIECTBYIOIIEH JIUTEHHON TEXHOMO-
THH ¥ CTPYKTYpBI MeTajllla B OTJIMBKaX ISl pa3padoT-
KM HOBOW TEXHOJIOTHH JIUThsI OPOHEH, HCKITFOJAIOIICH
BO3HUKHOBEHHE Te(hEKTOB.

s aHanu3a CymiecTBYIOIIEH B TUTEHHOM IIeXe
TEXHOJIOTHH, UCIOJb3Ysl OTEYECTBEHHYIO MPOTpaM-
My TpexmepHoro monenupoanusi CAE LVM Flow,
CMOJIENIMPOBAIIM IIPOLECCH] 3aIMBKU W KPHUCTAJIH-
3alMd OTIMBOK «bBpoHS TopLoOBas CcpemHAs» H
«bpoHsl TOpLOBasg BHEWHss». B 3TOM mporpamme
JUIS TIPOTHO3UMPOBAHUS TOPHUCTOCTH B OTIMBKAX
CTaHIAPTHO BKJIIOYEH pacdeT Oe3pa3MEepHOro KpH-
tepust Husimer (Ny). Ero mcmone3yrot 1 ipesicka-
3aHUA yCalOYHOM MOPHUCTOCTH, BOSHUKHOBEHHE KO-
TOPO¥ 3aBUCHUT OT MUTaHMS ABYX(a3HOM 30HBI [12].

Ycagounas NopucTOCTh

Puc. 4. YcanouHnast nopucTocTh Ha MOJIEIN OTIUBKU
«bpounst ToprioBas cpenHss» (a, 0) U mKana
kputepus Husimsl (B)

Ha npencrasieHHoM puce. 4 BUAHO, YTO KpHUTE-
puii HusiMbl B cpeiHEN 4acTh MOKET BApbUPOBATh-
cs ot 0,20 mo 0,55 exgwnHwMIl, yKa3bBas Ha HaIMIWE
HECIUIOIIIHOCTH B T€J€ OTIMBKHU, H3TOTOBIEHHOH IO
cyliecTByrouieil texnonoruu. Kpome toro, ciemxyer
OTMETUTh, YTO YEM MEHbIIE KpuTepuid Husmel, Tem
OoJiee SIPKO BBIpAKEHA B MPOIEHTHOM OTHOIICHHU
MHUKPOIIOPUCTOCTb OTIUBKH.

VYuuTeiBasg pe3yabTaThl MOJAEIUPOBAHUS CYIIe-
CTBYIOILIEH JIMTEHHOM TEXHOJIOTMH, TPEIOKEHbI J1Ba
BapuaHTa JIUThS JJIsl KOKAOTO BHAA OpOHEH, ¢ pas-
JIMYHBIM PacIiONOKEHUEM JIMTHUKOBO-TIUTAIOIIEH CH-
CTeMbl. AHaJIM3 KaXJI0r0 U3 CMOJEINPOBAaHHBIX Ba-
PUAHTOB IOKAa3aJl, YTO IPEJIOKEHHbIE TEXHOIOIUU
MOTYT 00€CIeYlTh OTCYTCTBHE HECIUIOIIHOCTEN
(CKpBITBIX yCaJOYHBIX PAKOBHH, IOPHCTOCTH) B UC-
ClIeIyeMbIX OTJIMBKaX. Taxke B mpolecce KOMIbIO-
TEPHOTO MOJEIUPOBAHMs CYIIECTBYIOIIEH M IpEa-

JIOKEHHEIX JIMTEHHBIX TEXHOJIOTHI OBLIN COCTaBIIe-
HBl KOMIIBIOTEPHBIE TONOrpaduy yCaJ0IHON MOpH-
CTOCTH B TIPOIOJBEHOM CEUCHHUH OPOHM, UHCICHHO
BBIpaKECHHBIE B BuJe kputepusi Husimpl. B kauectBe
nmpuMepa Ha pHc. 5 rpaduuecku JaHa Tomorpadus
ycaJOoyHOM MOpHUCTOCTH B oTiHBKe «bpoHs TOpLO-
Basi CPEITHSD).

Ha puc. 5 BuaHO, 4TO 30HA MOBBIIIEHHOW MUKPO-
MOPUCTOCTU PACIIONOKEHA B IIEHTPAIbHON YacTH OT-
JIUBKH M MOKET OBITH TMPUIUHON TPEKICBPEMEHHOTO
W3HAIIMBAHKA IETATH B MPOIIECCE SKCILTyaTaITHH.

30Ha MOHKEHHOH IJIOTHOCTH METajia

i 12 A
*
" b
5 0,8 | I\
T 06 | |
= | .
5 04 ! 37
50,2 i i
=
2o
0 200 400 600 800
HJIHHE! OTIHBKH., MM =

Puc. 5. CpaBaurensHas Tonorpadus ycagoqHoi
[IOPUCTOCTH B OTJIMBKE «BpPOHS TOPIIOBAs CPETHSAN:
1 — cymecTByoOIIas TEXHONOTUS; 2 — HPEATIOKEHHAS

TeXHOJOTHsl, BapuaHT Ne 1; 3 — npetokeHHas
TEXHOJIOTHs, BapuaHT Ne 2

C nenpio Oosiee KOPPEKTHOH OLIEHKH JaHHBIX
CpPaBHMJIM TIOJyYEHHBIE PE3YJbTAThl C XapaKTepOM
W3HOCA BBIBEICHHON M3 DKCILTyaTalui OpOHH.

ConocraBieHHE MOJIOKEHUI 30HBI TOPUCTOCTH,
OIpeJielIeHHOE Ha TOmorpaduu ¢ MOMOLIBIO KpUTe-
pust HusiMbl, 1 30HBI (DaKTHUECKOW MMOPUCTOCTH B
OTIIMBKE TOATBEPXAAET MX WASHTHYHOCTH. AHaNO-
TUYHYIO KapTHHY HaOMIonau 1 Juis oTMBoK «bpo-
Hs1 TOPIIOBasi BHEIIHSS.

AHanu3 TONyYEeHHBIX TIOCIE MOJEINPOBAHUS
pE3yJIbTaTOB MOKA3aJI, YTO NPEIJIOKEHHBIE TEXHO-
JIOTHH MOTYT 00€CHeYnTh OTCYTCTBUE HECIUIOLIHO-
CTel (CKPBITBIX YCAJOYHBIX PAKOBUH, MOPHCTOCTH)
B uccnenyeMbix otriuBkax [13]. Kpome Toro, Heko-
TOpble W3 TPEIOKEHHBIX BApUAHTOB IO3BOJISIOT
MOJTy4yaTh TaKOM K€ YPOBEHb TEXHOJIOIMUYECKOTO
BBIXOJa TOAHOTO, KaKUM OH OB A0 HM3MEHEHHs
TEXHOJIOTMM ITPOU3BOJACTBA «BpOHEW TOPLIOBBIXY.
CpaBHUTENbHAS THCTOTPaMMa 3HAYEHHWH TEXHOJO-
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TUYECKOr0 BBIXOJ]a TOJHOTO Pa3IUYHbIX BapUAHTOB
JINTEHHBIX TEXHOJIOTHH IpeCcTaBIcHa Ha PUC. 6.

e g0 T 0 85 1
\=75- © 80 -
° 70 - (o 75 7
—

gGS- ﬁ 70 -
60 - 65
55' 60'

CT Ne Ne CT Ne Ne

1 2 1 2

Bapuant 1HTEHHOH
TEXHOIOTHH

Bapuast 1HTEHHOH
TEXHOIOTHH

Puc. 6. CpaBHUTETBHBIE THCTOTPAMMBI
TEXHOJIOIT'MYCCKOI'0 BbIX0Aa 'O JHOI'O pas3JIMIHbIX
BapHaHTOB TEXHOJIOTUH: a — «bpoHs TOpLIOBast
cpenusisy; 60 — «bpons ToproBas BHemHsY;, CT —
cyuectByromas texHosorus; Ne 1 — Bapuant Ne 1;
No 2 — Bapuant Ne 2

Jnsi 0OBEKTUBHOCTH M JOCTOBEPHOCTH MOINY-
YCHHBIX TEOPETUYECKUX BBIBOJIOB MO CKOPPEKTHUPO-
BaHHBIM TEXHOJOTHUSAM C JIETKOOTIENSAEMON NpHObI-
JIBI0 OTIIWIIN OTIBITHBIE 00pa3Isl OpOHEH W MPOBENH
MeTaulorpauueckuii aHaiu3 Makpo- U MHKpO-
CTPYKTYpBl pa3iM4yHBIX 4YacTed oTimBok [14, 15].
[Mocne mpoBeneHyst GUHUITHBIX OTepanuii (OUUCTKH
OT Tpurapa, yJaJlleHHs OJJIEMEHTOB JIMTHUKOBO—
MUTAIONIEH CHUCTEMBI U TEPMOOOPAOOTKH) KaXKIYyIO
OTJIMBKY TIOpE3aJld 1O 30HaM TEIUIOBBIX Y3JIOB
(puc. 7). JledexkToB B OTIMBKAaX, MOJYYEHHBIX IO
HOBOW JUTEHHON TEXHOJOTHH, HE OOHAPYXHIIH.
Kpome Toro, ocymiectBuiam yiabTpa3ByKOBOW KOH-
TPOJIb, KOTOPBIH TaKkXkKe He MoKa3all 1e(eKTOB.

Puc. 7. 30851 OTIIMBKH JJIA UCCIICAOBAHUA
a — yCcao4Has paKOBHHA, 0- yCcagouHasa
IIOPUCTOCTh, B — IUTOTHBIM METajl

JU1g pakTU4ecKOro MOJATBEPKICHHS pe3yJsbTa-
TOB, MOJYYCHHBIX B X0JI¢ Pa0OTHI, OBLTH MPOBECHBI
JKCIUTyaTallMOHHBIE HCTBITAHUSA ONBITHONW MapTHUH
OpoHell HOBOM KOHCTPYKLHH, W3TOTOBJIECHHBIX II0
pa3pabOTaHHBIM TEXHOJIOTHSIM JIUTHSI.

OKCIUTyaTallMOHHBIE WCIBITAHUS ONBITHBIX 00-
Pa3IoB MPOBOAVIIN B MEIBHHIIE TIEPBOI CTAANH U3-
MenbueHuss MIICU-70x23 B ycnoBusix IeHCTBYIO-
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IIET0 MPOU3BOJCTBA XalHOYIITHHCKOW 000TaTUTEIh-
HOW (pabpuku. BrimonHeHne paboOT MO MOHTAXY H
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COOTBETCTBUsI Ta0APUTHBIX W TIOCAIOYHBIX pa3Me-
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OHHOTO TIeproJia PyTEepPOBKU 0a30BON KOHCTPYKIIHU.
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Takum 00pa3oM, YCOBEPIIEHCTBOBAHHE KOH-
CTpYKIMU OpOHEH MPUBENO K YBEIUYEHHUIO 3KCIUTY-
atarrionHoro nepuona Ha 30,7%, a pazpaboTka nu-
TEMHOW TEXHOJOTWM IO3BOJIMJIa U3TOTOBUTH Kaye-
CTBCHHBIC OTJIMBKHU U MOBBICUTH CPOK SKCILTyaTallkuU
eme Ha 15,4%.

YBenuueHne cpoka IKCILTyaTaliu OpoHel 03Bo-
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KpaIieHus IpocTost pabpuKu.
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MaJbHOMY BO3IEHCTBHIO PYyJHO-IIAPOBOIO IOTOKA.
AHaJIM3 TUHAMUKW U3HOCA OpOHEH T03BOJISET pa3pa-
0oTaTh HamwTydMi npoduib pabouei TOBEPXHOCTH
(YyTEpOBKHM U yCTPaHUTDH BBISBICHHbBIC HEIOCTATKH €€
Marepuaa Wid TEXHOJIOTHH POU3BOICTBA.
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Abstract. At the processing plants of the mining industry,
a significant part of the total processing costs (from 45 to
65%) is spent on crushing and grinding operations, in-
cluding mill lining. The efficiency of grinding equipment
in the conditions of abrasive impact of ore and a continu-
ous operation requires periodic replacement of a worn-out
lining. The costs for its purchase, delivery and installation
during a year amount to tens of millions of rubles, and the
equipment downtime associated with the replacement of
the lining reduces the volume of finished products by
hundreds of millions of rubles per year. The practical
efficiency of imported mill liners is not always confirmed
by the expected positive result of their actual operation,
and an increase in the equipment utilization coefficient
(EUC), but their use definitely requires significant finan-
cial costs and entails risks in an unstable political and
financial situation. Therefore, the task of increasing the
service life of the mill liners is urgent. The paper pre-
sents a suggested and implemented solution to increase
the lifetime of 110G13L steel lining for the wet semi-

autogenous grinding mill (SAG mill-70x23). It includes
monitoring of the actual liner operation and a mathemati-
cal simulation of the ore and ball trajectory in the mill,
reveals zones of intensive wear, defects of liner castings
and developed new structures of the lining elements. Ap-
plying the simulation software package, the authors stud-
ied the existing casting technologies, found reasons for
defects and developed the casting technology for a new
design of liners excluding defects. The paper contains
industrial tests of the liners of a new design manufactured
according to the developed technologies.

Keywords: Semi-autogenous grinding mill,
simulation, casting technology.

casting,
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Abstract. Problem Statement (Relevance): An urgent task of rolling mill operators includes minimizing the cost of
manufactured products while ensuring the required quality. To accomplish the task, measures are being taken to opti-
mize the rolling process aimed at increasing the duration of the rolling campaigns and reducing the number of roll re-
grinds. The performance of the rolls is influenced by the properties of the working layer material which determine wear
resistance, formation and development of fire cracks, as well as resistance to metal sticking. Finishing mill rolls dictate
the surface quality of the rolled steel. That is why it is important to make timely regrinds in order to completely remove
the fire crack layer. The removal depth and the acceptable duration of the campaigns depend on the properties of the roll
working layer material. To improve the properties of the rolls, the roll manufacturers need the actual roll operation data
to be able to analyze how the chemical composition and the structure of the roll working layer is related to the roll per-
formance. Such analysis will help improve the structure and properties of the materials used, as well as develop new
ones. Objectives: The objective of this research is to understand how the chemical composition of the working layer of
indefinite chilled cast iron rolls used in finishing mills dictates the roll performance, to evaluate the effect of each chem-
ical element, and to determine what concentrations of the chemical elements could most effectively benefit the perfor-
mance of indefinite chilled cast iron rolls. Methods Applied: The methods applied include building a database of the
finishing mill indefinite chilled cast iron rolls and using artificial neural networks based on a dual-function algorithm.
Originality: The authors built a neuromodel which can help understand the effect of the chemical composition of the
roll working layer and predict the performance of indefinite chilled cast iron rolls. The authors studied the effect of car-
bon, silicon, manganese, chromium, nickel, molybdenum, vanadium, niobium and boron on the performance of indefi-
nite chilled cast iron rolls. Findings: Graphic diagrams were built which demonstrate the effect of each chemical ele-
ment on the performance of indefinite chilled cast iron rolls at constant concentrations of the remaining elements. The
authors looked at the relationship between the chemical elements and the roll performance in terms of the impact of the
former on the structure of indefinite chilled cast iron rolls. The effective concentrations of the chemical elements were
also determined. Practical Relevance: The authors developed a new chemical composition of indefinite chilled cast
iron to be used for the working layer of finishing mill rolls. As a result, a 12—14% increase in the roll performance was
achieved.

Keywords: Mill rolls, indefinite chilled cast iron, chemical composition, effect, performance, wear resistance.

der to increase productivity.

Introduction

In modern conditions of rolling production, the
efficiency of using mill rolls is estimated by the ra-
tio of quality and roll prices. At rolling sites produc-
ing plate metal, performance records are being held
in time per roll in tons or kilometers of rolled metal,
in tons of rolled metal per 1 mm of working layer
removal, in tons of rolled metal per installation.
Comparing different manufacturers roll performanc-
es, and comparing the prices of the rolls, the distrib-
utors make up the rating of suppliers and determine
the volume of orders. In a competitive environment,
the manufacturers' task is to ensure high perfor-
mance characteristics of the mill rolls at minimal
cost. This will increase the duration of the cam-
paigns and more efficiently use rolling rolls. One of
the ways to solve this problem is to optimize the
chemical composition of rolls working layer in or-

© Gimaletdinov R.Kh., Gulakov A.A., Tukhvatulin I.Kh., 2019

To assess the alloying efficiency of rolls work-
ing layer, it is advisable to research the effect of
each chemical element separately, at constant con-
centrations of the remaining elements. This will al-
low you to determine the rational concentration of
chemical elements that will increase the productivity
of rolling rolls.

Main Part

In order to study the influence of working layer
chemical composition of centrifugal casted finishing
stands indefinite rolls on productivity, neural network
processing of a database of 85 rolls with a barrel
diameter of 820 mm was performed. The content of
chemical elements in the working layer of the rolls
varies within the following limits: 3,05+3,45% C,
0,90+1,18% Si, 0,80+1,00% Mn, 0,007+0,028% S,
1,70-2,15% Cr, 4,05+4,60% Ni, 0,30+0,43% Mo,
0,02+0,31% V, 0,01+1,13% Nb, 0,002+0,090% B.
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The resulting neuromodel allows us to predict
the performance of the rolls in tons of rolled steel
with a relative error of up to 10%. The influence of
each element was researched at constant
concentrations of the remaining elements and
constant values of casting technological parameters.
The following chemical composition was used as
the base: C=3,36%, Si=1,18%, Mn=0,80%,
S$=0,07%, Cr=1,82%, Ni=4,23%, Mo0=0,30%,
V=0,31%, Nb=0,65%, B=0,002%.

Picture 1 shows the effect of carbon in the
working layer on the productivity of indefinite rolls.

With an increase in carbon content to 3,20%, the
productivity increases from 232,000 tons to 242,400
tons (by 4,5%), then decreases. In the indefinite cast
iron of the studied composition, carbon increases the
amount of cementite and special carbides of type
MC, contributing to an increase in the productivity
of the rolls due to an increase in wear resistance of
the working layer. A further increase in carbon
content leads to the enlargement of cementite
inclusions, which increases their tendency to
chipping out of the matrix.
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> 235000
/ ~

230000

ton

Rolled metal

225000

220000

3,04 3,09 3,14 3,19 3,24 3,29 3,34 3,39 3,44
C.%

Pic. 1. The influence of carbon working layer
on the indefinite rolls performance

Silicon with its content of more than 1,00%
increases the productivity of the rolls by 5,0%
(pic. 2). Silicon reduces the iron's tendency to
oxidation and increases the resistance to wear [1, 2],
which has a positive effect on the performance of
indefinite rolls. In [3] it is shown that, despite the
graphitizing effect of silicon and a decrease in the
amount of cementite, it promotes an increase in the
amount of martensite in the matrix, slightly
increasing the hardness at a content up to 1,20% Si.
Reducing the amount of cementite leads to a
decrease in chipping of inclusions of cementite from
the matrix, and, consequently, to a decrease in wear.

Manganese, with an increase in its content to
0,95%, increases productivity by 2,4% (pic. 3).
Alloying cementite and increasing the proportion of
martensite, manganese contributes to an increase in

wear resistance, but because of its austenitizing
effect, it is necessary to limit its content to 1,00% [3].
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Pic. 2. The influence of silicon working layer
on the indefinite rolls performance
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Pic. 3. The effect of manganese working layer
on the indefinite rolls performance

Increasing the chromium content to 1,90% also
increases the productivity of the rolls by 4,1%
(pic. 4). As a strong carbide forming element,
chromium increases the amount of carbides
(Fe,Cr)sC, increasing the wear resistance of
indefinite cast iron. A further increase in the
chromium content leads to an increase in the share
of ledeburite, and, as a consequence, to a more
intensive development of microcracks during the
operation of the rolls [3].

Nickel in the studied interval has a weak effect
on productivity, and, given the high cost of nickel, it
does not make sense to increase its content by more
than 4,30%. Molybdenum in the entire researched
interval contributes to an increase in the productivi-
ty of the rolls by 1,2% (pic. 5). Molybdenum has a
beneficial effect on the indefinite cast iron matrix,
increasing its dispersion, strength at high tempera-
ture, resistance to thermal cyclic loads and wear [4].
However, the economic feasibility of increasing its
content above 0,40% should be evaluated.

Vanadium increases rolls productivity of the
studied composition by 2,3% (pic. 6). It increases
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the dispersion of the dendritic structure, forms
highly solid fine VC carbides, and increases strength
and wear resistance [4].
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Pic. 4. The effect of chromium working layer
on the indefinite rolls perfor-mance
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Pic. 5. The effect of molybdenum working layer
on the indefinite rolls perfor-mance
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Pic. 6. The effect of vanadium working layer
on the indefinite rolls perform-ance

Pic. 7 shows the effect of niobium on the per-
formance of indefinite iron with different boron con-
tents. Just like vanadium, it forms highly solid fine
MC carbides, which have a high fracture resistance
due to the compact form of the inclusions and close
lattice parameters of the carbides and the matrix [5].
However, its effect amplifies with increasing boron

content;: at B=0,002%, niobium increases rolls
productivity of the studied composition by 1,6%, at
B=0,050%, its efficiency increases — productivity
also increases by 2,0+2,9%, and at B=0,090% — by
3,9+5,0%. This is due to the fact that boron forms
iron boride and boron carbides, which additionally
increase wear resistance [6, 7]. In the indefinite iron
of the studied composition, boron increases the
productivity of the rolls up to 5,0% (pic. 8). Howev-
er, it should be taken into account that the abun-
dance-boron content contributes to an increase in the
share of ledeburite and to an increase in the brittle-
ness of cast iron [8].
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Pic.7. The effect of niobium of the working layer
on the indefinite rolls perfor-mance
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Pic. 8. The influence of boron working layer
on the indefinite rolls performance

Conclusion

The conducted studies allow us to determine the
rational composition of indefinite cast iron in order
to increase the productivity of rolling rolls during
finishing rolling.

The carbon content should be in the range of
3,15+3,25%. This content is sufficient for the for-
mation of special carbides MC, and at the same time
will not lead to the consolidation of cementite inclu-
sions.

Silicon in researched limits improves the per-
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formance of indefinite rolls, but it is necessary to
take into account the graphite-forming effect of sili-
con [3]. Therefore, it is advisable to limit the silicon
content within 1,05+1,15%.

To improve rolls performance, the manganese
content interval of 0,90--1,00% is rational.

Compared with the studies of chromium effect
on the structure presented in Pic [3], in this work,
the researched range of chromium content is extend-
ed to 2,15%, within the optimum performance of the
rolls is revealed. Research results have shown that
to increase rolls productivity, chromium content
should be in the range of 1,90+1,95%.

Considering insignificant effect of molybdenum
on increasing of rolls productivity at its high cost, it
is advisable to limit it within 0,30-+0,35%.

Vanadium, forming fine VC special carbides,
has a beneficial effect on the wear resistance of in-
definite cast iron. The recommended vanadium
content is 0,25+0,30%

Niobium, like vanadium, forms fine special NbC
carbides, which increase wear resistance. However,
its reasonable concentration depends on the boron
content: in the absence of boron, the rational range
of alloying with niobium is 0,60+0,70%, and when
alloying of cast iron is 0,050+-0,090% B, the rational
niobium content is higher — 0,80+0,90%.

Boron has a significant positive effect on rolls
productivity in the researched range of its content.
The linear character of boron effect (pic. 8) allows
you to select the maximum concentration of boron
in this interval — 0,080+0,090%.

According to the results of research carried out
in this work, a new chemical composition of indefi-
nite cast iron was developed for the rolling rolls
working layer of plate mills finishing stands. During

YJIK 621.74:621.771

the operation of new rolls experimental batches, it
was established that their productivity is 12-14%
higher than the performance of the used rolls.
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BINUAHUE XUMUYECKOIO COCTABA HA NMPOU3BOAUTENIbHOCTb LLEHTPOBEXHO-
NATBIX UHAE®UHUTHBIX MPOKATHbIX BAITKOB

I'mmanernunoB P.X., I'ynakoB A.A., TyxBarynun N.X.

3A0 «K3IIB», Kymsa, Poccus

Annomayusn. IloctanoBka 3a1a4M (AKTYaJbHOCTb pa-
00ThI). AKTyapHOH 3a7adueii A7l IPOKATYMKOB SIBIIETCS
MHUHUMH3AIMSA 3aTPaT Ha BBITYCKAEMYIO MPOAYKIUIO IPH
ycinoBun obecniedenuss Tpebyemoro kadectBa. J[imsa ee
pelmeHus OCYLIECTBIAIOTCA MEPONPUATHA IO YCOBEp-

www.vestnik.magtu.ru

HIEHCTBOBAHUIO TEXHOJIOTMYECKOTO IpoIecca MPOKATKY,
HaIpaBJIeHHBIE HA YBEIMYCHHE JUTUTEIHHOCTH KaMITaHUH
1 yMeHBIIIEHHE KOJIWYecTBa MepeTodek BaikoB. Ha mpo-
M3BOJIUTENIFHOCTh NMPOKATHBIX BAJKOB BIMAIOT CBOWCTBA
Mmarepuana pabodyero cjosi BaJKOB, OMPENEIISIOIINE CO-
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MIPOTHUBIICHUE M3HOCY, OOpa30BaHHUIO M PAa3BUTHIO CETKH
pasrapa, yCTOMYMBOCTh K HAJMMAHUIO MeTauia. JIucro-
MIPOKATHBIC BAJKHM YHCTOBBIX KIIETEH OINPENENIIOT Kade-
CTBO MOBEPXHOCTH JUCTOBOTO IPOKATa, MO3TOMY Ba)KHO
CBOEBPEMEHHO MPOU3BOJUTH MEPETOUKH Ji IOJTHOTO
yIAJCHUs CIIOSI ¢ CeTKOW pasrapa. [myOuHa chema u npu-
emiieMasl JUTUTEIHHOCTh KaMITaHUH 3aBUCAT OT CBOMCTB
MaTepuana pabodero cios BaiuKoB. A ymydIIeHUS
CBOWMCTB MPOKATHBIX BAaJKOB HW3TOTOBHUTEISAM BaJKOB
BaXHO MMETh WH(POPMAIHIO O pe3ybTaTax dKCILTyaTa-
LMW BAJIKOB B CTaHaX, MO3BOJISIOUIYIO MPOBECTH aHAIU3
BIMSIHAS XMMHYECKOTO COCTaBa U CTPYKTYpPBI pabouero
CJI0s BaJIKOB HAa WX MPOU3BOJUTENBHOCTH. [IpoBeneHue
TaKOTO aHAJIN3a ITO3BOJIUT yIYUIIUTh CTPYKTYPY B CBOM-
CTBa NPHMEHSAEMBIX MAaTEpPHANOB W pa3paboTaTh HOBBIC.
Henb paborbl. MccnenoBaHue BIMSHUS XUMHUYECKOIO
cocraBa pabodero cios WHAC()UHUTHBIX JHCTOIPOKAT-
HBIX BaJIKOB YHMCTOBBIX KJIETEH Ha MMPpONU3BOAUTCIIBHOCTD
(HapaboTKy) BajJKoB, oleHKa 3()(HEeKTHBHOCTH BIUSHUS
KaKJIOTO XMMHUYECKOTO 3JIEMEHTa U OTpe/eNieHHe UHTEP-
BaJOB COZACPIKaHUS XUMIUYECKUX DJIEMECHTOB, Hambolee
3¢ (PEKTHBHO MOBHIMAIOIMIAX TPOU3BOIUTEIHHOCTD WHJE-
(UHUTHBIX JHCTONIPOKATHBIX BayikoB. HcmoJib3yemble
Metoabl. Co3manne 0a3pl TaHHBIX O HapaOOTKe HHIE-
(I)I/IHI/ITHI)IX JIACTOINPOKATHBIX BAaJIKOB YHCTOBBLIX IOIeTeﬁ,

HCKYCCTBEHHBIC HECHPOHHBIE CETH Ha OCHOBE alITOPHTMA
nBoWicTBeHHOTO (yHKIMOHHpoBaHUs. HoBusua. Ilomy-
YeHa HEHpOMOJenb, MO3BOJSIONAs W3YIUTh BIHSHUCE
XHMHYECKOT0 COCTaBa paboyvero cCiios U MPOrHO3HPOBATh
MPOU3BOIUTENBEHOCTh MHACUHUTHBIX BaJKOB. Mccieno-
BaHO BIIMSHHE YIJIEpoJia, KPEeMHUs, MapraHiia, Xpoma,
HUKEJISA, MOJIMO/IeHa, BaHAIW, HIOOMS 1 Oopa Ha MPOm3-
BOJUTENFHOCTh WHIC(GHUHUTHBIX BankoB. Pe3yabTarsl.
ITocTpoens! rpaduieckne fuarpaMmbl BIASHAS KaXI0TO
XMMHYECKOTO 3JIEMEHTa Ha NPOM3BOAMTEIHHOCTh WHIC-
(DMHUTHBIX BAJKOB MPH MOCTOSHHBIX KOHIEHTPALMIX
OCTAIBHBIX 3JIEMEHTOB. PaccMOTpeHO BiIMSHME XHMHYe-
CKHX DJIEMEHTOB Ha IPOM3BOJUTEIBHOCTD C TOYKH 3PEHUS
BO3JCHCTBUS MX Ha CTPYKTYPY WMHAC(HUHUTHOTO UYyTYyHA.
OmnpeneneHsl YQQEKTUBHBIC UHTEPBAIIBI COICPKAHUSI XH-
MHYECKHX 371eMeHTOB. [IpakTHyeckast 3HaYUMOCTB. Pa3-
paboTaH HOBBII XUMHYECKHH COCTaB MHACPUHUTHOTO Y-
ryHa Jyisi pabodero ciosi MPOKaTHBIX BAJKOB YHCTOBBIX
KIeTen JIMCTOIIPOKATHBIX CTaAHOB, JOCTUTHYTO IMOBBIIICHUE
MPOU3BOIUTEIBHOCTH BAIKOB Ha 12—14%.

Kniouesvie cnoea: MPOKATHBIC BaJIKH, I/IH,IleCI)I/IHI/ITHHﬁ
YYTYH, XAMHUYICCKUI COCTaB, BJIMUAHUC, NPOU3BOAUTCIIb-
HOCTB, H3HOCOCTOMKOCTb.
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PACYHET TEPMOHAIIPAKEHHOI'O COCTOSHUA
HAT'PEBA CTAJIBHOT'O HWJIMHAPUYECKOI'O OBBEKTA

Konokonbuee B.M. u dp.

Komnoxomsries B.M., CaBunoB A.C., Aanpee C.M., Auronsa K.B.
Marnuroropckuii rocyJapcTBeHHbIN TexHuueckuil ynusepcuret umenu I'.11. Hocosa, Marauroropck, Poccus

Annomayus. ViccnenoBaH npouecc BO3HUKHOBEHHMS MPOIOJIBHBIX JieopManuii o BHICOTE 00BEKTa IUIMHAPUIECKON
(OpMBI BCIIEACTBHE TEMIIEpAaTypHOTo Iepernaja 1o ero paauycy. PaccMoTpeH yacTHBIM ciydail TepMOHAINpsKeHHOTO
COCTOSIHHSI IIpY HarpeBe IIMHIpa. [lomydyeHa KonndecTBeHHas OLCHKa Je(OpMalMOHHOTO MOJIS MPH PELICHUH Oce-
CUMMETPHYHOH 3aaun HarpeBa 00bEKTa IUIMHAPHIECKOH (opmMbl. Ha OCHOBaHMH CYIIECTBYIOIINX AHATUTHYECKUX
3aBUCHMOCTEH MOJTyYeHbl MAaTEMATHYECKHE 3aBUCHMOCTH, IMO3BOJSIONINE pPAcCUMTaTh HOPMAJbHBIE, KacaTelIbHBIE U
9KBUBAJICHTHBIC HANPSDKCHMS. B AMHAMUKE MX Pa3BUTHA PACCUUTAHO HANPSDKEHHOE COCTOSHUE IMIMHAPOB PagHyCaMy
0,1 u 0,05 m ipu Harpese 10 400°C. TTokazaHo, YTO U3MEHEHHE paJnyca IMINHIpPA IPU OJUHAKOBBIX YCIOBHUSIX Harpe-
Ba IIPUBOJUT K YMEHBIIICHNIO MaKCUMAaJIbHBIX PAaCTATUBAIOIIMX HanpshkeHUH ¢ 45,9 1o 23,9 Mlla, a cxxumaromux c 43,1
10 22,5 MIIa. OnpezesneHs! TIaBHbIE HAPSDKEHHS 110 paguyCy HUIMHIPUYIECKOTO CTepkHA Mpu Harpese. C ucmomip3o-
BaHueM Kpurepus ['ydbepa—Muzeca—I'eHkH onpeneseHo U3MEHEHWE WHTEHCUBHOCTH HANPSHKEHHOTO COCTOSHUS II0 pa-
JMyCy IMJIMHApA. YCTaHOBJEHO, YTO B MOMEHT BBIPABHUBAHUS TEMIIEPATYpPhl MO paguycy HWIMHApAa HanOONbIINe
HaNpspKeHUST BO3HUKAIOT B Tepedepuy ClIos M IEHTPAIBHBIX 00JIaCTsIX HCCIeTyeMoro o0beKTa U COCTAaBISIOT IIPH 3a-
AHHBIX ycaoBusax pacdera 40,5 MIla. OtmedeHo, 9To pa3paboTaHHBIN MaTeMaTHIECKHH amlmapar MOXeT OBITh UCIIOTb-
30BaH /I OLICHKH TEPMOHAIPSHKEHHOTO COCTOSHHUS IIPOKATHBIX BAJIKOB B MPOLIECCE UX TEPMOOOPaOOTKH.

Knwuesvle cnosa: temioBoe nmoJie, paauajJbHbI€ KOOPAWHATBI, TCPMOHANPAKECHHOC COCTOAHUC, T'JIAaBHBIC HAIIPAXKEC-

HUSI, TeMIepaTypHbie 1eopMalku, YCIOBHS MPOYHOCTH.

BBenenne

TexHomornveckue mpouecchl B METAUTypruu
3a4acTyl0 MPOUCXOIAT C M3MEHEHHEM TeMIIEpaTyp-
HOTO peXXHMa pabdodnX Y3JI0B U JeTayeil UCroib3y-
emoro obopyznoBanus. [Ipu 3TOM MOryT BO3HHMKATh
3HAYHTENIbHBIE TEPMUYECKUE HANPSIKCHUS, MPHBO-
JSIIIMe K BBIXOJy W3 CTPOsi MAlllMH U arperatoB B
Pa3IMYHBIX OTpPaCisIX METALTYprud. B cBsizu ¢ aTum
BO3HUKAEeT HEOOXOJMMOCTh JOCTaTOYHO TOYHOTO
pacuera TEpMOHANPSHKEHHOTO COCTOSHUSI OOBEKTOB
METaJUTypTUYeCKON MPOMBIIIJICHHOCTH, YTO MOYET
OBITH MCHOJIB30BAHO /IS AHAJIM3a M NIPOTHO3UPOBA-
HHUS KPUTHYECKUX COCTOSHHH KaK y3JIOB M MeXa-
HHU3MOB, TaK M W3/IENUil B MpOLECce MX M3TOTOBIIE-
HUS, HarpuMep TepMudeckoil oopadorku [1,2]. On-
HUM U3 TaKuX OOBEKTOB SIBJSIFOTCS MPOKATHBIE BaJl-
KH, MMEIOLINE MOBEPXHOCTh BpAILECHHS, TEPMHUYE-
ckasi o0paboTKa KOTOPBIX CONpPSDKEHA C PUCKOM
BO3HUKHOBEHHS KPUTHUYECKHX HAINPSDKEHHH W, Kak
CIIeJICTBUE, C HAPYIICHNEM CIUIOIIHOCTH MaTephaia
orimBkH. [losToMy MaremaTrHdeckoe OINMCaHue
npolecca TEPMOHANPSIKEHHOT'O COCTOSIHUS SIBJISICT-
Cs1 BECbMA aKTyaJbHOM 3a1aueil.

MeToasbl uccJieI0BaHNA

PaCCMOTpI/IM BO3HUKHOBCHHUE HAIIPAXKCHHOTO
COCTOAHUA TPU HArPEBC NUINMHAPUYICCKOI'0 CTCPIKHSA

© Komnokoumbres B.M., Casunos A.C., Arapees C.M.,
Anronsn K.B., 2019

B YCIIOBHSAX yIpyroro aedpopmupoBanus. M3secTHo,
YTO IpHU Iepenase TeMIeparyp HO Tely LUINHIpPa
IPU €ro HarpeBe BO3HUKAIOT pajualbHbIE O, ,

OKPYXXHBIC O, IPOJAOJIbHBIC O,

mepm

1 KaCaTCJIbHBIC

z,  HanpsbkeHus (puc. 1).

mepm

IIpu paspymieHnn Xpymkoro Teja Mpeaessl
NPOYHOCTH MPH PACTSHKEHUH 3HAYUTENBHO HIDKE
MIpEJIENOB MPOYHOCTH Ha ckatue. ClenoBaTenbHo,
CUHMTAETCS, YTO PACTIATUBAIOIINE HANPSKEHUS Orac-
Hee CokUMaroux. M3BecTHo, 4To mpu ynpyrux je-
(dopManusax HANPSHKEHUS MPSIMO HPOTIOPLHOHABEHBI
BO3HMKAIOLINM BHYTPHU Teja JeGopMariusim.

JanHas paGoTa HOCBSIIIEHa BOIIPOCY BO3SHUKHO-
BEHHUSl PACTATUBAIOUIMX M CKUMAIOMIMX YIPYTUX
OTHOCUTENBHBIX Ae(hOopMaluil W HaNpsOHKEHU mpu
TEMIIEPATypHOM MEpEnaje Mo paAnycy LUINHApPa.

Paccmorpum mmuHIp paguycom R u BeicoToi .,

pa3pe3 KOTOpOro TIPE/CTaBIICH Ha pHC. 2, a. YUUTHI-
Bas, YTO I10 OCSIM X M y 3a/laya CUMMETPUYHAsI, OIpe-
JIeTTIM BO3HUKHOBCHHUE HATIPSDKEHUI B YETBEPTH pac-
cMarpuBaeMoro muimHApa (puc. 2). Pazobbem mccite-
JIyeMBII 00BEKT Ha ST CIIOEB TOIIHHO#M h, 0603HauMB
TPaHUIIBI MOTy4YeHHBIX cioeB kak i=/1...N], [N+/...K]
(puc. 2. a, 0). B mporecce pelieHus MOCTaBICHHOU
3ajaud OymeM onpenesth AeopMalio TPaHUIBI
i=N mpu oxmaxaennu mmHApa [3-5]. CuntaeM, 9To
TEMIIEpaTypHOE TI0Je IMJIMHAPUIECKOTO CTEpIKHS,
BBIPAKEHHOT'O TEMIIEpaTypaMu B TpaHHIax ciioeB T B
HCCIIeAyeMbIii MOMEHT BPEMEHH, M3BECTHO.

www.vestnik.magtu.ru
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o-+dor
Puc.1. Cxema HanpspKEHHOTO COCTOSTHUS
IIpU HarpeBe UWINHAPA

y 3ampydHenHas
ycadka Aj

Hegpopmayus ceo60dHoli
ycadku

h

Puc. 2. Cxema K pacueTy TeMIepaTypHbIX
nedopmarmii
PaccmoTpum  TemmeparypHble  aedopmanui,
BO3HHKAOIIUE B CIUIOIITHOM IMIIHHJPE PajrycoM R.
Hedopmarms cBoOomHON ycamku A
iI=N 0e3 yuyera BIHMSHUS COCETHHX PACTATHBAIOIINX

1 CKUMAIOIINX €€ CJIOEB 10 OCH y Oy/eT BhIpaKeHa
cnemyromeit hopMyIIoi:

cB 1
Ay :E

IPaHUILIBI

LAT (1)

rae A, — abcoiroTHOe 3Ha4YeHHe CBOOOIHOM

ycaaku rpaHuiibl i=N, M;

38

AT? =T, —T._, — DasHOCTb MeXIy MaKCH-
MaJbHON TEMITEpPaTypoll HWIHHApA (TeMIeparypoit
[EHTpa TIPU OXJIKICHHU) U TEMIIEPaTypol uccle-
nyemoii rpanutisl ciost | =N, °C;

0 — KO3((UIHMEHT TeMIepaTypHOTro paciIupe-
HUS, oct,

Torma abcomoTHas qedopManust Ipy 3aTpyIHe-
HuUH A“\] OyZ#eT CKIambIBaTbCsl M3 COOTHOILCHUS

JKECTKOCTEH CJIOEB, PAcTATMBAIOIINX TPaHUIy 0; U
coxuMaromux ee 0, (MHaeKc 1 OTHOCHTCS K JJIeMEH-
Ty, opmupyemomy ciosimu i=1...N, uagexkc 2 —
anementy, Gpopmupyemomy ciosmu i=N+17...K), u
BBIpAXKaThCs KakK [6]

samp _1 P ®2
AN —ZIiAT a(@lJr@Z], (2
Tae
0,=> E()A, @3)
i=1
®2=‘Z E(t)A. @)

rae E;(t) — TemmeparypHas 3aBHCHMOCTh MOZYJIs
NPOJIOJIBHOMN YIIPYTOCTH i-if Tpanutisl cios, MI1a;
A — miomazs cios, eM?.
[Tnomaap ciost BerYUcaseTcs no Gopmyie
2 2
A =xr" —xr’,. (5)

Ortkyna npu TomuHe cios h (cMm. puc. 2)

A, =7h*(2i-3). (6)
VuuThIBasi ypaBHeHHE paBHOBecHs [7]
0
aO'X+ Tyx_}_afzx_i_XZO, T, =1,
OX oy oz
or,, 0o, 01,
+ + +Y =0, 7, =7, (7)
OX oy 0z
0
0% + ey 9o, +2=0, 7,,=1,,
OX oy oz

rae X, Y u Z — COCTaBISIONINE MaCCOBBIX CHII, TIPH-
XOMSIINXCS HA €AUHUYHEINA 00BEM.

Jns ygeta BIUSHUSA TEMIIEpaTyphl CIOEB, HaXO-
ISAITAXCS ClIeBa W CIIpaBa OT paccMaTPHUBAEMOIO
ciost iI=N, nepenuiirem Beipaxenus (3) u (4) kak [8]

N-1

S, (t)eh? (2 _3)[Ti‘—T;N) @

" max

0, > E (tyeh? (2i _3)(1+%J, ©

i=N+1 max

O, =
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rne T; — remnepatypa i-it rpanunpl cios, °C;

T\ — TemrepaTypa rpanuipl ciios i=N, °C.

Benmunaa aGcomroTHON pacTsruBaroniei aepopmanny paBHa pasHOCTH MEXIy BEIMYMHAMH CBOOOIHOM
Y 3aTPyAHEHHON yCaIKU:

AL = AL — ALY (10)

[Noncrasus B Beipakenue (10) ypasuenus (1), (2), momydum:

Ai”:‘f‘”’zlliAT” 1- ©, (11)
2 0,+0,

[Ipunse Bo BHUMaHKe BeIpakeHue (8), (9), Ha ocHoBaHUH (hopmyibl (11) BEIYHMCINM 3aBHCHMOCTH pac-
TATUBAIONICH a0CONIOTHOH JiehopMaIiK TP TEMIIEPATYPHOM Tepernajie Mo paanycy MUIHHIpa

>E (t)(Zi—3)[1+_l:r::lx__-|_l-iNj

Apeen :lliAT"a 1- B
2 N-1

YE (t)(2i_3)(TTi‘_T;N]+ Y E (t)(2i—3)[1+_|_-n|:N_Tij |

max i=N+1 ax _TN

(12)

1 . .
PaznenuB o6e wactu ypasHenus (12) na Eli , TIOJlyYUM BBIPAKCHHE OTHOCHTEJIBHOW pacTArHBAOLIEH

Z E, ( [1+TT ﬁ j
&N =AT ar| 1-— B max ¥

SE <t><2i—s>(Tm ] S ewe s T

i=N+1 max

nedopmaruu rpanuis! | =N

(13)

AHaOrUYHbINA MOX0/] ObLT IIPUMEHEH TSI OIPE/ISIICHIS] OTHOCUTENBHO#M fedopmaruu ciost i=N npu cxaTin

Ll

gi(:,’c\l ZATMCO{ i=N+1 min ,
N _ T, -T,
E (t)(2i-3)| 1+ E E—
iz=1: I ( )( )[ TN m|n ] |%;rl [TN _Tmin J

rae AT =T, —T_,, — pa3sHOCTb MEXJy TEMIIEPAaTypOil HCCieayeMOol TpaHubl ciiosi iI=N ¥ MUHUMAabHOM
TeMmIeparypoi i-ro ciost nuuHapa, °C.
Ecnu B paboTe mpouCXOoauT MOJACTUPOBAHUE HAMPSKCHHOI'O COCTOSHUS LUIMHIPUYECKOTO0 00BEKTa C

[UKJIMYECKUM W3MEHEHHEM OKPY)KaIOIIeH cpesibl (HampuMep, pu TepMHYECKO 00padoTKe), TO U TaKuX
ciydaeB Belpaxenus (13) u (14) cienyer nepenucars Kak

K —
Z E ( 1+7TN n
oo — T

max

(14)

pacm —AT?al1- - T<TN Nzi > , (15)
NG T, T,
E (t)(2i-3)] —/—2 |+ E ( 1+ N
i:lz ( )( )[Tmax _TN] 1Z ( Tmax _TNJ
T, 2Ty N=i T<TN N=i
< o TuT,
E (t)(21-3 N1
i:l,Z ) I( )( ! )[TN _TminJ
6% = AT a —— e —| (16)
E (t)(2i-3)| 1+ N E (t)(2i-3)] =N
i=1,Z ) I( )( ! ) +TN _Tminj+ilz ( )( ! )(TN _TminJ
T >Ty s N=i T,<Ty; N=#i
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OOu1y0 OTHOCHTENBHYIO nedOpMaLuIo TpaHH-
bl I=N ompenenuM Kak pe3yabTUpYIoNIyo aedop-
MaIMi COKATHSI U PACTSHKCHUS:

obw __ _ pacm cone
i T &N TN 17

PeSyJ'IbTaTI)I HCCJIeJ0OBaAHUA

C ucnonbzoBanneM Beipaxenuit (13)—(17) mpo-
BEJEM pacyeT TEMIEPaTyPHbIX AedopMarivii Iu-
nuHapa u3 cranu Mapku Ct3. Bpems pacuera 200 c,
pamnyc mmmagpa 0,1 M, cucrtema pa3duBaiiach Ha
50 cnoeB tonmuHol 6 =0,001 M, 1mar mo BpeMeHH

Bt
0,1 ¢, TerIONPOBOIHOCTE A = 50% , TETJIOEMKOCTb

K
¢=502———, IIOTHOCTb HCCIIElyeMOro OObEKTa
KT -
KT .
p= 7820; , MOIynmb TPOJOIBHOW YIPYTrOCTH
E=2-10°MIla, xo>ppUIHEHT TeMIepaTypHOTO
pacmmpenus  a=15-10°°C™",  koddduument

Ilyaccona p=0,25. HauanpHas temmnepaTypa Lu-
munaapa T, =20°C, Temmeparypa OKpy»Karouien
cpennt T, =400°C.

C]

Jlns ompeneneHus TEMIEPaTypHBIX aedopma-
U C UCMOJIb30BAHUEM YHCICHHOTO METOJa pele-
HUS 33724 TeIIONPOBOJHOCTH TPOBEACH pacyer
W3MEHEHUSs TEeTJIOBOTO MOJIsl BO BpeMeHH. Pesynbrar
pacuera HarpeBa [WIMHApPA TPEJICTABICH Ha
puc. 3, a.

[Mony4yeHHBIE KOTMYECTBEHHBIE 3HAYCHUS TEM-
nepaTyp Mo pajnycy HHIMHIpPA OBUIM UCTIONB30Ba-
HBI JUIS OMNPE/CICHUS BO3HHUKAIOUIMX TEMIIEPATyp-
HbIX gedopmaruii mo popmynam (15)—(17). Pesyib-
TaThl pacyeTa MOKa3aHbl Ha pUc. 3, 0. Buano, uro
HanOOJBIYI0 PACTATHBAIONIYIO JedOopMaInuio HC-
MBITBIBACT IICHTP HArpeBaeMoOro Tejia, B TO BpeMs
KaK Ha MOBEPXHOCTH TPOUCXOJIUT CxKaTHE Mepude-
PUMHBIX CJI0E€B UUIUH/IPA.

JelicTBUTENBHO, TiepU(pEepHItHbIE CIIOM IIHJIHH-
Ipa, MOJBEprasch HarpeBy, He MOTYT CBOOOAHO Jie-
(opMHpOBaTECS B CBSI3U C BIMSHHEM COCEIHUX,
OoJiee XOIOAHBIX CIIOEB, BCIEACTBHUE YETO MPOUCXO-
JIT COKaTHE TIOBEPXHOCTHOT'O CIIOS, B TO BPEMs Kak
HEHTp 00BhEKTa MMEET HAWMEHBIIYI0 TeMIeparypy,
a cienoBaTelbHO, OoJiee HAarpeThle CIIOM PacTArH-
BatoT ero (cM. puc. 3, 0).

PaccmoTpuM BoOmpoC CBSI3M YNPYTHX TPOJOIH-
HBIX JieopMaluii WIMHAPHYECKOTO O0BEKTa ¢
BO3HHUKAIOIUMH HANPSDKEHUSAMU.

[Iycth B miockoil cucteMe CHil BBIWICHWIH IO
panuycy IWIHHIPA KBAJAPATHBIA 3JIEMEHT, TUIOMIa/I-
KM KOTOPOT'O OTPaHHUYEHBI CIIOSMH |, i+1 (puc. 4, a).

B HavanbHBIE MOMEHT BPEMEHHU BEITUYMHA CTOPOHBI
aneMeHTa paBHa O . llox Bo3melicTBMEM Temmepa-
TYPHOTO MOJSI B MOMEHT BPEMEHH | MPOH3O0IILIO
M3MEHEHHUE Pa3MepPOB, BRIPAXKEHHOE OTHOCHUTEIHHOM
nedopmanueii rpaHull &;, &, KOTOpbIE K MOMEHTY
BpEMEHH | OyayT HMETh CICTYIOUIHe pa3Mepsl
(puc. 4, 6). IIpu 3TOM B ITepBOM TIPUOTMKCHUH CUH-
TaeM, YTO HIDKHSS TPaHb JJIEMEHTa YCa)KHBaeTCs
CBOOOJIHO, U €€ pa3Mep MOXKET OBITh BBIPAXKEH clie-
nyroter hopMyIioii:

7' = (5 +aAT o), (18)

rne AT=7 ,-T,_,.,
|+E

a OOKOBBIE T'paH" 3JIEMEHTA U3BMEHAIOTCA KaK

é}j = (g +1)o

oc;

(19)

i+1

5l = (e +15 20)

Boznukaromuid nmpu TemMnepaTypHOH IpPOJO0Jib-
HOU nedopManyy yrojl ¥ MOKHO OIPEIETUTh

X
tgy ==, (21)

z

rze y — yroi caBura, pamt.
[Ipu
S -5,

X =i i 22
> (22)

Iomyuum

5l —o)
tgy = |4—Z+ | 23
gy 27 (23)

VYuutsiBas Beipaxkerus (19)—(22), mony4anm

& — &

t — i i+1 ) 24
I =21t aa) =
Otkyna
& — &
=arctg|——=—|. 25
7= ay aaT) =

Henurens (1+aAT) — BenmuuuHa BTOPOTO MO-
psiIKa MaJOCTH U TPAKTUYECKH HE BIHSET HA KO-
HEYHBIA pacyeT yria capura. Torma ypaBaenue (25)
MO’KHO TIepericaTh KaK

& —&in

y =arctg (26)
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Otkyna, ucnonb3ys 3akoH ['yka mns nedopma-
MU yIPYroro CHIBHUTa, BO3MOXKHO ONpeielieHHe
BO3HHKAIOIINX KACATEIbHBIX HAIPSHKECHUH:

r=G(t)y, (27)

rre G(t) — remmepaTtypHas 3aBHCUMOCTb MOMYJIS

yopyroctu Il pona (momyns casura), MIla.

Torna, noacrasus B (27) BelpaxkeHue (26), mo-
ayduM GOopMyIlly TEPMHUCCKUX HAINPSHKEHUH IIpH
TeMmIeparypHoi nedopManuy MpoAOIbHBIX CIO0CB!

& ~bin

=G(t)arctg (28)

Tmep,w

B cinywyae ecnu TemmeparypHas 3aBUCHMOCTD
MOZYJIA CABUTa JUI Marepuajia He U3BECTHA, TO I10-
Jy4eHHBIE KacaTelbHbIe HAPSHKEHHS MOKHO BBIpa-
3UTh Yepe3 TeMIlepaTypHbIe 3aBHCHMOCTH MOy
MPOJOIBHON yIipyrocTH [9]:

. __E®
mepm 2 (1 + IU)

i _5i+1| .

arct
d 2

(29)

BoszHukaromue mpu TeMmepaTypHOM IIepemnafe
HOpMaJIbHbIE HANPSDKEHUS ONPEASIsuIH Mo opMmyIie

&t &y

Gmep.w = E(t) 2 ' (30)

40
38

&

5 36 TOBEPXHOCTH

Y

=34

S

% 32

S 30

§ 0,06m
28 ,04m
26 ,O M
24 TieHTp
22
20

0 20 40 60 80 100 120 140 160 180 200

Bpema, ¢
a

[To monydennsiM Qopmynam (28)—(30) mpose-
JCH pacyeT W3MEHEHHS HOPMAJIbHBIX M KacaTelb-
HBIX HANpsOKCHUH B IOUHAMHUKE, I€ BHIHO, YTO
HanOOJBITUH POCT HAIPSHKEHUH IS paccMaTpHBa-
emoro oowekTa unet Ao 160—180 c. B ganbHelinem
MIPOMCXOANT YMEHBIIEHHE CKOPOCTH POCTa Hamps-
JKEHUH, CBSI3aHHOE C BBIpaBHUBAHHMEM TEMIIEPATYp-
HOTO TIOJIA TIO paguycy OWwinHapa (puc. S, a). AHa-
JIOTMYHAs KapTHHA BO3HUKAET W MPHU ONpPEICIICHUN
KacaTeJbHBIX HaIlpshKeHUH (puc. S, 0).

AHanu3 pacrpeielieHus] HOPMaJbHBIX Harpshke-
HU 10 panuycy HUIuHIpa (pUc. 6) TOBOPUT O CMEHE
HaNpsHKEHHOTO COCTOSTHMSA C HaNpsDKEHUH CKaTus Ha
MOBEPXHOCTH OOBEKTA K HAIPSHKEHHUSAM PaCTSLKEHHS,
MaKCHMYMbI KOTOPBIX BO3ZHHKAIO B LICHTPE HCCIEIY-
eMoro oObekTa. J|eHCTBUTENhHO, TTOBEPXHOCTH 00B-
€KTa I10J] BO3JEHCTBUEM TEMIIEPATYP I'PEIOLLEHN CpeIb
MOABEpraeTcsl CKUMAIOMUM  AeopManusM  BCIe -
CTBHE CONPHKOCHOBEHHUS C Oo0Jiee XOJOAHBIMH CIIOS-
MH, PACHOJIArarolMMUCs BHYTPH HCCIIELYyeMOro o0b-
ekta. Mexay TeM, Kak IOKa3blBaeT puc. 3, a,
HaMMEHBILYI0 TEMIEPATYpy UMEeT LEeHTP LINHIpA,
KOTOPBIH, B3aUMOACHCTBYS ¢ OoJiee HArpeThIMU CIIO-
sAMH, TIOABECPIra€TCsa MaKCUMAJIbHBIM PACTATUBAIOIUM
HaNpsHKEHUSIM, YTO U OTPa)KEHO Ha pHC. 6.

0,0002
Q
S [EHT
I 0,00015
S_ ,02m
S 00001
s 0,04m
<. 0,00005
S 0,06m
3 0
S 20 40 60 80 100 120 140 160 180 200
£ -0,00005 Bpems, ¢
S
& -0,0001
-0,00015 NOBEPXHOCTh
-0,0002

o

Puc. 3. 3aBucUMOCTH BEJIMYKUH BO BPEMEHU MO TOJILIMHE CJIOS A UUIuHApa paauycom 0,1 M:
a — 3aBHCHMOCTb TEMIIEpaTypbl; O — 3aBUCMMOCTH BEJIMUMHBI JehopMaliiu
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Hopmanvuovie nanpaxcenus 6mepy, Mlla

42

40

30

20

10

72=0

S =8 5=56¢

i i+1

Puc.4. Cxema K pacueTy HaNpsHDKEHHOTO COCTOSHUS:

i1 S5 =6(1+s)

}x

5i£-1 =0(l+&.,)

}x

a — B IICPBBII MOMEHT BPEMEHH; O — B MOMEHT BPEMEHH )

LICHTP
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Kacamenvnvie nanpascenus tyepn, MIla
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Puc. 5. 3aBucuMOCTH HampsDKEHUH BO BPEMEHH T10 TOJIIIMHE CIIOS s IutHHIpa paguycom 0,1 m:
a — 3aBUCHMOCTH HOPMaJIBHBIX HANPSHKEHUN; O — 3aBUCUMOCTD KacaTelIbHBIX HAIIPSKECHUI
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H

Puc. 6. Pacnpenenenue HanpspkeHU BO BpeMeHU
o paauycy munuaapa 0,1 m
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Puc.7. 3aBucuMoCTH HOPMAaJIBHBIX HAIPSLDKEHUM BO BPEMEHU O TOJNILIUHE CIOS
JUtst mHApoB paguycoM 0,1 u 0,05 m

]

; 45
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=
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Paouyc yununopa, m

v
Puc. 8. Pacnipenienienre SKBUBAJICHTHOTO HAIIPSDKEHHUS G 5y 110 PAANYCY LUIMHAPA

[Ipu sTOM HcclieoBaHHE W3MEHEHUS HOpMallb-
HBIX HaNpsHKeHUH MO0 pajuycy LWIMHIPA TOKa3bl-
BalOT, YTO CYIIECTBYET IEPEXOJ] OT PACTIHYTHIX
CJIOEB K CXKaThIM (TOYKa MEPECedYeHnss ¢ OChlo adc-
MCC, CM. puc. 6). B 3THX TOYKax NPOUCXOAMUT
TOJIBKO Jieopmartusi Yuctoro casura. Co BpeMeHeM
MOJIOKEHHE CII0EB C JedopManuell YucToro CIBUra
CMeIIaeTcs K UEHTPY LMIHMHPA.

[lony4yeHnHast xapTHHa pachpeleNieHus Hampsi-
KEHUH TPU TPOJIOTBHBIX JeGopMaIysax MO3BOJIHIIA
OIPEIENUTh [NIaBHbIE HANpPSKEHUS O;, O,, BO3HU-

KaroIye Ipy TeMIIEpaTypHOM TIepenaie mo pagnycy
mumrHapa (cM. puc. 5). PacueT mpowsBOIUTCS IO
cieaytomum popmynam [10]:
2 2
O- epm Gme M + 4Tme M
o, =—L" + z G (31)
2 2

O-m(:‘ M mepm +4 mepm
o, = 2”— - 5 =, (32)

Kak BuzHO Ha pHc. 7, 0, 3HAYUTENBHO OOJIbLIE

0,, UTO COIJIacyeTcsi C CYIIECTBYIOIIUMH IIpel-

CTaBJICHUSIMU O HANPSXKEHHOM COCTOSIHUU CTEHKH
uwinHapa. OgHaKko aHalld3 U3MEHEHUsl HaIpshKeH-
HOTO COCTOSIHHS B MICCJIETyEMBIX BOJIOKHAX TOBOPHUT
O COBIAJICHUM 3HAKOB TIJIABHBIX HampsbkeHuil. To
€CTh LIEHTp 00beKTa, ciou Ha paamycax 0,02 u 0,04
WCIIBITHIBAIOT BCECTOPOHHEE pacTshKeHue. Mexay
TeM TOBEPXHOCTh IMJIMHIPA HCIBITHIBAET BCECTO-
pOHHEE C)KaTHE.

JIist BBISIBIICHUS BIMSHUS T€OMETPHUCCKHUX Tapa-
METPOB, BBIPAKCHHBIX PAJUYCOM LIWIMHApA, HAa €ro

www.vestnik.magtu.ru

43



JIUTEAHOE NPON3BOACTBO

HaIpsHKEHHO-Ae(OPMUPOBAHHOE ~ COCTOSIHUE — OBLI
NPOU3BENEH pacueT [IIABHBIX HANPSDKEHUR o,

o, uHpa u3 cram 3 paguycoM 0,05 m. Pesyibra-

ThI pacueTa npejicTapieHbl Ha puc. 7. Kak BugHO M3
pHCYHKa, JHHAMHAKA POCTa HAIPSHKEHHOTO COCTOSHHUS
MPaKTHYECKH HE M3MEHSICTCS OT M3MCHCHUS Pajinyca,
OJTHAKO OKOHYAHHE pPOCTa TJIABHBIX HAIPSKCHUIMA
HACTyIaeT 3HAYNTEIFHO paHble, B paifone 40 c. Oto
CBsI3aHO ¢ OoJree OBICTPBIM IPOTPEBOM OOBEKTA M, KaK
CIIEJICTBHE, C MEHBIINM TIEPEasioM TEMIIEPaTyp IO
pamuycy HWIMHIPA, YTO MPUBOJUT K 3HAYUTCITHHOMY
MaJICHAI0 BO3HUKAIOIINX MAaKCUMAIBHBIX PaCTATHUBA-
FOIMX HapspkeHwH ¢ 45,9 no 23,9 Mlla u cxxumaro-
mmx ¢ 43,1 mo 22,5 Mlla. 310 coOTBETCTBYET (hr3H-
‘ICCKOMy CM])ICHy BO3HHUKHOBCHUS TCpMOHaHpH)KeH-
HOT'O COCTOSTHHS 00BEKTA.

ITonydyenHble 3HAUYEHUS TJIABHBIX HaIpPSKEHUM
MOTYT OBITh UCIOJE30BAHBI JIJISI OIIEHKH MTPOYHOCTH
U3JeInsl. YUUTHIBAs, 9TO CTAIb 3 OTHOCHTCS K ILIa-
CTUYHBIM MaTepuayiaM, JUIsi 00OOIICHUs MOJydYeH-
HBIX HaIpPSKEHUN UCTI0JIb3YEM YETBEPTYIO TUIIOTE3Y
npouHoctH [9, 10]:

T :\/%((0'1 —0, )2 +(‘721 _03)2 +(03 _(71)2) < [O-] ,(33)

e o) — SKBUBANEHTHOE Hampskenue no IV ru-
note3e npouHoctu, Mlla;
[G] — nonyckaemoe Hamnpsbkenue, MIla.

Wnu 1 TI0CKOTO HAMPSKEHHOTO COCTOSIHUS,
paccmarpuBaemMoro B padore:

v _ 2 2
oo —«fal —0,0,+0; <[o].

B momenT Bpemenu t=200 ¢ n3MeHeHue 3KBUBA-
JICHTHOTO HANpsDKeHWS 10  paauycy LWIMHApa
R=0,1 ™M rpaduuecku BBHIpa3sUTCs 3aBHCUMOCTBIO,
MIpeICTaBICHHON Ha puc. 8.

JU1sl I1acTUYHOro Marepuana OlaCHOE COCTOSIHUE
BO3HHMKAET NPH NPEBBIILICHUN UM Mpelieia TeKy4eCTH
Kak 1pu Jiepopmarust CxkaTusl, Tak U paCTsDKEHUsL. ITO
HaOoiaeTcss Ha pUc. 8, Tae POCT IKBUBAJIEHTHBIX
HANpsDKeHUH o ., TPOUCXOIUT KaK Ha PACTSHYTHIX,
TaK ¥ CKATBIX CIOSIX, TIPU ATOM IKCTPEMYM (YHKIIUH
HaOJroiaeTcss B pailoHe HEWTPaJIbHOTO CJOs TpHU Iie-
pexoie OT PacTSHYTHIX CJIOEB K CKaThiM (CM. pHC. 6).
CpaBHHB TIOTYJIEHHBIE 3HAUCHHS O o C JOMyCKAC-
MBIMH HaNPSDKEHUSMH, MOXKHO TIPOM3BECTH OLIEHKY
MIPOYHOCTH UCCIETYEMOTO LIVINHAPA.

(34)

3akiIouyenue

MopnenupoBaH#e U pacdeT TePMOHAINPSHKEHHOTO
COCTOSIHUSI IMJIMHAPHYECKOTO Tena (B YaCTHOCTH
MPOKATHBIX BaJKOB IpH TepMO0oOpaboOTKe), TO3BO-
JSIET CPaBHHUTH TEKYILEe HAMPSHKEHHOE COCTOSHHE C
KPUTHYECKHUM C IIEJBI0 OLECHKH IPOYHOCTH MaTepH-
ana. 910 obecreynBaeT Ha CTaK MPOCKTUPOBAHUS
TEXHOJIOTHYECKOTO IUKJIA TEPMHUYECKOH 00paboTKn
U3/IeNUs BBISBICHHE KPUTHUYCCKUX IedopMmanuii u
HANPSDKCHUH, TPUBOJIIIIMX K Pa3pyIICHUIO CTCHKH
U3JIeNHs M, KaK CJIEACTBUE, BO3MOKHOCTH YIIpaBJie-
HHS €ro HaIpsSHKCHHO-IEe(OPMUPOBAHHBIM COCTOS-
HHEM C LEIbI0 MCKIIOYCHHS HApYIICHHs CILIOIIHO-
CTH MaTepuaa, IPHUBOJIIEro K OpaKy B OTIMBKE.
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Abstract. The paper studies longitudinal strains occurring
along the height of a cylindrical object as a result of the tem-
perature difference along the cylinder radius. It describes a
particular case of a thermal stress state, when heating a cyl-
inder. A temperature field was measured, when solving an
axisymmetric task of heating a cylindrical object. Using the
existing analytical dependence, the authors identified math-
ematical relations to calculate normal, tangential, and equiv-
alent stresses. Such procedure may be applied to determine a
stress state of cylinders 0.1 and 0.05 m in radius, when heat-
ing up to 400°C. It is shown that changes in a cylinder radi-
us, maintaining the same heating conditions, result in de-
creasing maximum tension stresses from 45.9 to 23.9 MPa,
and compressive stresses from 43.1 to 22.5 MPa. The au-
thors determined principal stresses along a cylindrical rod
radius during heating. Applying the Huber—Mises—Hencky
criterion, changes in a growth rate of the stress state along a
cylinder radius was determined. It is found that at the point
of equalizing temperature along the cylinder radius, the
highest stresses are in the layer periphery and central areas
of the object under study and amount to 40.5 MPa at set
conditions of calculations. It is noted that the developed
mathematical tool may be used to evaluate a thermal stress
state of mill rolls during their heat treatment.

Keywords: Temperature field, radial coordinates, thermal
stress state, principal stresses, temperature strains,
strength conditions.
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OBPABOTHKA METAJIIOB AABJEHHEM

VIIK 621.77

MOJAEJIUPOBAHUE IMPOLHECCA OITPECCOBKHA
BHYTPEHHUX PYJIEBBIX HAKOHEYHHUKOB

https://doi.org/10.18503/1995-2732-2019-17-1-46-52

I'yn E.J.', Baxuros A.P.!, Canpaukos B.B., I'yn NI} Xou OprtyaTa 2 AryctuH AHuTya 2

YAO HITO «BerMar», Marnuroropck, Poccus
2LANBI S.A., Dmbroii6ap, Ctpana Backos, Mcnanus

Annomayus. IIpu IPOSKTUPOBAHNH IIPOLIECCA ONIPECCOBKN BHYTPEHHUX PYJIEBBIX HAKOHCUHHKOB 3aKOHOMEPHO BO3HHKa-
€T BOINPOC O MapaMeTpax 3TOTO Mpolecca, KOTOphIe HEMOCPEICTBEHHO OKa3bIBAIOT BIMSHUE Ha XapakTep Aedopmanun
KOpITyca, U, B KOHEYHOM c4eTe, Ha ()OPMUPOBAHUE HEPA3hEMHOI'O COSJMHEHHMS IIapOBOTO Mablia U KOPITyca HAaKOHEYHH-
ka. TakoBBIMM NapaMeTpaMu SBISIOTCS YCUIIHE, peau3yeMoe IPeccoM, epeMelieHIe TyaHCOHA U TeOMETPHs MaTPHIIBL.
OT npaBUIIBHOTO BBIOOpa yKa3aHHBIX TApaMETPOB 3aBUCHUT Ka4eCTBO MOJYIEHHOTO Hepa3beMHOro coequHeHus. CoenrHe-
HHE CUUTAETCS] HAaHOOJIee PallOHAIBHBIM, €CIIM BKIIAABIII HAKOHEYHHKA OyAeT paBHOMEPHO 00XaT: Harpyska OyneT pas-
HOMEpPHO pacmpe/eseHa 1o pabouel MOBEPXHOCTH BKJIAJIBIINA CO CTOPOHBI c(ephl IapoBOro Najbla U chepUIecKoi mo-
BEPXHOCTH c1e(hOPMHUPOBAHHOTO Kopiryca. [l 3Toro npece I0mkeH 00ecednTh HE0OX0IMMOe YCHIINE 1 IIepEMEIIICHHE,
T€OMETPHUYECKUE TTapaMeTphl MaTPHILIBI T0JDKHA 00ecIeunTsh Tpedyemyro hopMy caedopMHpOBaHHONM JacTh Kopiyca. Ka-
YEeCTBO MOJTYUYEHHOTO HEPa3heMHOI'O COSAMHEHUS OI[EHUBACTCSl Ha TOTOBOM H3JIETMHU MO PsITy SKCIUTYyaTAlMOHHBIX XapaK-
TEPUCTHUK, 3HAYCHUSI KOTOPBIX JTOJDKHBI HAXOIUTHCS B MPUEMIICMBIX C TOUKH 3pEHHUS 3aKa3uuka uHTepBaiax. K skcmnyara-
LIHOHHBIM XapaKTEPUCTHKAM OTHOCSTCS TaKHE TapaMeTphl, KAK MOMEHT CONPOTHUBIICHHUS KauaHUIO IapOBOTo Majblia, MO-
MEHT CTPAaruBaHus NPU Ka4aHWHU IIapOBOTO TTaNbIla, OCEBOI 3a30p B IAPHUPE U OCEBast XKECTKOCTh ImapHupa. C mensio
OTIpe/ieNICHNs YKa3aHHBIX MapaMeTpoB Oe3 MpoBeleHHs O0JBIIOro 00beMa HKCICPHUMEHTANBHBIX PaboT ¢ (PU3NICCKUMHU
oObeKxTamH, OblTa paspaboTaHa YMCIIEHHAs MOJENb IPOIEcca ONPECCOBKN BHYTPEHHHX PYJIEBBIX HAKOHEUYHHKOB Ha Oaze
METoJ]a KOHEYHBIX 3JIeMeHTOB. TpebyemMoe ycmime Ipecca, €ro HnepeMelleHHe M T'€OMETPHIO MaTpHIbl HpeiaraeTcs
OTIPENETIATH MO Pe3ynbTaTaM MOAETHPOBAHNUS HPOLEcca OIIPECCOBKH METOJOM KOHEUHBIX 3J1eMeHTOB. [IpoBeiéHHbIE IKC-
MIepUMEHTAJIbHBIE UCCIIEIOBAHNS TTO3BOJIMIIM CAENATh BEIBOA 00 YJOBIETBOPUTEIBHOM CXOIUMOCTH PE3yIbTaToOB pa3pabdo-
TaHHOM MaTEeMaTHYECKOI MOJIETIH C SKCIIEPUMEHTAILHBIMH JaHHBIMH.

Knrouesvie cnosa: BHyTpeHHI/Iﬁ pyHeBOﬁ HAaKOHCYHUK, TCXHOJOIUYCCKad Oonepanunsd, TCXHOJIOTHUICCKUEC MapaMETPhI,
MaTtpula, MyaHCOH, 3KCIIITYaTalMOHHBIC XapPAKTCPUCTUKHU, KOHCUHO -3JICMCHTHA MOACIIb, c60p0qHa$1 JIMHHA.

B aT10i1 cBsI3M pacTeT MOTPEeOHOCTH M B KOM-
TUIEKTYIOLINX MPHUBO/A PEEYHOrO PYJIEBOIO YIIpaB-
JIeHHsl, B YACTHOCTU BHYTPEHHHMX PYJIEBBIX HAKO-
HeuHukax. OOl BUA BHYTPEHHErO pYJIEBOIO
HaKOHEYHHWKa IpeJICTaBleH Ha puc. 1.

BBenenune

B nacrosimee Bpemst B Poccuu BexymmmMu mpo-
M3BOJUTEISIMH JIETKOBBIX W MallOTOHHAKHBIX TPY-
30BBIX aBTOMOOWIJICH B TOJABISIONIEM OOJBIINH-
CTBE CIIy4acB IPUMEHSETCS PECUYHBIA PYJIEBOU Me-
XaHU3M C BO3BPATHO-TIOCTYNATENIbHBIM JIBIXKEHUEM
Ha BbIXoZe. OAHO U3 NMPEUMYIIECTB AAHHOIO TUIA
PYJIEBOTO MEXaHHW3Ma ABISETCS BOZMOXKHOCTH yCTa-
HOBKH OOKOBBIX TIOMIEPEYHBIX TST ¢ MIAPHUpPAMU Ha
KOHI[aX K 3yOuaToil pelike. Takoe ycTpoHCTBO py-
JIEBOTO YIPABICHUS MO3BOJSET HE MPUMEHSITh Ma-
SITHUKOBBIA pBhIYAr W CPEAHIOI0 TATY, TEM CaMBbIM
oOecrieurBasi BO3MOXXHOCTh Pa3MECTHTh PyJIEBOE
ynpaeieHue B MajgoM oObeme [1]. YkazaHHBIC TIpe-
HUMYIIEeCTBa 00YCIIaBIMBAIOT LIMPOKOE pacipocTpa-

Puc. 1. BHyTpeHHuit pyneBoil HAKOHEYHUK
(o6mnit Bum)

Hawnbomee pacmpocTpaHeHHBIM THIIOM KOH-

HEHME PEEYHOr0 PYJIEBOr0 YIIPaBJICHUS.

© I'yn E.N., BaxutoB A.P., Canpaukos B.B., 'ya U.T".,
Xou Opryata, Aryctun Anurya, 2019

CTPYKIMA BHYTPEHHETO pYJIEBOTO HAaKOHEYHUKA
ABJsieTcsl chepruuecKuii mapHup (¢ 3-s1 BpalaTesb-
HBIMH CTENeHsMHU cBoOonbl). Hepaswemuoe coenu-
HEHUS IIapoOBOTO IaJbIla HAKOHEYHUKA U KOpITyca
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ModenupoeaHue npouecca onpeccosku HympeHHUX pyreebIX HAKOHeYHUKO8

lyn E.N., Baxumoe A.P. u dp.

(hopMHpyeTCsT TOCPENCTBOM ILIACTUYECKOH nedop-
Maruu (ompeccoBkH) Kopryca. OT KadecTBa Mpo-
[ecca ONPECCOBKH 3aBUCUT PaBHOMEPHOCTh pac-
npefeneHnss Harpy3kd 1o pabodell MOBEpXHOCTU
BKJIQ/IBIIIA CO CTOPOHBI c(hephl MapoBOTO Manbla U
cheprudecKoil TIOBEPXHOCTH CcIe(pOPMUPOBAHHOTO
KopIryca.

AHanu3 OTKPBITHIX UCTOYHHUKOB BBISBUJ OTCYT-
CTBHE Kakoi-mubo uHpopMmamuu o BbiOope mapa-
METpOB IIpollecca ONPECCOBKH (ycuiue Ipecca U
NEpEeMEILCHUE IIyaHCOHAa, I'EOMETPHUs MaTpPHUIbl),
KOTOpBIE HETIOCPEJICTBEHHO OKAa3bIBAIOT BIMSHHUE HA
XapakTep IedopMaluu KOpiyca HaKOHEYHHWKa, a
ClleIoBaTeNbHO, U HA €ro SKCIUTyaTallHOHHBIE Xa-
PaKTEpUCTHUKHU.

B cBsI31 ¢ BBILIEU3I0KEHHBIM, aKTYalbHOU CUH-
TaeTcsd 3ajada pa3padOTKH MeToJa pacy€THOro
OIpeieNieHHsT TEXHOJOTHYECKHX MapamMeTpoB Mpo-
[ecca ONPECCOBKM Ha JTalle MPOEKTHPOBaHMS Oe3
MPOBEJIeHHsI OOJNBIIOTO O0bEMa AKCIEPUMEHTAIb-
HBIX paboT ¢ (PU3NUECKUMH OOBEKTaMHU C LIENBIO
COKpaIlleHHs CPOKOB NPOCKTUPOBAHUS U 00BEMa
JOBOJIOYHBIX PabOT.

MeToabl MccaeI0BaAHUS

BHyTpeHHUII pyJeBO HAKOHEUHUK SIBISIETCS
3JIEMEHTOM MPHUBOJA PEEYHOrO PYJIEBOTO YIIpaBiie-
Hus. OH mpeacTaBisieT U3 ceds cepuueckuii map-
HHUp, oOecreuYMBalOLUINK TNepesady yHpaBISIOLIETo
ycuiusl OT 3y04aTol peiiku Ha MOBOPOTHYIO Hangy
4yepes3 HApyKHbIN pyleBol HakoHeyHUK. 1Ipu n3me-
HEHUHU TOJIOKEHHUSI MOBOPOTHOTO KyJlaka OTHOCH-
TEJIHHO 3y04aToil pelKw IIapoBOM Mayer] OTKIOHS-
eTcs Ha HeoOXoAUMBIN yrou kadanusi. OrpaHHYeHHE
TpeX MOCTYyMATeNbHBIX CTENeHeld CBOOOJBI MpOWC-
XOAMUT TOCPEICTBOM (POPMHUPOBAHHUSI HEPAZHEMHOTO
COCAMHEHMs IUJIACTHYECKUM  Je(dOpMHUPOBAHHEM
Koprmyca. KOHCTpyknuss BHYTPEHHErO pyJIEBOrO
HAaKOHEYHHUKa IIPEJCTaBIICHAa HA PHC. 2.

Puc. 2. BHyTpeHHHH py/eBOil HAKOHEYHHK:
1 — xoprryc; 2 — ONOPHOE KONBIT0; 3 — BKJIAIBIIIL,
4 — manen mwapoBon

BHyTpeHHU pyJIeBOM HAKOHEYHHKA COCTOUT U3
Kopmyca 1, onmopHoro kKonblia 2, BKIabIa 3 U mia-
poBoro naisua 4.

YkazaHHasi KOHCTPYKIKS 3allHIlIeHa TATeHTOM Ha
nose3nyto Mozenb (Ne 185066 ot 19.11.2018r.) [2].

COopka HaKOHEYHHKA COCTOMT W3 JABYX TEXHO-
JIOTHYECKHUX OMepaluii: MoACOOPKH M OMPECCOBKH.
Ha mepBoii onepanuu omnopHoe KOJBIO 2 MOMeIa-
eTcs Ha THO Kopiryca 1, 3aTeM Ha OIOpHOe KOJBIIO 2
pacnoraraeTcs Bkiansi 3. Jlamee BHYTph BKIIAIBI-
IIa 3ampaBisieTcss KOHCHCTEHTHas cMasKa, MOcie
Yero BO BKJAJBIII 3 BCTaBJISIETCS LIAPOBOM Maell.
Ha puc. 3 mokasana cxema moacOopKy.

Puc. 3. Cxema noacOopku

3a omepamnueld MOACOOPKH CIEAyeT Omneparus
omnpeccoBkH. [Togcobpannoe u3nenue 6a3upyercs B
Marpuie. 3aTeM IMyaHCOH, IepeMenasch B OCEBOM
HalpaBJCHUM, BO3ACICTBYEeT Ha IUIOCKUHA TOpeELl
KopITyca, IPOU3BOAS €ro JeOpMalio B MaTpHIIE.
Ha puc. 4 moka3aH pe3ynabTaT ONPECCOBKUA BHYT-
PEHHETO PYyJIeBOr0 HAKOHEYHHKA.

Puc. 4. Pe3synbTat mpoliecca ompeccoBKH

KadecTBO MOJTy4eHHOTO HEPa3beMHOI'O COEH-
HEHHS OI[CHUBAETCS HAa TOTOBOM H3JCITUH MO PAAY
OKCIUTYyaTAIllMOHHBIX XapaKTePUCTUK, 3HAUYCHUS KO-
TOPBIX JOJDKHBI HAXOJUTHCS B IPUEMIIEMBIX C TOUKH
3peHusl 3aKazunka WHTepBaliax. K skcruryaranuos-
HBIM XapaKTEePUCTUKAM OTHOCATCS CIIEAYIOIUE Ma-
pameTpsl [3]:

- MOMEHT COIIPOTHBIICHUSI KAYaHUIO MMablIa;

- MOMEHT CTparuBaHus NPY Ka4aHUH MAITbIIA;

- 0CEBOI1 3a30p B IIAPHUDE;

- 0ceBast JKECTKOCTb LIAPHUPA.

JocTmwkenne HeoOXOAUMBIX WHTEPBAJIOB 3HAYe-
HUI SKCIUTyaTallMOHHBIX XapaKTEPUCTHK BO3MOXKHO
IpY PaBHOMEPHOM OOXAaTUH KOPITyCOM BKJIAZbIIIA
npu ero 1eGopMUpOBaHUH.

O paBHOMEpPHOCTH O00XaTHsl KOPITyCOM BKJIa-
JIBIIIA MOXHO CYAUTH 1O Qopme cledOpMHPOBaH-

www.vestnik.magtu.ru
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HOT'O KOpITyca, MOJTY4YHUBIIETOCs B pe3ysbTaTe MoJie-
nmuposanusi. Hanbonee pannoHaabHBIM COSIUHEHHE
OyZneT cuuTaThCs IIPHU OJHOBPEMEHHOM BBIIIOJIHEHUN
JBYX KPUTEPHEB:

Kputepuii Nel: Llentp BHyTpeHnHeil cdepuue-
CKOW TOBEPXHOCTH cAe(OPMHPOBAHHOIO KOpIyca
JIOJDKEH COBIAATh C TEOPETHUECKUM IIOJIO0KEHHEM
ueHTpa cdepsl nansia (puc. 5), T.e pazmep J — 0.

Puc. 5. Pazmep 6

Kpurepuit Ne2: PazHOCTh MeXAy AHAMETPOM
BHYTPEHHEN LMIMHIPUYECKON MOBEPXHOCTH KOPILY-
ca 10 Aedopmanuy 1 BHYTpEHHEH cepriaeckoi mo-
BEPXHOCTBIO CIe(OPMUPOBAHHOTO KOPITyca JIOJKHA
crpemuthbes K 0 (puc. 6, 7), T.e. gy — Ao — 0.

G

-

Puc. 6. luametp dy,

@ ds

Puc. 7. Inametp Oy,

3amaya oOecrieueHUs] yKa3aHHBIX KPUTEPHEB Ha
JTarne MPOeKTUPOBAHUS MOCPEACTBOM BBIOOpa yKa-
3aHHBIX TEXHOJOTHYECKUX MapaMeTpoB ObLiIa perie-
Ha JJi1 BHYTPEHHETO PYJEBOr0 HAKOHEYHHKA, KOTO-
pbIii HAa CETOAHSIIHUN JIEHb BXOJUT B COCTaB pyJie-
BOro yrnpasjieHus aBTomoouiei 'A3ens Next u uc-
MOJIB3yeTCsl IpU cOOpKe aBTOMOMOMJIEH Ha KOHBEH-
epe 3aBoaa «I"A3».

VYka3zaHHbIE TEXHOJOTHMYECKHE HapameTpbl Mo-
TyT OBITH OIpEeeNeHbl IO Pe3ybTaTaM MOJIEIHPO-
BaHUS TIpoIecca OMPECCOBKH BHYTPEHHETO PYJIEBO-
r0 HAKOHEYHHKA C UCTOIBb30BaHUEM METOJa KOHEY-
HBIX 3JIEMEHTOB MpPH yueTe (HU3NYECKOH U reoMeT-
pUYeckol HenmuHeWHocTed. Tak Kak JAeTal Hako-
HEYHHKA W OCHACTKA SIBISIFOTCS TeJlaMHU BpallleHUs,
paccMoTtpeHa 1/12 dacTh miapHHpa ¢ TpaHHYHBIMH
ycnoBusiMu cummeTpuu [4]. PacuetHast cxema mpe-
CTaBjicHa Ha puc. 8.

Ghiamemp HapyxHou
LUUHEPUECH

noBeEpxHOCY KGonyca

flyancon|

| Kopnyc

A | Mompuua

Necmyui 3neresm

Puc. 8. PacueTHasg cxema

B xoneuno-anementHoit monenu (KOM) npuns-
ThI CIEYIOIINE AOMYLIICHHS:

* paccMmoTpeHa 1/12 gacTe mapHHpa ¢ TpaHUY-
HBIMU yCJIOBUSIMH CUMMETPHH;

* YIPYTro-TUIACTUYECKOE MOBEIEHNE MaTepHaIoB
OTIMCHIBAEeTCS OMIMHEWHOHN auarpaMMoil Hampspke-
Hus-nehopmaruu [4];

* IAPOBOM TaJIel], OTIOPHOE KOJIbIIO W BKJIA/bIII
MPEACTABISIIOT COOOM €IWHBIN JKECTKUN 3JIEMEHT
«IaNen-onopHOe KOJBIO-BKJIAIBIID) BBUAY TOTO,
YTO HaJINYME BKIABIINIA U3 BBICOKO-BS3KOTO alle-
TaJbHOTO TOMOIOJMMEpPa U PE3MHOBOTO OIOPHOTO
KOJIbIIa B CHJIYy MEHBIIUX IO CPAaBHEHHUIO C KOPITy-
COM M IIApPOBBIM NAJBLEM >KECTKOCTEH HE OKa3bl-
BalOT CYIIECTBEHHOTO BJIMSHUA Ha INPOLECC Ompec-
coBkH [4-5]. B pamkax mpoBen€HHBIX IKCIIEPUMEH-
TaJbHBIX PabOT CHpPaBEIMBOCTh YKA3aHHOTO JO-
nyuieHus Obljia JOKa3aHa.

KoneuHo-3meMeHTHas ceTka 1IapoBOro Majblia,
KOpITyca, »JJIEeMEHTa «MaJIe[[-OMOPHOE  KOJbBIIO-
BKJIQJIGIIID», TyaHCOHA M MAaTpPHWIBl pean30BaHa B
BUE€ OOBEMHBIX BOCBHMHUY3JIOBBIX T'€KCa’qpOB C
TpeMsi CTETIEHSIMHU CBOOOJIBI B y3J1€ JUIs1 BEIYUCICHHS
JIEHCTBYIONINX CHJIOBBIX (PaKTOPOB M NIEpeMENICHNUH,
a TaKkKe OAHY TOYKY HMHTETPHUPOBAHUS B IIEHTpE
rekcaszipa Julsl ONpPEJENICHUS HANpsHKEHHH U Jie-
¢dopmauuii. B Mozienb BBeeHBI OanouHbIC 3IIEMEH-
TBI JUIsl ONPEIENICHHs] YCUIUSL onpeccoBKU. Pacuér-
HOE YCUJIME OIIPECCOBKH CUMTACTCA PaBHBIM MaKCH-
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lyH EN., Baxumoe A.P. u dp.

MaJbHOMY 3HAYCHUIO TPOJOIBHON CHIIBI, BO3HUKA-
IOlIeH B BEPTUKAIBHO OPUEHTUPOBAHHOM 0AJOYHOM
anemenTe (puc. 9).

banosren K3
ans onpedefeHus
ycunus onpeccobku

k

Puc. 9. Koneuno-3neMeHTHas ceTKa

KBM copepxkana cienyromnye rpaHuIHbIe YCIIO-
BUSL:

* YCIIOBHE CHMMETPHU;

* 3aJ1eNKa B y3Jie 0aJI0YHOTO 3JIEMEHTa, OTPaHH-
YMBalOLasg MEePEMEICHHs] BAOJIb TPEX OCEl KOOop-
JIUHAT ¥ BPAILCHUsI BOKPYT HUX;

* KOHTaKT MTOBEPXHOCTEH (KOpITyca W MaTpPHIIBL,
KOpIlyca H DJJIEMEHTa «IaJIe-OMOPHOE KOJIbIIO-
BKJIQJIBIID, KOpITyca M IyaHCOHA), pealu3yIOLIHii
MeTOA ITpadHBIX QYHKIHIA;

* IPHUHYIUTENBHOE TIEPEeMEIICHNEe Y3JI0B, HaXO0-
JISATIIXCS. Ha CBOOOIHOM MOBEPXHOCTH ITyaHCOHA.

I'eomerpuyeckne mapamMeTpbl MaTpUIBl U Tiepe-
MEIlleHHE MyaHCOHAa MOJ0OMPATUCh HTEPAIlMOHHO,
BILJIOTH IO JIOCTYDKEHUS YKa3aHHBIX BHINIE KPUTEPH-
eB. IIpu 3amaHHOM TIepeMelnIeHnH TyaHCOHAa OTIpe-
JIEJSUIOCh PAacYeTHOE YCHIIME OIMPECCOBKM KaK Mak-
CHMaJIbHOE 3HA4Y€HHE MPOJOJIbHOM CHIIBI, BO3HUKA-
to11elt B 0AIIOYHOM 3JIEMEHTE.

Kapruna negopmanuu npusesneHa Ha puc. 10.

Jns agexBaTHON OLEHKU TOYHOCTH MPETIOKEH-
HOH MOJENH NYTEM CpaBHEHMS PE3YJIBTATa MOJEIIH-
POBaHUs C SKCIEPUMEHTAILHBIMU JaHHBIMH HEO00-
XOAMMO, 4TOOBI T€OMETPUYECKUE XapaKTePUCTHUKU
neraneit KOM u ux MexXaHW4YEeCKHE CBOICTBA COOT-
BETCTBOBAIIM T€OMETPHUYECKHM XapaKTEPUCTHKAM U
MEXaHMYECKUM CBOHCTBaM OKCIEPHUMEHTAJIbHBIX
00pasIos.

s sTOoro ObUTM OTOOpaHBI MATH KOPITYCOB C
pasMepaMH M CBOWCTBaMH, Haubojiee OJM3KHUMH K
3HAYEHUSIM, YKa3aHHBIM B MPOILECCe MOJEINPOBa-
HUs. MexaHM4YecKre CBOWCTBAa ONPEASIUINCH 10
MOBEpXHOCTHON TBepaocTH [6-9]. IIpouecc ompec-

COBKH IMPOBOJWJICA Ha OMPCACIICHHOM B PE3YJIbTATC
MOACIIUPOBAHUA NEPEMECIICHUH.

Puc. 10. Kaptuna nedopmarmii

HanpspkenHo-neopMupoBaHHOE COCTOSIHUE

KOpITyca npuBeieHo Ha puc. 11.

Puc. 11. KapTiHa S5KBHBaIeHTHBIX HANPSKEHHUH
o Muszecy

I'paduk pacueTHOro ycuius OIPECCOBKH B 3aBU-
CHUMOCTH OT TIEpPEMEUICHUs ITyaHCOHA W IOyYEHHOMN
IKCTIEPUMEHTAILHOW KPUBOH TIpeJicTaBieH Ha puc. 12.
Ha 3azaHHOM mepeMelleHUH pacueTHOEe YyCUilue
OTIPECCOBKH MMeeT 3HaueHue nopsiaka 350 kH.

[Tonyuennast ¢opma credopMUPOBaHHOTO KOp-
Iyca IIAapHUpPAa HAKOHEYHHMKA II0CJE OIPECCOBKU
nprBezeHa Ha puc. 13.
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Puc. 12. PacyetHas u 3kcriepuMeHTaIbHAS
KPHUBBIE OIPECCOBKU

Puc. 13. DxciepuMeHTaIbHBIH 00BEKT

CpaBHI/ITeJII)HI)Ie 3HAYCHUA YKA3aHHBIX KpUTC-
pPUEB HA MOJACIN U SKCHECPHUMCHTAJIbHBIX 00BEKTaX
IIPUBCACHLI B Taﬁ.]'l](llle.

CpaBHHTeHBHHe3HaquHHKpHTepHCB
OLICHKH Ka4y€CTBA COCIMHCHU A

Kpure- 3Ha4YeHUsI TI0 pe3yib- | ODKCIIEPUMEHTAIIb-
puii TaTaMm MOJISIIMPOBAHUSI HbIE 3HAUCHHSI
o 0,01-0,03 0,025-0,03
Oy — di2 0,06-0,08 0,07-0,085

Crour OTMCTUTb, YTO IIOJIYUCHHBIC 3HAYCHUA
OKCIUTYyaTalUOHHBIX XAapPaKTCPUCTUK IOCJIC oOnepa-
U OIPECCOBKU [JIs1 YKAa3aHHBIX IISTU I/ISI[GJ'H/Iﬁ
OKa3aJIMChb B MIPUEMJIIEMBIX MHTCpBAIax.

Pacuérpl, BBIMONHEHHBIE C WCIOJIE30BAHUEM
pa3paboTaHHOW W DKCIEPUMEHTaIbHO ampoOupo-
BanHOW KOM, mo3Bommim BBIOpaTh TEXHOJOTHYE-
CKHe TlapaMeTpbl Ipolecca ONPecCOBKU BHYTPEHHE-
0 pyJEBOr0 HAKOHEYHHKA, a TaKKe OLEHHUTH
HanpsHKEHHO-1e(OPMUPOBAHHON COCTOSIHHUE KOPILY-
ca HakoHeuHuKa. [lomydennas KOM Oyner ncmomnb-
30BaHa Ha JTane MPOCKTHPOBAHHS MEPCIIEKTUBHBIX
178ehi (S 13178

[lonmyyeHHOE pacdyeTHOE 3HAYEHHE YCHIIMS
OIIPECCOBKH MO3BOJIMIIO BBIOpATh MapaMeTphl Ipec-
ca Ui CEpUHHOTO TPOU3BOJCTBA BHYTPEHHHX
HakoHeuHUKOB ["A3enn Next.

Crnemmanucramu AO HIIO «benMar» 0bL10
c(hOpMyNHPOBAaHO TEXHUUYECKOE 3aJaHue AJISI KOM-
maanu LANBI S.A. (Spain, Basque Country) c 1e-
JbI0 TIPOSKTHUPOBAHUS U TPOU3BOJCTBA COOPOUHOM
JMHUAY BHYTPEHHUX PYJIEBBIX HAKOHCYHHUKOB.

OOuwmii B cOOPOYHOM JIMHUK NPENCTABICH Ha
puc. 14.

Puc. 14. O6muii Bug cOOpouHON IMHUM

COopouHasi TMHUS BKJIOYAET B Ce0s CTaHIUH
JUTS TIPOBEJICHHS OIepaluii 1o cO0pKH, OMPECcCOB-
KW, MApKUPOBKH, a TAK)K€ CTAHIUIO TPOBEPKH IKC-
TUTyaTallMOHHBIX XapaKTEPUCTUK HA TOTOBOM H3JIE-
muu (MOMEHTa COMPOTUBICHHUS KadaHWIO MAaJbla,
MOMCHTA CTparuBaHus IPU KadYaHUU IIajiblia, OCC-
BOH 3a30p M OCEBYIO KECTKOCTh B IIIAPHUPE).

B npouecce coBmecTHON pabOTHI CIIEHUATUCTOB
LANBI S.A. (Spain, Basque Country) nipu yuactun
crieninanuctoB AO HIIO «benMary mpousBoa-
CTBEHHAs JIMHUS anpoOupoBaHa, JIOBEACHA U
ycnenHo 3amyuieHa B Poccuiickoit deneparnuu.

3akiaouenne

Ilo pe3ynbraTaM NpPOBEAEHHOW PAbOTBI MOXKHO
c/IenaTh CISIYIONNE BHIBOIBI:

* paspaborana KDOM mporiecca oOnpeccoBKH
BHYTPEHHHUX PYJEBBIX HAKOHEYHHUKOB, IO3BOJISIO-
1ias ONpeNeATh MapaMeTpbl TEXHOJOTHYECKOTO
nporiecca Ha CTaJUU MPOSKTHPOBAHUS C TMPHEMIIC-
MO CTENEHBIO TOYHOCTH 0€3 MPOBEACHHS OOJIBIIIO-
ro o0beMa 3KCIIEPUMEHTAIBHBIX PaboOT ¢ (u3uue-
CKUMH 00BEKTAMHU;
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* CpPaBHEHHUE PE3yNIbTATOB PACUYCTHHIX NAHHBIX U
pe3yIbTATOB AKCIIEPHIMEHTOB JOKA3alo aJeKBaT-
HOCTH paspaboranHoii KOM ¢ TOYHOCTEHIO, TIpHEM-
JeMol  JMs  TPOTHO3MPOBAHUS  HAIPsHKEHHO-
neOpMHUPOBAHHOTO COCTOSIHUSI M3ACIHS B 3aBHCH-
MOCTH OT ITapaMeTPOB TEXHOJIOTUIECKOTO TIPOIIeCCa;

* pa3zpaboranHas KOM MoxeT ObITh IpIMEHEHA
pU TPOCKTUPOBAHUU TIpolecca ANl MEepCleKTHB-
HBIX U3JIETIU;

* pe3yibTaThl pacyera, MONydYeHHBIE C TOCMO-
mpio pazpaboranHoit KOM, mo3BONHIM TIPOBECTH
CPaBHUTENIBHBIN aHAIN3 Pa3IMYHBIX KOHCTPYKTHB-
HBIX UCIIOJIHEHUI MaTPUIIBl U BHIOPATH 3HAUCHUS €€
TEOMETPHUYECKUX MapaMeTPOB, a TakkKe MapaMeTphl
rpecca A1l HOBOM cOOpOYHO JIHMHUM;

* OCHOBBIBAsCh B TOM YHCJIE Ha pe3ylbTaTax
pacuera, ObLJIO MTPOBEJCHA COBMECTHAs paboTa crie-
nuamuctoB LANBI S.A. (Spain, Basque Country)
npu yuyactuu cnenuanuctoB AO HIIO «benMary
M0 TPOCKTHPOBAHHIO, TIPOU3BOJICTBY, OBOJKE,
anpo0aIuy 1 3aycKy HOBOM COOPOYHOM JIMHUY.
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Abstract. When designing the axial joint pressing pro-
cess, a relevant issue is the process parameters which
directly influence the nature of the deformation of the
housing, and, ultimately, on the formation of an all-in-one
connection of a ball stud with a joint housing. These pa-
rameters are press force, punch displacement and matrix
geometry. The quality of the all-in-one connection de-
pends on a correct selection of the indicated parameters.
If the axial joint insert is compressed evenly, the connec-
tion will be considered to be the most rational, that is the
load will be distributed uniformly over the entire insert
surface from the spherical surfaces of the ball stud and
the deformed housing. In this way, the press must provide
necessary force and displacement; the matrix geometry
must provide the required shape of the deformed part of
the housing. The all-in-one connection quality is evaluat-
ed by a number of operational characteristics of finished
products, whose values must be located in intervals ac-
ceptable from the customer’s point of view. Such charac-
teristics include the following: ball stud rocking re-
sistance torque, breakaway torque at ball stud rocking,
axial spring travel and axial stiffness of the joint. In order
to determine the specified parameters without many ex-
periments on physical objects, a computer simulation
model of the axial joint pressing process based on the
finite element method was developed. Required press
force, punch displacement and matrix geometry are de-
termined by a computer simulation of the pressing pro-
cess based on the finite element method. The accom-
plished experimental research led to the conclusion about
acceptable repeatability of the results of the developed
mathematical model and experimental data.

Keywords: Axial joint, process operation, process
parameters, matrix, punch, operational characteristics,
finite element model, assembly line
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Optimization of softening heat treatment for the Pt950Ru jewelry alloy Luca Pezzato et al.

MATEPHANOBEREHHE H TEPMHYECKAA ObPABOTHA METAJNNOB
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OPTIMIZATION OF SOFTENING HEAT TREATMENT
FOR THE Pt950Ru JEWELRY ALLOY
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Luca Pezzato, Alessandro Minotto, Katya Brunelli, Manuele Dabala
Department of industrial Engineering, University of Padua, Padova, Italy

Abstract. Platinum is one of the most precious metals in the world: 15 times rarer than gold and it is widely used in
jewellery for its characteristic of unicity, incorruptibility, and colour neutrality.

The standard grade in the jewellery industry is Platinum 950%o. In fact, pure platinum jewels are easily scratched, due
to the poor hardness linked with the high purity. Among all the commercial alloys available, the Pt-Ru system is the one
characterized by the highest mechanical properties. Aim of this work is to find an ideal softening heat treatment, in term
of operating time and temperature. The heat treatment must be able to satisfy two main needs: it must permit to com-
plete recrystallization of the work piece, preparing the material for further severe deformation by restoring high ductility
and an equiaxed grain distribution; and at the same time, the final average grain size must be fine, in order to avoid
counter side aesthetic effects that occur when grain size go over the micrometric scale. Due to its rarity, in literature
there are few information about the alloy under discussion. To find the optimal parameters, several samples had been
heat treated at different times and temperatures. Then they had been analysed by optical microscopy and with micro
hardness tests, providing microstructure images and hardness data. By using a combination of three different tempera-
tures and three different times, significant differences were found between the various samples both in terms of me-
chanical properties and of grain size. The comparison of the collected data permit to better understand the behaviour of
the alloy under recrystallization conditions. In the end, it was observed that the dynamics of recrystallization changes
significantly with relative small changes of temperature and was found that the optimal treatment to obtain a fine re-
crystallized microstructure with the desired mechanical properties is at 1000°C for 15 minutes.

Keywords: Platinum alloy, softening heat treatment, jewellery, microhardness, microstructure.

reduction of porosity [5]. In order to obtain a high
deformation, after every step of cold rolling is
necessary an annealing treatment, to recrystallize the
structure and permit further deformation [6].
Unfortunately, there are few information in
literature about platinum processing, and in
particular about annealing parameters [7]. In detail
only few works regarding the Pt-5% Cu alloys can
be found [4,8]. The aim of this work is to study the
role of time and temperature of the annealing
process on the microstructure and the hardness of
the alloy.

Introduction

Platinum alloys represent the second most im-
portant production filed in the jewelry world, after
gold alloys [1].

Despite gold, the most widespread standard for
platinum jewels is platinum 950 (95 wt.%). This
means that the addition of other metals can be done
up to 5 wt.%, limiting the possibility of reinforcing
the metal by alloying [2]. Object of the study is the
platinum-5 wt.% ruthenium alloy, a widely used
alloy for jewelry manufacture which has good val-
ues of hardness compared with other platinum al-

loys (as can be observed in the graph in Fig.1, with- Experimental

out compromise ductility [3-4].

Besides investment casting, fine jewelry
products can be manufactured also via mechanical
processes: a forged bar is cold rolled and annealed,
and subsequently machined, until the net shape
product is obtained. This procedure allows a

© Abdrakhmanova R.N., Orekhova N.N., Fischer H.-B.,
Abdrakhmanov R.N., Nefedjev A.P., Kossov D.Y., 2019

The samples studied in the present work come
from the industrial process for the production of
platinum watchbands. An example of the final
product can be observed in Fig. 2.

All the samples analyzed are derived from a single
sample of platinum-ruthenium alloy in the annealed
state, with homogeneous grain size and equiaxed
distribution (Fig. 3), and a hardness of 185 HV. The
nominal composition of the alloy is reported in Tab.1.
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Tab. 1
Composition of the Pt950Ru alloy

COMPOSITION
Pt 95%
Ru 5%

24017

Microhardness HV

I T T
o s 10
% of alloying element

G—i

Fig.1. Micro-hardness evolution with different
alloying elements in platinum alloys

Fig. 2. Example of watchbands in Pt950Ru alloy

54

at the end of the production cycle

Fig. 3. Microstructure of the starting sample, 100x

The original thickness of 1,6 mm has been re-
duced to 0,48 mm by a cold rolling process, in order
to achieve a reduction of 70%. This percentage of
reduction was used for two main reason: it is in line
with the common production processes, and allows
recrystallization phenomena.

Once cold rolled, the material has been cut in
several pieces. The pieces have been heat treated in
a furnace with scheduled time and temperature. The
low dimensions of the samples make almost negli-
gible heating time of the single piece.

After the heating process, the samples have been
guenched in ambient temperature water.

Later, the samples were polished with standard
metallographic technique, and microhardness test
have been conducted using microVickers 0.5 scale
with a Leitz micro indenter.

The etching of grain boundaries has been per-
formed by immersing the samples in boiling aqua
regia for 15 minutes. The optical microscope (OM)
observation was performed with a Leica DMRE mi-
Croscope.

Results and discussion

The samples were heat treated at 950 °C,
1000°C and 1050°C for 10, 15 and 20 minutes and
the results in term of microstructure and hardness
properly evaluated.

In Fig. 4 can be observed the optical micro-
graphs of the samples heat treated at 950°C for dif-
ferent treatment times. It can be observed that at
these temperatures no evident recrystallization phe-
nomena occurs for 10 (Fig. 4a) and 15 (Fig. 4b)
minutes. Only after 20 minutes (Fig.4c) recrystalli-
zation is partially observed. In all the treatment
times the grains resulted still oriented in the rolling
direction. Hardness values of the samples decrease
to 200 HV (Tab. 2) due to the recovery process, but
this is not sufficient to permit the subsequent se-
quences of plastic deformation.
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a) b)

Fig. 4. 950°C and: a) 10 min; b) 15 min; ¢) 20 min. 100x

P
Fig.5. 1000

At 1050°C the kinetic of recrystallization result
substantially faster than the 1000°C one, leading to
an irregular grain growth as shown in Fig.6. For this
reason, it was decided not to take into account a
detailed analysis of the samples annealed for longer
periods.

°C and: a) 10 min; ) 1

Tab. 2
Hardness values
HARDNESS VALUES (HV 0.5)
10 min 15 min 20 min
950°C 210 206 204
1000°C 150 140 135
Tab. 3
Grain size average values
GRAIN SIZE (pm)
10 min 15 min 20 min
950°C Not Not Not
recrystallized | recrystallized | recrystallized
1000°C 35 45 70

When heat treated at 1000°C, the sample
completely recrystallizes in the first 10 minutes
(Fig.5a). The new grain is fine and equiaxed
(average grain size 35 um as reported in Tab.3), and
it is not possible to recognize the orientation of the
rolling process. After 15 minutes (Fig.5b and
Tab.3) the average grain size results increased to 45
pm, and after 20 minutes (Fig.5c and Tab.3) it

min; ¢) 20 min. 100X
reaches an average value of 70 pm. Likewise, the
grain growth, hardness decreased from 150 HV to
135 HV (Tab.2), proving that the complete
recrystallization occurred.

Fig.6. 1050°C and 10 min. 100x

The evolution of the mechanical properties, in
terms of micro-hardness, with the treatment time is
summarized in Fig.7. It can be observed both for
950 and 1000°C samples a decrease in the hardness
in comparison with the reference value of the
untreated sample. However, for the sample treated at
1000°C the decrease in the hardness in more
significant. This behavior can be attributed to the
fact that at 950°C only recovery occurs as confirmed
by the micrographs previously reported. Instead at
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1000°C complete recrystallization phenomena can
be observed with the optimal mix in term of
hardness and grain size obtained for a treatment of

15 minutes.

250 -

200 I

a
S

Hardness HV

o
1S}

untreated

950°C
50

1000°C

o 2 4« & 8 10 1w . w2
Treatment Time [minutes]
Fig.7. Evolution of the micro-hardness

with the treatment time for the samples treated
at 950 and 1000°C

Conclusions

From the comparison of the data collected it has
been possible to identify the optimal conditions in
terms of temperature and treatment time for an
annealing softening treatment on a Pt950Ru alloy.
In order to obtain the complete recrystallization
during the annealing process, it is necessary to use a
temperature of 1000°C: at this temperature the new
grain originated is fine, equiaxed, and its growth is
controllable. As regards the treating time, the 15
minutes sample showed an hardness slightly greater
than the 20 minutes one (140 HV the former, 135
the latter), but a much finer microstructure. An
image at higher magnification of the sample
obtained with optimized treatment conditions can be
observed in Fig.8.

VIIK 621.78

Fig.8. 1000°C and 15 min. 200x
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Annomayus. IlnatnHa sBiseTcs OOHMM W3 HamOolee
LIEHHBIX MeTaisioB B mupe. [lnaruna BcTpewaerca B 15
pa3 pexe 305I0Ta U HAaXOAWT IIUPOKOE NPHUMEHEHUE B
IOBEJIMPHOM  Jlesie  Onarojapsi CBOEH YHUKalbHOCTH,
MIPOYHOCTU U HeHTpanbHOMY IBeTy. CTaHIapTHBIN COPT
IUTaTUHBI, TIPUMEHAEMBIH B IOBEJIUPHOM OTpaciu, - 3TO
wratuHa 950 mpoOsl. Ha camoMm nene m3menus u3 9ucToit
IUIATUHBI JIETKO MOBPENUTh H3-32 HMX HEIOCTATOYHOMN
TBEPIOCTH, CBS3aHHON C BBICOKOH CTENEHBIO YUCTOTHI
Metama. Cpemu BceX WMMEIOIUXCST MPOMBIIIICHHBIX
CIUIAaBOB HAWIYYIIUMHM MEXaHWYECKHUMHU CBOIicTBamMH 00-
nanaet cucrema Pt-Ru. Llensto HacTosmel paboThl sSBIS-
eTcsl OmpefiefieHHe WHACaIbHOI0 peXHuMa CMsArdaromei
TepMHUIECKON 00pabOTKH C TOYKH 3pEHHUS BPEMEHH U
Temnepatypbl. Takas TepMooOpabOTKa JOJDKHA BBIIIOJ-
HATH JIBE€ OCHOBHBIE 3a/1a4d: CIIOCOOCTBOBATH 3aBepIle-
HUIO TIpoLecca PEeKPUCTAINIM3ANK 00pa3ia 1 MoJroToB-
Ke MaTepuaja K MOCJIEIyIoUEeMy 3Tally HHTEHCHUBHOMN
nedopManuy 3a CYET BOCCTAHOBJIICHHS CBOMCTB TOBBI-
LICHHON BSI3KOCTH U PABHOOCHOW MHKDPOCTPYKTYPBI; U B
TO € CaMoe BPeMsI CIIOCOOCTBOBATh OOPA30BAHHUIO MEII-
KO3CPHHUCTOH CTPYKTYpHI Ul HCKIIOYEHUS OOpaTHOTO
3cTeTHIeCKOro 3((eKTa, BO3HUKAIOIIETO, KOTa pa3Mep
3epeH MEePeCcTaeT U3MepATbCA B MUKpoMeTpax. M3-3a ero
PEAKOCTU B JIUTEPATYPE HAXOAATCA JIUIIb HEMHOI'UE

YIIOMHHAHUS O paccMaTpuBacMoM ciiase. s ompene-
JICHWsI ONTHUMAIBHBIX IapaMeTpPOB TEPMOOOPaOOTKH He-
CKOJIBKO 00pa3IoB OBUIM TOABEPTHYTH TEPMUYECKOM
00paboTke MpH pa3IUYHON TeMIeparype M pa3In4HOM
BpeMeHn o0paboTku. [locne sToro obpasupl ObUIH H3Y-
YeHBl Ha ONTHYECKOM MHKPOCKOIE U MUKPOTBEpJOMEpE,
C TIOMOIIBI0 KOTOPBIX OBUIM TOJYYEHBI H300pa’KeHHS
MHUKPOCTPYKTYPHI U JaHHBIE O TBepAocTH. OOpa3isl OBI-
IM TOABEPTHYTHl TPEM pPAa3IMYHBIM TEMIIEpaTypHO-
BPEMEHHBIM peXuMaM TepMooOpaboTku. beutn obHapy-
JKCHBI 3HAYMTEJbHBIC DPa3IM4Ms MEXKAY 0oOpa3uamu Io
MEXaHWYECKUM CBOICTBaM U pasMepy 3epeH. CpaBHEHUE
MOJYYSHHBIX JaHHBIX MOMOTAeT JIydlle MOHSTH IOBeJe-
HHE CIUIaBa B YCJIOBHAX peKpUCTaIM3anuu. B wurore
OBUTO YCTAaHOBJIEHO 3HAYUTEIFHOE N3MEHEHHE TUHAMHKH
nporecca pPeKpUCTAIM3ALUA [P OTHOCHUTEIBHO He-
OOJIBIINX M3MEHEHMAX TEMIICPATyphl. Y CTAHOBIECHO, YTO
ONTHMANIBHBIN PEXUM TepMOOOPAOOTKH, MO3BOJISFOLIMNA
MOJIYYUTh MEJIKYIO0 PEKPHUCTAINIM30BAHHYI0 MUKPOCTPYK-
Typy U TpeOyeMble MeXaHH4YEeCKHe CBOICTBA, MopazyMe-
BaeT 00paboTky mpu Temmeparype 1000°C B Teuerne 15
MHUH.

Knrwouegvle cnosa: TUIATHHOBBIA CIUIaB, CMATYaomias
TepMO0OpPabOTKa, IOBENMpPHBIE YKPAIICHHS, MHUKPOTBEP-
JIOCTh, MUKPOCTPYKTYpa
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EFFECT OF THE COOLING RATE ON PHASE TRANSFORMATIONS
IN A SURFACE-ALLOYED LAYER OF STEEL

Ivanov Yu.!, Klopotov A.2, Teresov A%, Petrikova E.}, Shugurov V., Song G.2, Tang G.*, Gromov V.*

YInstitute of High Current Electronics, the Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia
*Tomsk State University of Architecture and Building, Tomsk, Russia

*Tsinghua University, Shenzhen, China

“Siberian State Industrial University, Novokuznetsk, Russia

Abstract. Surface alloying of AISI 420 steel was carried out in a single vacuum cycle, and consisted of spraying a thin
(0.5 um) film of Zr-Ti-Cu alloy by electric arc spraying of a cathode of the composition Zr-6 at.% Ti-6 at.% Cu, and the
subsequent irradiation of the “film (Zr-Ti-Cu alloy) / (AISI 420 steel) substrate” system with an intense pulsed electron
beam. It is shown that the concentration of zirconium in the surface layer of steel decreases with an increase in the en-
ergy density of the electron beam (Eg). It is established that formation of a surface alloy is accompanied by the follow-
ing: formation of a cellular crystallization structure (the average cell size increases from 150 nm at Es = 20 J/cm? to 370
nm at Eg = 40 J/cm?); decomposition of a solid solution with the release of zirconium carbide particles (particle sizes
increase from (10-15) nm at E5 = 20 J/cm?® to (30-40) nm at Es = 40 J/cm?). Particles of the carbide phase based on
chromium of the composition Cr3;C,, Cr,C3z and (Cr, Fe),3Cs, along with zirconium carbide particles, are revealed upon
the irradiation of the “film (Zr-Ti-Cu alloy) / (AISI 420 steel) substrate” system with an intense pulsed electron beam
(Es = 40 J/cm?). Chromium carbide particles have a round shape; their sizes vary from 40 nm to 60 nm. The authors
analyzed phase transformation diagrams taking place under equilibrium conditions in Fe-Zr-C; Cr-Zr-C; Fe-Cr-Zr sys-
tems. It is established that ultra-high cooling rates that occur during the irradiation of the “film (Zr-Ti-Cu alloy) / (AlSI
420 steel) substrate” system with an intense pulsed electron beam impose limitations on the formation of phases of the
intermetallic type. It is assumed that the formation of predominantly carbide phases in the surface layer of the material

is due to high mobility of carbon atoms in steel.

Keywords: AISI 420 steel, electron beam processing, structure, phase composition.

Introduction

Formation of surface alloys is one of the meth-
ods for substantial improvement of the structure of
parts and products, as well as an increase in their
service life. This approach avoids the use of expen-
sive, highly alloyed materials which require signifi-
cant financial and energy costs, both during the pro-
duction and processing of parts and products. A
promising method for formation of surface alloys is
the combined treatment, which includes the deposi-
tion of thin films of alloying elements and the sub-
sequent irradiation with concentrated energy fluxes
(laser radiation [1, 2], high-intensity electron [3-5]
and powerful ion [6, 7] beams, plasma flows and
jets [8-11]). A vacuum-arc method based on the
generation of highly-ionized metal plasma flows
with an arc discharge is often used for deposition of
films [12, 13]. Coatings are formed as a result of
condensation of plasma flow of the eroding cathode
material on the sample surface. Almost any metal,
alloy, or metal-based composite can act as a cathode
material. The high degree of vacuum arc plasma

© lvanov Yu., Klopotov A., Teresov A., Petrikova E.,
Shugurov V., Song G., Tang G., Gromov V., 2019
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ionization (20-100)% and the ability to adjust the
parameters of the coating synthesis process over a
wide range (working gas pressure, discharge current,
bias voltage, etc.) allows to regulate the elemental
composition and the structure of condensates [12].

The purpose of this paper is to analyze phase
transformations taking place during surface doping
of steel with an intense pulsed electron beam.

Material and research methods

Samples of high-chromium steel AlISI420 (0.25
C, 13 Cr, 0.6 Si, 0.6 Mn, 0.6 Ni, <0.025 S; <0.03 P,
remaining Fe, wt%) were chosen as a material of the
study [14]. The samples had the plate-like shape
with the dimensions of 15x15x5 mm. Complex
modification of the structure and properties of AISI-
420 steel samples was carried out on the laboratory
installation “COMPLEX”, developed and manufac-
tured at the Institute of High Current Electronics,
Siberian Branch of the Russian Academy of Scienc-
es (ISE SB RAS) [15]. The first stage of modifica-
tion included formation of a metallic film on the
surface of steel samples as a result of condensation
of plasma flow of the eroding cathode material. The
cathode of the composition Zr-5 at. % Ti-
5 at. % Cu, manufactured using methods of powder
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metallurgy, was used as the spray material. Second
stage included the irradiation of the system “film
(Zr-Ti-Cu alloy) / (AISI420 steel) substrate” with an
intense pulsed electron beam under the following
parameters: electron energy was 17 keV; energzy
density of the electron beam was (20-40) J/cm*;
pulse duration of the electron beam was 200 ps; rep-
etition rate and the number of pulses was 0.3 s™ and
3, respectively. The elemental and phase composi-
tion, and the state of the defective substructure of
the modified surface were analyzed using methods
of scanning (device SEM-515 “Philips”) and trans-
mission (device EM-125) electron microscopy.

Results and discussion

The main elements of the surface-doped layer are
Fe, Cr, Zr, and C. Based on the study of the phase dia-
grams of Fe-Cr-Zr, Cr-Zr-C, and Fe-Cr-C systems ob-
tained under equilibrium conditions we shall analyze
phase transformations in the given alloy.

System Zr—Cr—C. Binary diagrams and the iso-
thermal section of the ternary diagram of the system
Zr—Cr—C at a temperature of 1300°C are shown in
Fig. 1 [16]. Formation of a large number of binary
compounds as well as a ternary compound based on
the binary compound ZrxC, x with a limited homo-
geneity region is possible in this system. The ternary
system Zr—Cr—C is characterized by the absence of
single-phase regions of ternary compounds of the
type Cy_xCry_yZrx.y within the isothermal triangle.

System Fe-Zr-C. Binary diagrams and the iso-
thermal section of the ternary diagram of the system
Fe-Zr-C are shown in Fig. 2. This system is charac-
terized by formation of binary compounds only [17].

System Cr-Fe-Zr. In the system Cr-Fe-Zr
(Fig. 3), ternary compounds based on binary com-
pounds begin on two sides of the isothermal triangle
Fe-Zr and Cr—Zr in the form of wide homogeneity
regions with stoichiometric compositions ZrFe,
(Laves phase with a structure C15) and ZrCr, (Laves
phase with the structure of C14), respectively [18,
19]. An extended region of the existence of a ternary
compound inside the isothermal triangle y-Zr (Cr,
Fe), with the Laves phase structure C14 has been es-
tablished. This compound is conjugated to two ter-
nary compounds based on ZrFe, and ZrCr, (Fig. 3).

The analysis presented in Fig. 1 — Fig. 3 of bina-
ry and ternary state diagrams indicates the possibil-
ity of formation under equilibrium conditions of
carbide phases of various composition and Laves
phases. It should be expected that ultrahigh cooling
rates of the material initiated by irradiation with an
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intense pulsed electron beam of the system “film
(alloy Zr-Ti-Cu) / (steel AISI420) substrate” will
have a significant effect on phase transformations of
the material.

The elemental composition of the surface layer
of the modified steel was studied using methods of
micro-X-ray spectral analysis. It has been estab-
lished that the relative content of chromium in the
surface layer of the irradiated system “film (Zr-Ti-
Cu alloy) / (AISI420 steel) substrate”, regardless of
the energy density of the electron beam, varies from
12.5 wt. % to 13.1 wt. %, which is close to chromi-
um content in the initial material. The relative con-
tent of zirconium decreases from 2.0 at% to 0.6
atomic% as the energy density of the electron beam
increases from 20 J/cm? to 40 J/cm?. A decrease in
the concentration of zirconium evidently indicates
the diffusion of zirconium atoms into the volume of
steel, i.e. formation of the surface alloy upon the
irradiation of the system “film (Zr-Ti-Cu alloy) /
(AIST420 steel) substrate” with an intense pulsed
electron beam.

The phase composition and the defective sub-
structure of the surface layer formed upon the irra-
diation of the system “film (Zr-Ti-Cu alloy) /
(AISI420 steel) substrate” with an intense pulsed
electron beam were studied using methods of
transmission electron diffraction microscopy. It has
been established that steel doping with elements of
the film (Zr-Ti-Cu) leads to formation of a poly-
crystalline structure based on a-iron in the surface
layer, irrespective of the electron beam irradiation
parameters (Fig. 2, a). The grain substructure is
represented by high crystallization cells (Fig. 4).
The average size of crystallization cells significant-
ly depends on the irradiation parameter and in-
creases from 150 nm at Es = 20 J/cm? to 370 nm at
Es = 40 J/cm?. It is obvious that the reason for the
growth of crystallization cells is a decrease in the
cooling rate of the material with an increase in the
energy density of the electron beam. The volume
of crystallization cells contains a dislocation sub-
structure in the form of chaotically distributed dis-
locations (Fig. 4, b).

Particles of the second phase are located along
the boundaries of cells, rarely in the volume of cells.
The particles have a round shape, and their particle
size varies from 15 to 35 nm. Indication of microe-
lectronograms shows that these particles are zirco-
nium carbide (Fig. 5). In rare cases, particles of a
complex carbide of the type M,3Cq are found in the
structure of the surface layer of steel.
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Figure 1. State diagrams of systems C-Zr, C-Cr, Cr-Zr and the isothermal section of the ternary system
Zr—Cr—C at a temperature of 1300°C [16]
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o

Figure 4. Electron microscopic image of the surface layer structure of the system “film (Zr-Ti-Cu alloy) /
(AISI420 steel) substrate”, subjected to irradiation with an intense pulsed electron beam (18 keV, 40 J/cm?,
200 microseconds, 3 pulses; 0,3 5.
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Figure 5. Electron microscopic image of the structure of the surface layer of the system “film (Zr-Ti-Cu
alloy) / (AISI420 steel) substrate” subjected to irradiation with an intense pulsed electron beam (18 keV, 30
Jlem?, 200 microseconds, 3 pulses; 0,3 s-); a is the bright field; b is the dark field obtained in the reflex
[002] ZrC; c is the microelectronogram (the arrow indicate the reflex in which the dark field is obtained).

Analyzing the results obtained in the study of
the system “film (Zr-Ti-Cu alloy) / (20X13 steel)
substrate” using methods of diffraction electron mi-
croscopy and the results in Fig. 1 and Fig. 3, it can
be stated that ultra-high cooling rates, occurring in
the process of material treatment with an intense
pulsed electron beam, allow to form only carbide
phases in the surface layer of the material, i.e. phas-
es, one of whose elements (namely carbon) possess-
es high mobility in steel. The carried out studies did
not reveal any compounds of the intermetallic type.

Conclusion

It has been shown that irradiation of the system
“film (alloy Zr-Ti-Cu) / (AISI420 steel) substrate”
with an intensive pulsed electron beam is accompanied
with the following: formation of a surface alloy, whose
concentration of doping elements (Zr) decreases with
an increase in the energy density of the electron beam;
formation of a cellular crystallization structure; de-
composition of a solid solution with a release of zirco-
nium carbide and chromium carbides particles.

The analysis of transformation phase diagrams
occurring under equilibrium conditions in systems
Fe-Zr-C; Cr-Zr-C; Fe-Cr-Zr has been carried out. It
has been established that ultra-high cooling rates,
taking place during the irradiation of the system
“film (alloy Zr-Ti-Cu) / (AISI420 steel) substrate”
with an intense pulsed electron beam, impose cer-
tain restrictions on phase formation in these sys-
tems. Methods of diffraction electron microscopy
have allowed to reveal formation of predominantly
carbide phases in the surface layer (i.e. phases, one
of whose elements (namely carbon) possesses high
mobility in steel). The carried out studies did not
reveal any compounds of the intermetallic type.
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BIUAHWE CKOPOCTU OXNAXAEHUA HA ®A30BbIE MPEBPALLEHUA
B MOBEPXHOCTHO JIETMPOBAHHOM CJIOE CTAINN

UBanos 10.®.%, Kinonoros A.A 2, Tepecos A.JL., ITerpuxosa E.A.", Illyrypos B.B.}, Conr I3, Tanr '3, I'pomos B.E.*
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Annomayus. B eHOM BaKyyMHOM IMKJIE OCYIIIECTB-
JIEHO IOBEPXHOCTHOE JierupoBanue cranu AlSI420, 3akmo-
Yarolieecs B HalblJIeHNH TOHKOH (0,5 MKM) IUICHKH CIIIaBa
Zr-Ti-Cu 31eKTpoIyroBbIM PACIIBUICHHEM KaTo/a cOCTaBa
Zr-6 ar.% Ti-6 ar.% Cu u mocnenyromieM O0JydeHHH CH-
creMbl «mteHka (criaB Zr-Ti-Cu) / (crams AISI420) moa-
JIO)KKa» MHTEHCHUBHBIM HMITYJILCHBIM 3JIEKTPOHHBIM ITyd-
koM. [lokazaHo, YTO ¢ POCTOM IIOTHOCTH HEPTUH ITydKa
9nekTpoHOB (Es) KOHIEHTpanuy IMPKOHHS B IOBEPXHOCT-
HO CJIOE CTaJId CHIDKAETCsl. Y CTaHOBIICHO, YTO (DOPMHUpOBaA-
HHE TIOBEPXHOCTHOTO CIUIABa COIPOBOKIAETCS, BO-TIEPBBIX,
0o0pa3oBaHMEM CTPYKTYpPBl SYEUCTONW KPUCTAILIM3AIMN
(cpenuwmii pazmep siueek yBeanmuuBarotcs ot 150 uM nipu Eg
=20 Z[)K/CM2 10 370 am mipu Eg = 40 I[)K/CMZ); BO-BTOPBIX,
NPOTEKaHWEM pacriajia TBEPJIOr0 pacTBOpa C BBIACICHUEM
YacTuIl KapOuaa IMpKoHMs (pa3Mephl YacTHIl YBEINYMBa-
forest ot (10-15) um nmpu Es = 20 Jhx/em® 10 (30-40) HM
npu Es = 40 JT/cm?). TTocre 06Ty deHns CHCTEMbI «IIIeHKA
(crutaB Zr-Ti-Cu) / (crans AISI420) moioKKa» HHTEHCHB-

HBIM HMIYIBCHBIM 3JeKTpoHHBIM myukom (Es = 40
I[)K/CMZ) Hapsy C YacTHUIAMH KapOWa IMPKOHHS BBISB-
JSIIOTCSL YacTUIIBI KapOMAHOHM a3kl HA OCHOBE XpoMa CO-
craBa CrzC,, Cr;C; u (Cr, Fe)yCs. YacTuiml kapOHIOB
XpoMa UMEIOT OKPYTIIyI0 (hOpMYy, pasMepbl HX U3MEHSIOTCS
B npenenax oT 40 1o 60 HM. BeimonHeH aHamm3 (azoBBIX
JarpaMM TPEBpAIeHUH, MPOTEKAONMX B PaBHOBECHBIX
yenoBusix B cuctemax Fe-Zr-C; Cr-Zr-C; Fe-Cr-Zr. Ycra-
HOBJICHO, YTO CBEPXBBICOKHE CKOPOCTH OXJIAXKACHWHS, pea-
JU3YIOIIMecss TpU OOMYyYeHWH CHUCTEMBI «IUIeHKa (CIUiaB
Zr-Ti-Cu) / (cramp AISI420) mOMIOKKa» HHTECHCHBHBIM
WMITYJIbCHBIM 3JIEKTPOHHBIM IyYKOM, HaKJIaJblBAIOT Orpa-
HHYEHUs] Ha oOpa3oBaHHE (a3 MHTEPMETAJUTHIHOTO THIIA.
BrickazaHO TpeAroNoKeHne, 4T0 (OPMHPOBAHHE B TIO-
BEPXHOCTHOM CJIO€ MaTephajia IMPEUMYIIECTBEHHO Kap-
O6umHBIX (a3 00yCIIOBIEHO BHICOKOH MOBIDKHOCTBIO B CTa-
JIM aTOMOB YTJIepo/ia.

Kniwouegvte cnosa: crans AlSI-420, smexTpoHHO-
My4KoBast 00paboTKa, CTPYKTYpa, (ha3oBbIi COCTAB.

MocTynuna 12.02.18
[MpuHsTa B neyatb 16.04.18

Oopa3en 111 TUTHPOBAHUS

Ivanov Yu., Klopotov A., Teresov A., Petrikova E., Shugurov V., Song G., Tang G., Gromov V. Effect of the cooling rate on phase
transformations in a surface-alloyed layer of steel / Bectark MarHuToropckoro rocyaapcTBEHHOro TeXHHYeCKoro yHusepeutera um. .M. Hocosa.
2019. T.17. Nel. C. 58-63. https://doi.org/10.18503/1995-2732-2019-17-1-58-63

For citation

Ivanov Yu., Klopotov A., Teresov A., Petrikova E., Shugurov V., Song G., Tang G., Gromov V. Effect of the cooling rate on phase
transformations in a surface-alloyed layer of steel. Vestnik Magnitogorskogo Gosudarstvennogo Tekhnicheskogo Universiteta im. G.I. Nosova [Vest-
nik of Nosov Magnitogorsk State Technical University]. 2019, vol. 17, no. 1, pp. 58-63. https://doi.org/10.18503/1995-2732-2019-17-1-58-63

www.vestnik.magtu.ru

63



MATEPUAJIOBELEHNE N TEPMUYECKASI OBPABOTKA METAJI/I0B

VIIK 621.778

BJIUSAHUE OCOBEHHOCTEHA ®OPMUPOBAHMUS
T'PAJIUEHTHOM CTPYKTYPHI TP MHTEHCUBHOM
IJIACTUYECKOM JJE®OPMAIIUM CIIIABOB

C PA3JIMYHBIMU TUIIAMU KPUCTAJNJINYECKOM PEIIETKH

https://doi.org/10.18503/1995-2732-2019-17-1-64-75

Paa6 M., Kogupos W.C.Y, Anemmn I H.}, Paa6 A", Ilenes H.K.?

1Y(1)1/IMCKI/H71 rOCyIapCTBEHHBII aBHAIIMOHHBIN TEXHHUYECKUH yHIBEpcHuTeT, Y da, Poccus
2y (huMCKHii TOCYIapCTBEHHEIN He(TAHOM TeXHIYecKnit yauBepenTert, Yda, Poccus

Annomayusn. TloctaHoBKa 3a1a4yu (AKTYaJBHOCTH pPadoThl): B cTarthe ommcansl 0COOGHHOCTH M TOTCHIIHAIBHBIC
npeuMymiecTsa aehopmanyu MerogaMu BojoueHus co caBurom (BcC) m MHTEHCHBHOM ImacTHdeckod nedopmannu
(UITAK) B TemmepaTypHOM HHTepBajie ¢ dekra auHamuueckoro nedopmannonHoro crapenus (J1/1C), xoropsle mo3-
BOJISIFOT MOJIy4aTh BBICOKHH KOMIUIEKC (PM3UKO-MexaHnueckux cBoHCTB. Llesab padoTsl: VccnenoBanue u aHamm3 oco-
OCHHOCTEH CTpyKTypooOpa3oBanus npu coBMectHoM neiictBun UITJ] u adpdexra JC npu nehopMupoBaHun METOa-
MU BOJIOYCHHS CO CBHI'OM M MHTCHCHUBHOM IIACTHYECKOH neopMaIuy KpydeHHEM, YCTaHOBJICHHE 3aKOHOMEPHOCTEH
pu 00pa30BaHWM TPaJUEHTHOH cTpykTypsl. McmoJib3yemble MeToabl: 1. KommbeioTepHOe MonenmpoBaHHE B IPO-
rpamMHO# cpene Deform 3D ¢ menpio BBISBICHUS HANPSDKEHHO-Ie(OPMHUPOBAHHOTO COCTOSTHHS Ha MaTepualax ¢ pas-
HBIMHU THUIIAMH KpucTamnyeckux pemerok: Meap M1 (I'IK), crane 10 (OLK) u tutan BT1-0 (I'TIY) u naneHeiimero
COTIOCTABJICHHUS C SKCIIEPUMEHTAJIBHBIMH JAaHHBIMU. 2. V3MepeHne MUKpOTBepAoCTH 3. PacTpoBas u nmpocBednBaronas
anekTpoHHast Mukpockonusi. HoBusna: K aeMeHTaM HOBU3HBI OTHOCUTCS UCClIeIOBaHHE coBMecTHOro naeicTBust UITJ]
u 3¢pdekra JJJIC Ha GopMHpoBaHHE TPAIUCHTHONH CTPYKTYPHl M MEXaHHUYCCKHE CBOMCTBA METAUIOB C Pa3IHMYHBIMU
KPHUCTAJUIMYECKUMH pemeTkaMu. Pesyabrar: B crarthe mpuBeneHB! pe3yiabTaThl MCCICAOBAHUM MO (HOPMHPOBAHUIO
CTPYKTYpBI B IpoLiecce HEMOHOTOHHOI IIaCTHYECKOH nedopmManuu ciuiaBoB (ctanb 10, Meab, THTaH) ¢ pa3IHIHBIMU
TUNaMU KpucTaumueckod pemérku metogoM BceC, a taxke PKVII u UITJAK HU3KOYI/IEpOAUCTON CTaId B YCJIOBUSAX
neiictus ¢ dexra JJC. [Ipoananu3zupoBaHbl MeXaHU3MBI JAeGOopMaIi U 0COOCHHOCTH e(hOPMAIMOHHOTO MOBE/IC-
HUS Ha ME30YpPOBHE IIPH PA3IMYHBIX peKUMax AedopMaloOHHON 00paboTKH. Y CTaHOBIEHBI TeMIepaTypHbIe HHTEpBa-
nbl iposiBienust addexra JJIC npu nedopmanun cranu 10 npu PKYII u daxt dpopmupoBaHus rpaiueHTHON CTPYKTY-
pet npu UIIJIK B 31X ycnoBusx. IIpakTuyeckas 3HAYUMOCTh: Pe3ynbTaThl HCCIEIOBaHUS MOTYT OBITH HCIIOJIB30Ba-
HBI JJT51 TIOJTYYEHUS TaHHBIX TIPU BBEIOOPE ONTUMAIFHOTO pekuMa edopMamoHHo# 06pabdotku ¢ addexrom AJC.

Knrouesvie cnosa: nHTEHCUBHAS TDIacTHYECKas NedopManus, HHTCHCUBHAS TIacTHYecKas nedopManus KpydeHueM,
BOJIOYCHHE CO CIBHTOM, THHAMHYECKOe AepopManroHHOe cTapeHue, cranb 10, mens M1, tutan BT1-0, kommbroTep-
HOE MOJICIMPOBAHUE, HAMPSHKCHHO-1e()OPMUPOBAHHOE COCTOSIHIE, MUKPOCTPYKTYPA.

XpYIKHMH M Pa3pylIaThCsl NPU PACTSDKEHUH, Ove-

Beenenne BUJIHO, BCJIC/ICTBUE JIOKATM3ALUH e(POPMAITHH.

TpeOoBaHuss K CBONCTBAM KOHCTPYKIIMOHHBIX
MaTepUajoB B COBPEMEHHBIX YCIIOBHUSX CTAHOBSITCS
Oonee BeicokmMH W auddepeHrpoBanHbEIME. B
MEPBYIO OYEPelib, 3TO OTHOCUTCS K OTBETCTBCHHBIM
METaJUTMYCCKAM HW3JETUsIM, paboTalomuM B 3JKC-
TPEMAIILHBIX YCIOBHUAX JKCIUTyaTalldd B a3pOKOC-
MHUYECKON, XUMHUYECKOM, MEAMIIMHCKOM U Ipyrux
OTpaciiaxX MNPOMBIIICHHOCTH. OAMH W3 METOJ0B
MOBBIIIICHUST TPOYHOCTA MATEPHAJIOB COCTOHUT B
YMEHBIIIEHUU Pa3MEPOB KPUCTAILITUTOB OT MUKPOH-
HBIX JI0 HaHopa3MepoB. [lonydeHHbIE TakuM 00pa-
30M MaTepuajbl, HANpUMEp HAHOCTPYKTYPHBIM
QTFOMUHHUN WX MEJlb, MOTYT CTaTh TBEPkKE BHICOKO-
MPOYHOH CTaM, HO 3TH MaTepuajbl OyIyT OYEHb

© Paab6 I'.1., Kogupos U.C., Anemun [.H., Paa6 A.T".,
Ilenes H.K., 2019

OnmHMM W3 TIPHEMOB, TO3BOJISIONIMX TOBBICUTH
AKCIDTYyaTallMOHHBIE XaPAKTEPUCTUKH W3ICINH, SBIIS-
€TCsl WCIOJIb30BaHNE METAJUIMYECKHX MAaTepualioB C
TpaJeHTHON CTpYKTYypoi [1-5]. Kak Opu1O ycTaHOB-
JICHO, TPAJUEHTHBIE MHUKPOCTPYKTYPHI, B KOTOPBIX
pasMep 3epHa BO3pacTaeT OT HaHOPa3MepOB Ha IO-
BEPXHOCTH JI0 KPYITHO3EPHUCTOTO COCTOSHHSI B IICH-
Tpe [3aroToBKH], SBISIOTCSA 3()(HEKTUBHBIM MOIXOI0M
K MOBBIIICHHIO TUIACTUYHOCTH U3/IeNHs B LieIoM [4-6].

B nocnenHue roapl Mcciiea0BaHuEe TPAIUEHTHBIX
CTPYKTYPHBIX COCTOSTHUH B METANIMYECKUX MaTepu-
anax c(hopMUPOBAIOCH B HOBOE HAyYHOE HaIpaBlie-
Hue [6-8]. B 3THX paMkax NOpeACcTaBiseT HHTEpEC
uccienoBanrie (GOPMUPOBAHUS TPAIUEHTHBIX CTPYK-
TYp B JJMHHOMEPHBIX METAJUIMYECKHX H3ICTHIX
(mpyTtkax, monocax). Coderanue Oonee TBEPABIX I0-
BEPXHOCTHBIX CJIOEB C OTHOCHTENBHO «MSTKON»
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CEpALEBUHON B TAaKUX H3ICIUSIX TO3BOJISCT YBEJIH-
YUTh H3HOCOCTOMKOCTH, paclpeieisiTh HarpyskH,
pelakCupOBaTh KOHIIEHTPATOpaM HANpsLKEHUH U T10-
BBICUTB TUIACTUYHOCTD M3/ENHs B 1eJioM. B kadecTse
npuMepa cliefyeT yKa3aTh HCIIOJIb30BaHWE HEMOHO-
TOHHOH CIBHUTOBOM medOopMamydyd BOJOYCHHEM CO
CIBUTOM TIPYTKOB HHM3KOYTJIEPOAMCTON CTalH, MpH-
BOJSIILICH K OOpa3oBaHUIO TPAAMEHTHON CTPYKTYPHI
BIUIOTh 10 (OPMHPOBAHHUS HAHOCTPYKTYPHBIX TIO-
BEPXHOCTHBIX CJIOEB CO CBEPXBBICOKON MHUKPOTBED-
nocteio (HV ~ 7 I'Tla) 1 k 3aMeTHOMY TMOBBILICHHIO
u3HococTokoctH [9, 10].

CoueTanue CTPYKTYpPHOUW T'PaJIMEHTHOCTH H TIPO-
SIBIICHHUST Jpyrux 3¢ QEeKToB, HANpUMEp IUHAMUYE-
ckoro nedopmanuontoro crapenust (JAC [11, 12]),
MOJKET TIPEACTABIATh WUHTEPEC IS YIPABICHUS JIO-
KaJTbHBIMHA CBOMCTBAMH W3ACIUNA. YUYMTHIBAs, YTO
sadpdexr AJIC nposBisiercs: npu GOPMUPOBAHUN YITb-
TPaMEJKO3EpHUCTBIX M HAaHOCTPYKTYPHBIX COCTOSI-
Huil [13] ¢ 3aMETHBIM TMOBBIIIIEHUEM MTPOYHOCTH, CO-
3[aHUE TPaAUEHTHBIX CTPYKTYpP Pa3MEpPHOCTBIO OT
HAHOJIMAIa30Ha /10 KPYIMHO3EPHUCTOTO B YCIOBHUSX
JJC umeeT NepcreKTUBY JIOKANbHOIO YIPaBICHUS
CBOWCTBAaMH H3JIENUH U IOTy(haObpHKaTOB.

C y4éroM BBILIEU3I0KEHHOT0, B HACTOSIIEH pa-
00Te mocTaBlieHa 3ajada WCCIeNOBaHMsI OCOOCHHO-
CTel CTPYKTYPHBIX H3MEHEHHH W MEXaHHYECKOTO
MOBCACHUA CIUIaBOB C Ppa3jIMYHBIMU TUIIAMH KpH-
CTaJUIMYECKOW CTPYKTYPHI B MpOliecce HEMOHOTOH-
HOW TIaCTHUYECKO# AedopManyy MeTOIOM BOJIOYe-
HUA CO CABUI'OM, a TAaKKC KPYYCHHUA I10J] BHICOKUM
THAPOCTAaTUYCCKUM NaBJICHUCM HHSKOYFHCPOHHCTOﬁ
CTalld B YCIIOBUSIX AeWcTBUSA 3(dexTa TuHaMHUUe-
CKOTO J1e(hOpMaIMOHHOTO CTapEHUSI.

J7st perreHunst mocTaBIICHHOH 3a1a4n ObIIO HCCITe-
JoBaHO Jie(hOpMHUPOBAHHOE COCTOsIHUE MeTonoB BeC
u UITJK ¢ ucnons30BaHUEM KOMIBIOTEPHOTO MOJE-
JIMPOBaHUA U MPOBCIACHLI (1)I/I3I/IT-ICCKI/IC OKCIICPUMCHTEI.

MartepuaJ 1 METOAMKH UCCIETOBAHNIA

B Hactosmeli pabote uccienoBail MaTepUabl
C Pa3MUYHBIMH THUMIAMHU KPUCTAIIIMYECKON CTPYKTY-
po1 — ¢ OLK (ctams 10), 'K (crutas M1-0) u I'TTY
(cmas  BT1-0) KpuCTaIMUECKUMH pelIETKaMu
CTaHAAPTHOTO XMMHUYECKOI0 cocTana [14].

[epen npoBeneHueM (QU3NYECKUX DKCIIEPUMEH-
TOB 10 JeOpMaOHHON 00paboTKe HCCIeTyEeMBIX
CIIaBOB OBLIO MPOBEJEHO KOMITBIOTEPHOE MOAEIH-
pOBaHME TIPOIIECCOB BOJIOYEHHS CO CIBWUTOM, Tpa-
JUIIMOHHOTO BOJIOYEHHS W KPYUEHHS MO/ BBICOKUM
JTaBIICHHUEM.

1. Bosiouenne co CIBUTOM JJIHHHOMEPHBIX
o0pa3LoB CILUIABOB KeJie3a, MeId U THTAHA

1.1. Komnb1oTepHoe Moe/inpoBaHue Mpouecca
BOJIOYECHHUSA CO CABUI'OM

KommbroTepHOe MoOnennpoBaHre IMporecca Bo-
JIOYCHHUS] CO CABHIOM, a TAaKXK€ TPaJUIHUOHHOTO BO-
JIOYEHUS MIPOBENU Ha pUMeEpe NPYTKOB HU3KOYTJIe-
poauctoii ctamm 10, peosormueckue CBOWCTBA KO-
TOPOH OBUIH 3aJI0’KEHBI TP pa3pabOoTKe YHCICHHON
Mozenu, cornacHo [14, 15]. [Jns peanuzanuu mpo-
HeAypsl MOAETMPOBAHUS UCIIOJB30BAM CTaHIApT-
HBI MakeT mpukiIagaelx mporpamm  (TIITIT)
«DEFORM-3D». C 37Ol 1enp0 OBUIH CO3/IaHBI
o0beMHBIe MOJenH Quiabep (puc. 1) B mporpamm-
HoM nponykre «Kommnac-3D» ¢ paznuuHbIMH yriia-
MU paboueil yacTH.

Puc. 1. Tpexmepnast Mozeib puisep
IUIS BOJIOYEHHUS CO CABUIOM. Bparaercs
9KCIEHTPUKOBAs BOJIOKA

[lepen momenmpoBaHWeM OBLTA TPUHATHI Clie-
JyIolMe JOMYHICHUS K MOJEISM TPaJUIOHHOTO
BOJIOYEHHMS M BOJIOUEHHS CO CIBUTOM:

1. Marepuai 3aroToBKd B HUCXOJHOM COCTOSIHUH
SIBJISICTCS] TUIACTHYHBIM M M30TPOIHBIM, B HEM OTCYT-
CTBYIOT HaYaJIbHbBIC HAIPSDKEHUS U Ie)OpMallHiu.

2. Temmneparypy cpensl AeGOpMHUPOBaHUS TPH-
HuManu pasHo# 20°C.

3. UHCTpYyMEHT siBiIsieTcs aOCONIIOTHO JKECTKUM,
U y4eT TeOMETPUU MHCTPYMEHTA MPOU3BOJMTCS aB-
TOMATHYECKH.

4. JIns MomenupoBaHHs BOJIOUYEHHS M BOJIOYE-
HUSI CO CABUTOM ObLIO BBIOpaHo 150 mraros, y4uThI-
BAIOMIMX TIOJIHOE TPOXOXKICHUE 3ar0TOBKH B (PHIIb-
epax U ToJyueHHe CTa0MILHOTO pe3yibTaTa.

5. 3arotoBka pazouta Ha 55000 Tpaneuenaanb-
HBIX JIEMEHTOB.

6. KoadhduumeHnT TpeHUs MEXIy 3aroTOBKOH H
uHCTpyMeHToM 1o 3uberro 0,12.
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7. Ckopocth BomoueHus 0,95 Mmm/c.

8. Crenienp aedopMaliiy mMociie OQHOTO TPOXO0-
na 15%.

9. CkopocTh BpallleHHs MOJBIKHOW (QHIbEPHI
500 mun™

Ilo pe3ynpraTamM MOIETUPOBAHUS TAKXKE OIpe-
JeNSUd M3MEHEHUS! WHTEHCHBHOCTH HAKOTJICHHOW
IJIaCTHIECKOW nedopmanv A, BIOJIb IUaMETpa
MIOTIEPEYHOTO CEUYEHUS MPYTKOB Iocie AedopmMariu-
oHHOU 00paboTku. CrnenyeT OTMETUTh, YTO Haubo-
Jee 3HAYUMBIMH (DAKTOpamH, BIHMSIOIMMH Ha WH-
TEHCUBHOCTh Je(dOopMallui MpPU BOJOYEHHH CO
CIBHUTOM TNpU KOMHATHOH TeMIepaType, SBISIOTCS
yron ¢uibepbl, CKOPOCTh BOJOYEHHUS, CKOPOCTb
BpalieHusi (GuIbepsl BOKPYT OCH U TpUOOIOTHYE-
CKME MapaMeTpbl KOHTaKTa 3arOTOBKH C HHCTPY-
MEHTOM.

I[HH CpaBHCHUA CXEM BOJIOYCHUA U BOJIOYCHUSA
CO CIBUTOM 3TH INPOLECCHl OBUIM NMPOMOJETUPOBA-
Hel B cpene «DEFORM-3Dy, pe3ynbTaThl KOMIIbIO-
TEPHOTO MOJETHPOBAHUS MPOIIECCOB TPAJAUIOHHO-
IO BOJIOYEHHSI U BOJIOYCHUS CO CABHUIOM IPEACTaB-
JICHBI Ha puc. 2 u 3.

Kak mokazano KOMITBIOTEpHOE MOJIETHPOBAHKE,
nocsie 5 MpoXoJOB TPAAWIMOHHOTO BOJIOYCHHUS Be-
Ju4urHa A JOCTHraer 3HadeHus jguib ~ 0,95 mpu
CPaBHHUTEIBHO OJHOPOJHOM pacHpenesieHnu aedop-
Maruu 1o 00séMy mpyTtka (puc. 2). B 1o xe BpeMs
[OCJIE OJHOTO MPOXOAa BOJOYEHHS CO CIBUIOM
HaOmojaeTcs SIBHO HEOJJHOPOJHOE pacipesieieHue
WHTEHCUBHOCTH jAedopManmu Ap, KOTOpas BO3pac-
TaeT OT LEeHTpa K nepudepur NpyTka U B HPHUIIO-
BEPXHOCTHOM 00JIaCTH JOCTHIAET BEJIWYUHBI Am > 2
(puc. 3). Oror (akT CBUIETEILCTBYET O OoJice WH-
TEHCUBHOM JIe()OpMalMOHHOM BO3IEHCTBUM Ha 3aro-
TOBKY HpPH BOJOYEHHH CO cABUrOM. CTOJNb HMHTEH-
cuBHas JedopMalist MeTaiuia Ipu Takoil 00padboTke
CBsI3aHA C TeoMeTpueil (uibep W YCIOBHSMH WX
BpaIlEHUs OTHOCHTENIHO OCH BOJIOYEHHS. Takum
o0pa3oMm, 3a OJIUH IMKII 00pabOTKH METOJIOM BOJIO-
YEeHUsI CO CJBUIOM BO3MOXKHO TIOJyYCHHE CYIIe-
CTBEHHO OOJIBIIMX 3HAYEHUH WHTEHCHBHOCTU [ie-
(dopmanmu u, clieoBaTeNIbHO, MOBBIILICHUE MPOU3BO-
JITENTLHOCTH TIPOIecca M3rOTOBJICHHS BBICOKOIPOY-
HOW JNTMHHOMEpHOW npoxykuuu. [Ipu sTom HabIrO-
JlaeTcs CHIDKEHHE CHJI BOJIOYEHHS MOYTH B 2 pasza U
HOpPMAaJIbHBIX CHJI Ha WHCTpyMeHTe B 1,8 paza, mo
CPaBHEHHIO C TPAUIIMOHHBIM BostoyeHueM [15-17].

Pe3ynpTaThl KOMIBIOTEPHOTO MOAEIMPOBAHUS
CBHJIETENILCTBYIOT O TOM, YTO IPU BOJIOYEHHH CO
C/IBUTOM B TIPYTKax CILIaBOB ()OPMHUPYETCS Tpajiui-
EHTHasl CTPYKTypa, B KOTOpoH nepudepuiinsie o0-

JIacTU MPYTKOB MOABEpraroTcsi 0ojiee MHTEHCHBHO-
My nedopManuOHHOMY BO3JIEHCTBUIO IO CpaBHe-
HUIO C LIEHTPAIbHBIMU 00JIaCTAMU NIPYTKOB.
MojenupoBaHrue BOJIOUEHHS] CO CIBHUIOM, IpO-
BeACHHOE Ui mpyTKoB cmiaBoB TtuTana (I'TIY) u
Memn (I'LIK), mokasaiio, 9To KapTHHA pacupenese-
HUSl MHTEHCUBHOCTH HAaKOIUIEHHOW IUTaCTHYECKOMN
JedopManiy WIACHTUYHA HAONOJaeMol Ha CTald
10. OgeBunHO, Takash WACHTUYHOCTH OOYCJIOBIIEHA
O0COOEHHOCTSIMH ~ MOJENUPOBAHUS B Cpexe
DEFORM-3D u npuHATBIMH AOMYIICHUSIMH, KOTO-
pble HE YUYUTHIBAIOT Pa3IH4YUil KPHUCTAINYECKON
CTPYKTYpHI CIUIaBOB. M3yueHue BIMSHUS 3TUX pas-
JMYUH HA XapaKTep pacrpeesieHHsl HHTCHCUBHOCTH
HaKOIJICHHOW TUIACTHYECKOH JleopMaliuy sIBISETCS
MIPEIMETOM AATBHENIINX UCCIIEIOBAHN.
IIpoueccrl, mpoucxonsdiiue B MPUIIOBEPXHOCT-
HOU 00JIaCTH MPYTKOB MPHU BOJIOYEHUH CO CIIBUTOM,
MPEACTaBISIIOT CO00 MHTEHCHBHYIO TUIACTHYECKYIO
nedopMaIiio, B KOTOPOM MakKCHMAalbHO BO3EH-
CTBHE CABHTOBOW JieOpMAIMK N0 BIUSHHEM CHIIBI
TPEHUS CO CTOPOHBI IKCIIEHTPUKOBBIX (HIIbEP.

1.2. ®u3uyecKuii IKCIIEPUMEHT: BOJI0YeHUE
€0 CIABUIOM JJIMHHOMEPHBbIX 00pa3L0B CIVIABOB
JKes1e3a, MeIM M THTaHa

Bonouenne co cABUTOM BKIIIOYAET OMEpaIiH
PEAYKIIMOHHON 00pabOTKH, COBMEIIEHHON CO CIIBH-
roM. Peanmmzamus Merona MPOWMCXOIWIIA 1O CXEME
BOJIOYEHHUS 32 CYET NPUIOKEHHS TSIHYIIEH CHIIBI
Yyepe3 JBE TOCJIEN0BATEIbHO DPACIIONIOKEHHBIE KO-
HUYECKHE BOJIOKM C OJHOBPEMEHHBIM BpalleHHEM
oJ1HO¥ u3 BoJIOK [7, 9, 16, 17]. IlpoBenenue nedop-
MAaI[MOHHOTO TpoIecca 00ECTIeunBaeTCs 3a CUeT TO-
r0, 4TO BpallleHUEM SKCIIEHTPUKOBOM BOJIOKH obec-
MEYUBAIOT JOMOJHUTEIbHYIO Je(OpMannio CIBHUTA
MOCPEACTBOM 3a/laHHOTO OTHOCHUTEIBHO OCH Bpa-
IICHUS DKCIICHTPUCHUTETa, OOpa30BaHHOTO KOHYC-
HBIM KaHaJO0M BOJIOK (cM. puc. 1).

Bomnouenne co caurom (OAuH MPOXO[T) MPOBO-
JUIA Ha BOJIOYMJIBHOM CTaHE C TPUCTaBKOM s
Bpauienus ¢uibep. [Ipu 3TOM 3a 0MH MpoOXoa Iua-
MeTp NpyTKOB yMeHbImiIcs ¢ 10 10 9,2 mm.

C 1enpio BRISBICHUST 0COOCHHOCTEH chopmupo-
BAaHHOH TpaJWEeHTHOH CTPYKTYpHl Ie(OpPMHPOBAH-
HBIX BOJIOYEHHEM CO CABHIOM CIUIABOB MPOBOIMIH
WCCIIEIOBAHNS MUKPOCTPYKTYPBI METOIaMH CBETO-
BOM M 3JIEKTPOHHONM MHUKPOCKOINMHM, a TAKXKE H3Me-
penust Mukporséprocty HV mo nmamerpy mnore-
PEYHOTO CeYeHHS MPYTKOB.

Ha puec. 4 mnpencraBieHsl CHUMKH MHKPO-
CTPYKTYpHI cTtanu 10 B ucxogHoMm u aedpopMupo-
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BaHHOM COCTOSIHHSIX.

B ucxomaoM cocrostHnm cranbs 10 mpencraeisieT
c0o00i1 (peppUTHO-TIEPIUTHYIO CTPYKTYPY CO CPETHUM
pa3MepoM 3EpeH (eppuTa U MepiaruTa COOTBETCTBEHHO
12 u 5 Mxm. Ecrii B UCXOJTHOM COCTOSIHUU CTPYKTYpPa
cranyu 10 1Mo Beelt MOBEPXHOCTH CEYCHUS B OCHOBHOM
OITHOPOJTHA, a TPAHMIIBI 3€peH (eppuTa CPaBHUTEITHHO
NPSIMOJIMHEWHBI, TO TOcie AedopManu B LEHTpaTb-
HOW YacTW TIPYTKa TPaHMITBI 3EPEH HEPEeIKO MCKPUB-
JIeHBl ¥ Je(pOpMHUPOBAHbI, OJHAKO pazMep 3EpeH H3-
MeHuIcsa HecymlecTBeHHO (dcp..~ 11 mxm). B To xe
BpeMsl BIIOJIb Y3KOH MPUIIOBEPXHOCTHOM 30HBI IITHPH-

State Variable Distribution
S‘{.a'ﬁ"y} Effective (mmimm)

~data1 Strain - Effective (mm/mm)
1 0.700

0493

0354
(454,038)

0215
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00756 | i p1
-0.348 203 442 680
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\ 0.416
/ 0.274i

0.274 Min
J

7 0.821 Max

|

4

_d

a

HOH ~ oT 10 mo 100 MKM Ha TPOTSHKCHUHU OOJIBINCH
YaCcTH JUIUHBI OKPY>KHOCTH MPYTKa CTPYKTypa KapIu-
HAJIbHO OTJMYAETCS OT TAKOBOM B OCTAJIBHOM 4YacTH
MOTIEPEYHOro ceueHus npytka (cM. puc. 4). Kak Bun-
HO Ha CHMMKax (puc. 4,0), IPUIIOBEPXHOCTHBIN CIIOM
npytka (obmacte II) mpemcraBisier cobol 30HY WH-
TEHCUBHOH JeopManvii, KOTopasi BBITJIIIUT KaK BO-
JIOKHUCTas CTPYKTYypa C BOJIOKHAMH, BBITSIHYTHIMH B
HaTpaBJICHUHM KacaTeIhbHONH K OOKOBOM TOBEPXHOCTH
MPYyTKOB. [ paHuIp! 3€peH B MPUIIOBEPXHOCTHOM CJIOE
HE BBISBISIIOTCS BCIEACTBUE CHIBHON HM3MEIHUEHHO-

CTU CTPYKTYPBI.

State Variable Distribution

Strain - Effective (mmémm)
0425

—data1 Strain - Effective (mm/mm)
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0383 Logo E?Ei.\/\/_\
S

0334
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0000 735 147
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0416
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Puc. 2. KomnproTepHOE MOJIENIUPOBAaHNE TIPOIIECCa TPAAUIIMOHHOTO BOJIOUESHMSL.
Pacrnipenenenre MHTEHCUBHOCTH HAKOILICHHOH JiehopMaIiiK B MOTIEPEYHOM (a) ¥ POA0IbHOM (0)
cedeHuu npyTka ctanmu 10 mocie TpaauImOHHOTO BOJIOYCHIS

State Variable Distribution
‘5‘@“ % Effective (mm/mm)

—data1 Strain - Effective (mm/mm)

Strain - Total - Von Mises (mm/mm)
250 et
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0.000

0.000 Min 00738
7 953 Max

0.000
0.00000216 Min
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414005 {0000 .4,142-05
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Puc. 3. KomnproTepHOe MoennpoBaHre TPoIIecca BOJIOUEHHS CO CIBUTOM. PactipeenieHne MHTeHCUBHOCTH

HAKOIUICHHOM IIACTUYECKOI )_'Le(l)OpMaI_II/II/I B IIPYTKax CTaJIn 10 moce BoJIOYSHHS CO CABUT'OM:
a — IOMNEPEUYHOC CCUCHUC, 0-— MIPOAOJIBHOC CCUCHUEC
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Ormpenenenne MUKpOTBEPIOCTH OOKOBOM MOBEPX-
HocTH TipyTKa ctanu 10 mocie BeC Takxke cBUIETENb-
CTBYET O BBICOKOM HEOJHOPOAHOCTH 3HadeHud HV.
Wsmepenus Benmmurnbl HV Ha G0KOBOM MOBEpXHOCTH
BZOJIb OCH MPYTKA TOKa3ay, 4To 3HaueHust HV mme-
HsrOTCA B muamasone ~ 3600-7000 Mlla. [Ipu stom
YBEINYCHUE KOJIMYECTBA IIPOXOAOB BOJIOYEHHS CO
C/IBUTOM MPHUBOJUT K MOBBIIICHUIO HIKHEH TPaHHLbI
3TOrO JIMama3oHa N0 BenmduHbI Oomee 5200 Mlla.
CTonb BBICOKHME 3HAUCHUS] MHUKPOTBEPIOCTU IIPUIIO-
BEPXHOCTHOTO CIIOSI CIIOCOOCTBYIOT YBEIHYCHHIO H3-
HOCOCTOMKOCTH CTAJIbHBIX TPYTKOB ~ Ha 25% [18].

Takast cTpykTypa, mpeacTasisomas codol co-
yeraHue cnaboaeopMUPOBaHHON LEHTPAILHOU
o0xact mpyTKoB ¢ pazmepoM 3épeH d ~ 8—10 Mk
U CUIbHOAEC()OPMHUPOBAHHON NPHUIIOBEPXHOCTHOU
o0nact, pa3Mepbl CTPYKTYPHBIX 3JIEMEHTOB B KO-
Topoii He mpeBblnaloT 0,1 MKM, 10 CyTH, SBIISETCS
rpaguenTtHoi [10].

Puc. 4. Mukpoctpyktypa cranu 10 B ucxomHom
COCTOSIHUHM (@) U TIOCJI€ BOJIOUYEHHUS CO CABUIOM (0)
npu 200C. I — neHTpanbHas 06JacTh NPYTKOB,
II — nepucepus. POM. YcioBHast AMHUS OTAEISIET
cuIIbHO JehopMupoBaHHbIi yyacTok IT oT
LIEHTpaJIbHOMU cl1abo aedopmupoBanHoit oomactu L1

Ha pwuc. 5 npencraBieH CHUMOK MHKPOCTPYK-
Typel TpyTKa cmiaBa M1 mocie BoOJIOYEHHS €O
cIBUTOM. MUKpPOCTPYKTYpa XapaKTepU3yeTcsl CUIIb-

HOH HEOTHOPOAHOCTHIO IO BCEMY MOMEPEYHOMY
CCUEHMIO MPYTKOB, U, COOTBETCTBEHHO, HEOIHOPO-
HOCTBIO 3HAaYCHUN MHKPOTBEPAOCTH — BEIUYHMHA
HV usmensercs ot 800 mo 1300 MIla. Onpenene-
HUE MUKPOTBEPIOCTH BIIOJb OOKOBOW MOBEPXHOCTH
MOoKazajgo, 4ro oHa m3Mensiercs ot 2000 mo 3500
Mlla. [lupura cunpHO nehOpPMUPOBAHHOW TPHUTIO-
BepxHOCTHOU obnactu Il HeomHopomHa BIONHL 0O-
KOBO MOBEPXHOCTH MPYTKA U JOCTUTAET BEIINUUHBI
~ 160 MKM, 9TO 3aMETHO TPEBBINIAECT AHAIOTUIHBIE
3Ha4deHus Ui cTanu 10 mocie BOJOYEHHUS CO COABU-
rom (cM. puc. 4). OOpa3oBanue 0ojee MUPOKOH, 10
cpaBaeHno co craneo 10 (¢ OLK pemérkoii),
CHIILHO  1e(OpMHUPOBAHHOH  MPHUIIOBEPXHOCTHON
30HH B crutaBe M1 (¢ T'LIK pemérkoii), oueBUIHO,
CBSI3aHO C MEHbIUEH TBEPAOCTHIO U OoJbIIEH IJIa-
CTHYHOCTHIO MeAHOTO ciutaBa M1. B nienom, cTpyk-
Typa B TmpyTkax Mead M1 mocie BOJOYEHHUS €O
CABHUIOM, TAKXe€ SIBJISIETCS] TPAAUEHTHOM.

Puc. 5. MukpoctpykTtypa crutasa M1 nmocne 1
npoxona BcC — nonepeunoe ceuenue npyrkos: L —
neHTpaibHast oosacts u I1 — nepudepuiinas cuiabHO

negopMupoBaHHas 00JacThb (OTIENIeHa YCIOBHOM
nuHKel). CBEeTOBask MUKPOCKOMIHS

Ha puc. 6 npuBeneH CHUMOK MHKPOCTPYKTYpPBI
cruiaa BT1-0 B monepedyHoM ceueHMH NpyTKa MOCie
BOJIOUEHUSI CO CIBUTOM. Y CJIOBHAsSI JIMHUSI HA CHUMKE
paznensier neHrpaibayto (L) u cunbHO aedopmupo-
BaHHyto npunosepxHocTHyto (II) obmactu. lupuna
CHJIBHO J1e(OpMHUPOBAHHOW NMPHUIIOBEPXHOCTHOM 00J1a-
CTH B MPYTKaX JAHHOTO cIuiaBa (¢ pemérkoit [TIY) He
HPEBBIIACT 25 MKM, YTO 3HAUUTEIBHO HIDKE, YeM B
cwiaBax Cr. 10 u M1 ¢ ky6uyeckoit pemérkoit (OLIK
u I'IK). BepositHO, 3TO 00CTOATENBECTBO 00YCIOBICHO
3HAYNTENILHO MEHBIINM YHCIIOM CHCTEM CKOJIBKECHHS
N B cIulaBe ¢ rekcaroHajibHOM IIOTHOYIaKOBAaHHOM
pemmérkoii (N=3), Mo cpaBHEHHIO C KyOMYECKHMH pe-
meérkamu (N=12) cruiaoB Cr. 10 u M1, a Takxke c
Oosee BBICOKOHM IUIACTUYHOCTBIO mocienHux. CTpyk-
Typa cmiaBa BT1-0 mocie BOJOYEHUSI CO CIBHUTOM
TaKXKe SIBIISICTCS TPAJIUCHTHOM.

Takum 00pa3oM, HEMOHOTOHHAsI TUIACTUYECKAs
nedopmaryst BOJIOYEHHEM €O CABUTOM MO3BOJISIET
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c(hopMHpOBaTh TPATUCHTHYIO CTPYKTYpY B IJIUH-
HOMEPHBIX METAUIMYECKUX H3IENUSIX C JIFOOBIM TH-
[IOM KPUCTAJUIMYECKOI CTPYKTYPBL.

Puc. 6. MUKpOCTpYKTypa NOMEPEUHOTIO CEUCHUS
npyTka TutaHoBoro cruiaBa BT1-0 nocne 1 npoxona
BoJyioueHusi co casurom: Ll — nentpansHas o0nacTb
npytka, IT — nepudepus
(otnenena ycioBHoM nuHAEHR). POM

2. UHTeHcuBHAsA NMiIacTu4yeckas aegpopmanus
KpYy4eHueM 0/ BLICOKMM JaBJIeHHeM

2.1. KoMmnbioTepHOe MOIeTUPOBAHNE NIPOIecca
KPY4Y€eHHs Moj BLICOKUM JaBJIeHUEM

Hnsi Oonee TONHOTO BBISABICHUS MEXaHW3MOB
(hopMHpOBaHUS TPATUSHTHON CTPYKTYPHI CIUIABOB B
YCIIOBHSIX MHTEHCUBHOM CIIBUTOBOH AedopMaluy BO
BcéM 00BEME Marepuana NpencTaBISIOT HHTEpeC
HCCIIeIOBaHusl 0COOCHHOCTEH (OPMUPOBAHUS TAKOU
CTpYKTYyphl B crutaBax npu HWIIJ[ xpydeHueM non
BBICOKHMM JJABJIEHUEM.

Ha pmuc. 7 npuBeneHsl pe3ynbTaTbl KOMIBIOTED-
HOTO MOJEJIMPOBAHUS Ipoliecca KPyUeHHsl MO, BbI-
coxkuM pnamieHuemM ciiaBoB BT1-0 (I'TIY pemérka),
Cr. 10 (OLK pemérka) u M1 ('K pemérka), T.e.
KAapTUHBI paclpeiereHls MHTEHCUBHOCTH HAKOII-
JICHHOM IIacTU4ecKo naedopmanuu B oOpasmax-
JIUCKax TOCIie KpyueHHs Ha Tpu 000poTa MpH KOM-
HaTHOW TemmepaType. Kak BUJIHO 13 pUCYHKa, Tpa-
IUEeHTHas CTPYKTypa B oOpasmnax-guckax, Koraa

Strain - Effective (mm/mm)
30

WHTCHCUBHOCTH Je(opManuy B IICHTPAIBHEIX 00J1a-
CTSX 3HAYMTEIHLHO HIDKE, YeM B mepudepuitHoi 00-
macte, (GopMHUpyeTcs yke Tocie TpEX 000pOTOB
KpY4eHHS MOJ AaBJICHHEM BO BCEX THUMaX HcCCIeNO-
BaHHBIX CIUIABOB C PA3IMYHBIMH KPUCTAIIIMYECKH-
MU peméTkamu. B kapTuHax pacnpeieieHus] HHTCH-
CHBHOCTH ITACTHYICCKOH fehopManny HaOII0Iar0T-
Csl HEKOTOPBIEC Pa3Uyus B CHIIy Pa3sHBIX MPOYHOCT-
HBIX W TUJIACTUYECKUX XapaKTEPHCTHK CIUIaBOB C
Pa3HBIMH KPUCTAIMYECKIUMHU CTPYKTYPAMH.

Jliss ONeHKH pe3yNbTaToB, TONYYEHHBIX KOM-
MBIOTEPHBIM MOJCTUPOBaHUEM, OBbLI MPOBEAEH (U-
3MYECKUH IKCIIEPUMEHT M0 KPYYEHHIO TMOJ JAaBie-
HHUEM C COONIOJICHUEM PEKUMOB 00pabOTKH, IpUHSI-
TBIX B MOJICJTH.

2.2. ®duznyeckue IKCIEPUMEHTHI:
cABUIoBas AedopManusi KpydeHueM
MO/ JaBJICHHEM IJIOCKHX 00pa3oB-I1UCKOB
HHU3KOYIJIEPOAMCTOM CTAJIN

st Gomee MOTHOTO M3ydYeHHUs TporieccoB (op-
MHUPOBAHUS TPAJUECHTHON CTPYKTYPBI B CIUIaBax Mpu
WHTCHCUBHOM IUIACTUYECKOH Je(opMaliii METOIOM
KpPY4EHHUS! TI0J] BHICOKMM JaBlieHHEM ObUIM TpOBe-
JICHbl MCCJIEJOBAaHUs Ha NPHUMEPE HU3KOYIJIEPOIu-
croil ctanu 10. IlpenBaputenbHble UCCIENOBAaHUA
MoKazaiu, 4rto HanOonee 3 (PEKTUBHO I'paJHCHTHAS
cTpykrypa B ctamu 10 dopmupyercs mpu HHTEH-
CHUBHOHM IJIaCTUYECKOH nedopMaluy B HHTEpBaie
TemIeparyp npossieHus 3pdexra TMHAMUIECKOTO
nedopmarmonnoro crapenus (AJC) [13]. B coot-
BETCTBUU C OTUM OBUIM MPOBEAEHBI SKCIIEPUMEHTHI
M0 KPYYCHHIO CTaJIM MOJ BBICOKMM JaBiieHHEM (6
I'Tla) nmpu pa3nu4HBIX TeMIepaTypax M3 MHTEpBajia
nposisiiennst 3¢pdexra JJ1C — 20, 250 u 400°C. dus
npoBeneHus JjaedopMaluoHHOW 00paboTKH cranu
metogom UITJIK Obumn moaroroBieHbl oOpasisl B
BHJIE TUCKOB AuaMeTpoM 10 mm, TonmuuHou 0,5 Mm.
Ha puec. 8 mpuBeneHa cxema ys3na IITaMIOBOU
OCHACTKHM 11 ocyulectBieHus: npouecca U me-
togom UTTJIK [19, 20].

Strain - Effective (mm/mm) Strain - Effective (mm/mm)
400 400

300 267

¢
200 ! - 133
« " - 3
. . - .
1 ~ »>
1.00 0000
0617 Min - ./ 0583 Min
891 Max - 10.7 Max
B

Puc. 7. PactipenierieHrie ”YHTEHCHBHOCTH HAKOTUICHHOMH TutacTHyeckoit nedopmariu nocie U1/ metomom
UITAK o6pa3uos-maii6 criagos: a — BT1-0; 6 — Ct. 10; 8 — M1
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[Mocne nedopmaruu Ha 3TUX 0Opasmax U3Mepsi-
T MUKPOTBEPJIOCTh, a TAKXKE HCCIIEIOBAIU CTPYK-
Typy Ha CBETOBOM M JJICKTPOHHOM MHKPOCKOTIAX.
Crenenb nedopmalyiu € oOnpeelisin coriacHo [19,
20] BBIpaKEHUIO

e=In(&-r/h), (1)

rae & — yroia BpaieHus, pan, I u h — paguyc u
TOJIIIMHA JUCKA COOTBETCTBEHHO.

Puc. 8. Cxema aedopmaiioHHOTO y3i1a
JUTSI THTCHCUBHOM TUIACTHYECKON e opMaliuu
KPYUYCHUEM O] BHICOKUM JIaBICHUECM

Ha pue. 9 npencraBnena MUKpPOCTPYKTypa cTa-
su 10 B MCXOHOM COCTOSIHUHU M TOCIIe 5 000pOTOB
Kpy4YeHHs O]l BBICOKMM [aBJICHHUEM IIpH TeMIlepa-
Type 20°C. Kak BuaHO U3 pUCyHKa, 3€pHA IepinTa
B LICHTPAJIbHON YacTH 00pa3lloB COXPAHUIH IIIO0Y-
JSIpHYI0 (OPMY, XOTS IJIACTHHBI LIEMEHTUTA B 3THUX
3épHaxX pazapoOIEHBl U XaOTHYHO Pa3BEPHYTHI IPYT
OTHOCUTENFHO. B TO ke Bpemst B mepudepuitHbIX

oOmacTsix o00pasuoB, TAE€ MPOHCXOAUT HAOOIb-
IIee U3MeNbUCHNEe CTPYKTYpBI, 3EpHA IepiauTa M
(beppuTa CHIBHO BBITIHYTHI BOJIb IOJIOC CKOJIBXE-
Hus. [[macTuHbI IeMeHTHTa B 3€pHAX MEpIIUTa B IIe-
pudepuiiHbIX 00IacTAX 00pa3LoB, KaK MPAaBHIIO, TaK
JKe pa3poOIeHBl, KaK U B IIEHTPE 00pa3IioB.

2.3. UnTeHCcHBHAs caABUTOBas Aedopmanus
PABHOKAHAJbHO YIJI0BBIM NPECCOBAHHEM

Kaxk Obu10 mokazaHo B pabore [13], mocie uHTEH-
CHBHOM TUIACTHYECKOM JeopMaIii METOIOM PaBHO-
KaHaJBHO yriioBoro npeccoBanus (PKVII) B ctpykry-
pe cranmu 10 HabIrOMAr0TCs SIBHBIC PU3HAKHU JEHCTBUS
POTAIMOHHBIX MOA Aedopmanuy B 3€pHAX TEpPIUTA.
Tak, eciii B UCXOHOM COCTOSIHUM CIUIaBa IIACTHHBI
[EMEHTHTa B 3EpHAX TMepiuTa ObUIM OTHOCHTEIHHO
MPSMONMHEWHBIMI W B3aWMHO  TapalIeTbHBIMU
(puc. 9, a), To yxxe nocie 4 npoxonos PKVII (g = 3,3)
npu 250°C B0 MHOTHX 3€pHAX MEpiMTa HAOIIIAr0TCS
CHJIBHO  HCKPUBIEHHBIC  IUIACTMHBI  IIEMEHTHUTA
(puc. 9, 6). OTO HATAAHO CBUICTEIBCTBYET O Pa3BH-
THUHM POTAIMOHHBIX MEXaHW3MOB JedopManvi B Tpo-
necce PKVII B 3épHax mepmura. Kpome Toro, mo-
CKOJIbKY B MEpIIUTE sUeHCTas CTPYKTypa SBOJIOLNO-
HHUpYET MEIJIeHHEe, U €€ Pa3BUTUE CYILECTBEHHO OT-
CTaeT OT 3BOIIOIMK CTPYKTYpHI B 3epHax (eppura
[21], pazBuTHEe TOBOPOTHBIX MOA Ae(opMalie B TI0-
CIIeTHAX TIPOMCXOIUT 3HAYUTEIFHO HHTEHCUBHEE, YTO
MOATBEPXKIAET HAIMYUE U3MEJIBYEHHOM —SUYEHUCTOU

CTPYKTYpHI B 3épHax (epputa (puc. 9, B).

Puc. 9. Mukpoctpykrypa cranu 10: a — ucxonnoe cocrosinue; 6, B — 5 obopotoB UITIAK mpu 20°C:
0 — HleHTpaibHas 00J1acTh; B — nepudepus. POM

Puc. 10. DneKTpOHHO-MUKPOCKOITMUECKHE N300paKeHUSI MUKPOCTPYKTYpHI cTanu 10 u3 crateu [14]:
a — ucxomnoe cocrosinue; 0, B — PKYII npu 250°C; g4 = 3,3; a, 6 — POM; B — [IDM
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Heobxomumo OTMETHTH ClleAyIOIIMH HeMaio-
BaXHBIN (hakT: HaOIIOJaeMbIe B HACTOSAIICH padoTe
pa3apoO0ieHHbIE W XaOTHYHO Pa3BEPHYTHIE OTHOCH-
TENBHO APYr JApyra IUIACTHHBI IIEMEHTHTa IMOocie
KpY4EHHUS TIOJ] BBICOKMM JaBJICHHEM, TaK K€ Kak W
mocne PKVYII, cBumerenbcTBYIOT 00 aKkTUBU3AIIUH
BHYTPU3EPEHHOTO JUCIOKALMOHHOIO CKOJIBKEHUS U
Pa3BUTHH POTAIIMOHHBIX MEXAHH3MOB Je(OpMaIiu
Jake TIpM KOMHATHOHM Temmeparype. BwisBisembie
IUTACTHHBI IIEMEHTHTa IOCJIE Kpy4deHHs oOpas3loB
CTaJM IOJ BBICOKMM JaBJIEHUEM, IO CYTH, MOXHO
paccMaTpuBaTh Kak MapKephl, HaXOASIIHecs B 00b-
€Me cTalu W TMO3BOJIIOIIME OICHWBATh XapakTep
CTPYKTYpPHBIX M3MCHEHHH, a TakkKe ACUCTBYIOIINE
MEXaHU3MBbI 1e(OopMaLiy.

Ha puc. 10 npuBeneHsl pe3yapTaThl ONpeaee-
HUSI MHUKPOTBEPAOCTH BAOJL JUWAMETpPa OOpa3loB-
muckoB ctanu 10 mocne UITJAK mpu pasnuyHbIx
temneparypax. Kak cienyer u3 rpagukos, Beauyu-
Ha MuKpoTBépaoctu ctanu nocie UITAK mpu 20°C
3HAUMUTENILHO HIDKE TONYyYEHHBIX Ha oOpasmax Io-
cie UITJIK mpu 250 u 400°C. B 10 *e Bpems HeoO-
XOJUMO OTMETHTH, 4TO eciu 3HaueHus HV B nen-
TpasbHOW obOmacti obOpasuoB mocne MIIJIK mpwm
250°C 3ametHo Hmke TakoBbix mocie UIIJAK mpu
400°C, 1o B mnepudepuitHbIX dYacTAXx 00pa3IoB
HaOmoaeTcs oOpatHas kaptuHa — mocie WITIK
pu 400°C Benmmunaa HV cymiecTBEHHO HMXKE Tako-
Boii o cpaBuenuto ¢ UITIAK mpu 250°C.
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Puc. 11. Mukpotsépnocts ctanu 10 Baonb
JMameTpa 00pas3ioB-ANCKOB 1ocie 5 000poToB
UITAK: 1 —-20°C; 2 —250°C; 3 —400°C

Habmomaemoe B HCCleZJOBaHHBIX — 00Opasmax-
nuckax nocne aedopmarmu Metogom UITJIK couera-
HHE YJIBTPaMENKO3EPHUCTOW CTPYKTYphl B mepude-
PHUHAHBIX 00JIaCTSIX 00pa3LOB U CPABHUTEIILHO KPYITHO-
3€PHUCTON CTPYKTYPHl B IIEHTPAJBHOM 00JacTH, 1O
CyTH, TIPE/ICTAaBIACT COOOH IPaUEHTHYIO CTPYKTYpY.
Takast cTpyKkTypa 00J1aaeT TaKKe U rpaJlieHTOM Me-

XaHUYECKUX CBOWMCTB, 0 Y€M CBUICTCIHCTBYIOT Tpa-
¢uxn 3aBucumoct HV ot pammyca 06pasiioB-ancKoB,
nony4yenHsle nocae UITJK mpu paznuysbeix Temnepa-
Typax nedopmanuy — LeHTpaibHas 00JIaCTh JTUCKOB
SIBJISICTCSL OOJIee «MSTKOM» (00J1a1aeT MEHBIITMMU 3Ha-
geanssMd HV) B cpaBHeHNN ¢ Tieprd)epuitHHIMU 00J1a-
cTsiMe (00IamaroImyMH 00JIee BEICOKUMH 3HAYCHHSIMH
MHKPOTBEPAOCTH).

3. O6cy:xnenne U aHAJIU3 MPOBEAEHHBIX
JKCIIEPHUMEHTOB 10 KOMIILIOTEPHOMY
MO/IeJTHPOBaHNI0 U GU3MYECKOro IKCIIePUMEHTA
no aegpopManMoHHON 00paboTKe CIJIABOB

TakuM 00pa3oM, KOMITBIOTEPHOE MOAEITUPOBa-
HHUE TI0KA3aJI0, YTO TPaIueHTHAsI CTPYKTYpa B JJINH-
HOMEPHBIX METAJUITMUSCKUX U3ACIUAX HOPMUPYETCSI
y>K€ TI0CJe OJHOTO MPOXO0Ja BOJOYEHHS CO CIIBU-
TOM, COOTBETCTBEHHO, 3a OJHWH IIUKI 00paboTKh
METOJIOM BOJIOYEHHS CO CIIBUTOM BO3MOXKHO IOJIY-
YCHHE CYIIECTBEHHO OOJIBIIMX 3HAYCHHWA HHTCH-
CHUBHOCTH JeOopMalliil H, CJIeIOBATEIhHO, MOBHI-
[IeHHe TPOM3BOIUTENBHOCTH TPOIecca M3rOTOBIIe-
HUSI BBICOKONIPOYHOM JJIMHHOMEPHOW MPOAYKIHH.
[Ipu sTOM HaOMOMAETCS CHUKEHHUE CHJI BOJOYESHHIS
MOYTH B 2 pa3a ¥ HOPMAIBHBIX CHJI HA HHCTPYMEHTE
B 1,8 pa3a, Mo CpaBHEHUIO C TPATUIMOHHBIM BOJIO-
yeHHeM. B TO ke BpeMsi HHTEHCHUBHOCTH JehopMa-
MU B TIPUIIOBEPXHOCTHON 0OJACTH BO3pacTaeT H
JOCTHTaeT BEIUYHUHBI A, > 2. CTOIb MHTEHCHUBHAS
nedopMalis MeTajuia pu TaHHOW 00paboTKe CBS-
3aHa C TeoMeTpuell (uibep M YCIOBUSMH WX Bpa-
IICHUS OTHOCUTEIFHO OCH BOJIOUEHUSI.

B memnom mpoBeneHne (U3NUECKOTO SKCIEPH-
MEHTa II0 BOJIOYEHHIO CO CIBHIOM CIUIaBOB C pas-
JUYHBIMH THUIIAMH KPHUCTANIMYECKONH CTPYKTYPHI
MOATBEP/INIIO PE3YNbTAThl KOMIIBIOTEPHOTO MOJIe-
JIUPOBaHUS M TPAJUCHTHBIA XapakTep chopMupo-
BaBIIEHCS CTPYKTYPHI.

To, 4TO 3HAaYEHHS MHUKPOTBEPAOCTH CTAIH IIO-
ciie UTTAK mpu TemriepaTypax mposiBieHus d3QQek-
ta JIJIC 3HauUUTEIBHO MPEBBILAIOT TAKOBBIE MOCIE
nedopMaIy Mpyu KOMHATHOUW TeMIieparype, mpsMo
noarBepkaaeT Gakt aencTsus 3ddexra TuHAMHUYC-
ckoro nedopManroHHOro crapeHus [22-24] npu
WHTEHCHBHOM TUTACTUYECKOH AeopManuy MEeTOI0M
UITAK u popmupoBaHny rpaine€HTHON CTPYKTYPEHI.

[Ipy >TOM HEOOXOAMMO OTMETHTH HEKOTOPHIC
TeMITepaTypHble OCOOCHHOCTH MPOsBICHUS d(deKTa
JJC B cramm 10. IIpu remneparype 400°C neiictre
addexra JI/IC yxe 3ameTHO ocrabeBaeT. BenencTue
Yero 3Ha4YeHHsi MHUKPOTBEPIOCTH B IMepU(epUiHBIX
yacTax oopasnos nocie UITIAK mpu 400°C ke, gem
mocine WITAK mpu 250°C. CnemoBarenbHO, MOCHE
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NITIK cramu 10 mpu 250°C cTpykTypa U XapakTep
pacrpezeneHusi MUKpPOTBEPAOCTH Ooiiee BBIPaKEHHO
COOTBETCTBYIOT MOHSTHIO «TPaJUEHTHOCTI», 110 CPaB-
nHenuto ¢ UITT/IK npu 400°C.

OueBugHO, B HHU3KOyIiIepoguctod crtamu 10
BCJIECTBHE IOBBILIEHUS TeMIlEpaTypsl aedopma-
mmu o 400°C axtuBm3upyoTcs nud y3noHHbBIE
MIPOLIECCHl MEPETIONI3aHNs TUCIIOKAUi M, COOTBET-
CTBEHHO, CYIIECTBEHHO CHIXAETCS POJIb AUHAMUYE-
ckoro nedopmarmonnoro craperws npu WUITJK, a
poab OOBIYHOTO pa3ynpodHeHus Bo3pacrtaeT. [lomy-
YEeHHBIC Pe3yJIbTaThl BO MHOTOM aHAJIOTHYHBI JaH-
HBEIM paboThI [22], B KOTOPOH B SKCIEPUMEHTAX II0
nedopmari TOHKUX (POJIbT in situ B KOJIOHHE 3JIeK-
TPOHHOTO MHKPOCKOTA JETalbHO OBbLIM HCCIIEA0BA-
HBI ocoberHoctr npossienus dddexra J/1C B pasz-
JIMYHBIX METAJUINYECKUX MaTepHaiax.

B nenom HaGiromaemMoe B HacTosIIEH paboTte
Oojiee 3HAYMTENBHOE YBEIWYCHHUE MPOYHOCTHBIX
XapaKkTEepUCTUK CTAIN Mocie «TEmnoi» nedopma-
LMW  SBJISIETCS CIEACTBHEM KaK H3MEIbUEHUS
CTPYKTYpHI, Tak u nposiBieHus >pdexra JAC. Ec-
JIY TIOBBILICHHE NPOYHOCTH CTAlU NPU H3MeJbye-
HUHU CTPYKTYPbl MOXXHO OOBSCHUTH, IJIABHBIM 00-
pazoM, yBEeJIWYCHHEM OOBEMHOMN JIOJIM TPAHUIL pas3-
Jieia, TO MOBBIIICHHE MPOYHOCTH BCJICICTBUE MPO-
sprneHust dpdekra JJC BbI3BaHO 3aKpenieHHEM
MOJIBIXXHBIX JIUCIOKAWH aTMocdepaMu MpuMec-
HBIX aTOMOB yTjepoJia M a3oTa, a TaKxke oOpa3yro-
HIMMHCA MEJIKOANUCIEPCHBIMUA YacTHLIAMU BTOPBIX
¢$a3 u, KaK cleACTBHE, YBEIMYEHHUEM IUIOTHOCTH
nuciokanuii. B cBoro odepenb 3TH (hakTophl Crio-
COOCTBYIOT TaKX€ W JOIOJIHUTEIBHOMY HU3MeEJbye-
HUIO CTPYKTYpHI CTald U (HOPMUPOBAHUIO T'paau-
€HTHOM CTPYKTYPBI.

W3BecTHO, YTO MHTEHCHBHAS CABUTOBas Jedop-
Malysl XapakTepu3yeTcsi, B IIEPBYIO 0Uepeib, YCKope-
HUeM J((Y3MOHHBIX TIPOLIECCOB PACTBOPEHUS Iie-
MEHTUTa W TepepaclpesieieHnss aTOMOB yriiepoja B
cramsix [7, 10, 21]. DToMy aKkTHBHO CIIOCOOCTBYET
pa3BUTHE POTALMOHHBIX MOJI AeOopMalli, SBHBIE
MIPU3HAKH JIEHCTBHS KOTOPBIX HAOIIOAAIOTCA HE TONb-
KO B 3€pHax (eppuTa, HO TaKkKe U B epiute [13].

Kak Obo oTMeueHO BbIIE, B MUKPOCTPYKTYpE
cramu 10 HaOMOAAIOTCS Pa3pOOIEHHBIE U Xa0TUYHO
pa3BEépHYTHIE Pyl OTHOCHTENBHO ApYra IUTACTHHBI
uementuta nocie UK naxe npu koMHaTHON TeM-
niepatype (cM. puc. 9). To HATJSITHO CBUICTEIILCTBY-
€T KaK O JECWCTBUM BHYTPHU3EPEHHOIO AMCIOKALMOH-
HOTO CKOJIB)KEHUS, TaK M O PA3BUTHU POTALHOHHBIX
MEXaHM3MOB Ae(OopMaliK MPU KPYYEHHUH I10[] BBICO-
KUM JIaBJIeHHEM, TakK ke kak u mocie PKVYII (cm.

puc. 10) [13]. Takum 0Opa3om, caemyeT NOAICPKHYTH
HEMaJIOBaKHBIH BIEPBbIE OTMEUEHHBIN (aKT, UYTO BbI-
SIBJISIEMbIE IUIACTUHBI LIEMEHTHTA 1I0CIIE KPy4YeHHs 00-
pa3lioB CTaqu MOJ BBICOKMM JaBIECHHEM, MO CYTH,
MOYHO paccMaTpHBaTh Kak MapKepbl, HAXOAAIINECS B
00béMe CTalM Y MO3BOJLIIOLINE OLIEHUBATh XapakKTep
CTPYKTYPHBIX H3MEHEHHH, & TAKXKE ICHCTBYIOIMUE [TPU
NI1]] mexaHu3MsbI geopMaryu.

CrnenoBatenbHO, (OPMHUPOBAHHME T'PaTACHTHOMN
CTPYKTYphl TpH HWHTEHCUBHOM ILIaCTHYECKOH Jie-
¢dopmanmu merogom UITJIK mpoucxoaur B ycaoBusix
nevictBust dddekra JJIC, 9ro mpuBOAUT K JOTIOTHH-
TEJIbHOMY YBEIWYEHHIO IUIOTHOCTH AWCIOKALMHA B
3€épHax (eppuTa U NepiInuTa BCIEACTBUE TOPMOKEHHS
UX JBWKEHHS aTMocepamu aToMOB TpHMEced H
JTUCIIOKALIMAMH Jieca, TIepeMellieHHe KOTOPbIX TaKke
3aTpy/HEHO BCJEJICTBHE B3aUMOJAEHCTBHUA C aTMO-
cepamu MPUMECHBIX aTOMOB coriiacto [10, 21-24].
Crnenyet Ttakxe otmetuts ponb JAJIC u Hanuuue no-
JIE3HBIX TpUMeEcell B TpaHMIAX pas3zesna, KOTOpble
CHOCOOCTBYIOT  JIOTIOTHUTEIIFHOMY — M3MENTbUCHHIO
CTPYKTYpHI ciutaBa [13, 25-27] u NOBBILIEHUIO Tpe-
JieJia TEKy4eCTH U MUKPOTBEPIOCTH.

BriBoabI

1. IlpomonenupoBaHbl NPOLECCHl HEMOHOTOH-
HOW CIBUTOBOM Je(hopMaIlii BOJIOYEHUEM CO CJIBH-
TOM JJIMHHOMEPHBIX NPYTKOB CIUIABOB C pa3iny-
HBIMH KPUCTAJUTMYECKUMH PELIETKAMU U KPYyUEHH-
€M M0/ JaBJI€HHEM IUIOCKHX OO0pa3lioB-IUCKOB B
cpene DEFORM-3D mist onpeseneHus HampsikEH-
HO-71e()OpMUPOBAHHOI'O COCTOSIHUS 1€(OPMHUPOBAH-
HBIX 00pas3loB U BBISBICHUS KapTHHBI paciperene-
HUS HAKOTLJICHHOM JehopMaIuu.

2. TlpoBenena mpeasaputenbHas aedopMaliu-
OHHasi 00paboTKa ONMBITHBIX [UIMHHOMEPHBIX 00pa3-
LIOB CIUIABOB C Pa3jIMYHBIMH KPUCTAIIMYECKUMHU
pemérkaMd METOJOM BOJIOYEHHS CO CJIBUTOM.
YcTaHOBIIEH TpaMCHTHBIA XapakTep CcQOpMHUpPO-
BaBIIEHCS B MpPYTKax CIUIABOB C Pa3IMYHBIMU pe-
HIETKAMU [€TEPOreHHOMN CTPYKTYPHI.

3. TlpoBenieHa MHTEHCHBHAs CABHIOBas Jiedop-
MaIisl KpydeHHeM o7 JAaBICHUEM IUIOCKUX 00pas-
LIOB-IUCKOB HU3KOYIJIepoaucToi ctamu 10 u ompe-
JeNnéH TeMIepaTypHbId MHTEpBaj NPOABICHUS -
¢dexra IJ1C, kortopsrit cocrasisier 200-400°C.

4. OnpeneneHne mapaMeTpoOB MHUKPOTBEPIOCTH
(HV) B nepudepuiinoit ¥ HeHTpaIbHONW YacTsIX MO-
NEPEYHOro CeueHHsl BAOJNb paguyca LWINHApHYE-
CKUX 00pa3LoB MOcCjJe MHTEHCHBHOW aedopmanmu
Kpy4eHHEM O] IaBJICHHEM O3BOJIMIIO YCTAHOBUTH
xapakTtep cOpMHUpPOBABIIEHCS TPAJMEHTHON CTPYK-
TYpBl U OIpEAesIonyo poib 3¢ dekra auHammuye-
CKOT0 Ae(hopMaiMOHHOTO CTapEHHUSI.

72

Becmuuk MI'TY um. I'.A. Hocoea. 2019. T.17. Ne1



BnusiHue ocobeHHocmell gpopmupoeaHusi 2padueHmHol cmpyKmypbl ...

Paab I"M., Kodupoe U.C., Anewur I".H. u dp.

5. YcTaHOB/IEHO, YTO WHTEHCHBHAs IJIacTHYeE-
ckas nedopmarus metogoM UITIK Huskoyrmepomu-
CTOI cTanmy B WHTEpBAJle TEMIIEpaTyp TUHAMUIECKO-
ro J1eOopMalMOHHOTO CTapeHUs] IPUBOAUT K IOBBI-
LICHUIO TMAapaMeTpoB JIeOPMAMOHHOTO YIIPOYHE-
HUS, B TIEPBYIO OdYepenb, Onarogaps yMEHBIIICHHIO
pa3MepoB CTPYKTYPHBIX AIIEMEHTOB, a TAK)KE JOTOJ-
HUTEJILHOMY BIMSHHIO YacTHL] BTOPOH ¢as3bl. JTo
CHOCOOCTBYET (DOPMUPOBAHMIO TPATUCHTHON CTPYK-
TYpbl U CBOMCTB UCCIIEIOBAHHOM CTaNH.

6. IlpoBenéH aHamM3 MEXaHW3MOB IDIacTHYeE-
CKOM JedopManny, TPUBOISIIINX K HOPMUPOBAHUIO
IPaJUEeHTHOMN CTPYKTYpHI B NpOLIECCe KPYUEHUS MO/,
BBICOKMM JaBiieHHeM ctainu 10 — aTo ciBuronas nie-
(hopmarusi, mpuBOAAIIAas K aKTUBU3AIWNU OHMCIIOKA-
IIMOHHOTO CKOJIEKEHUS W B3aMMOICHCTBUIO JHCIO-
KalMid ¢ aTOMaMH MPUMECEH, a TaKKE€ K Pa3BUTHUIO
POTAIMOHHBIX MOA NedopManuu U AudQy3noHHBIX
MIPOIIECCOB TIepepacipeie]ICHUs aTOMOB YTIIepOa.

Pesynomamol Hacmoswezo uccned08anus nOxIyYeHvl
npu Qurancosoii noddepiicke PODHU 6 pamkax npoexma
MNe 17-08-00720.
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Abstract. Problem Statement (Relevance): The paper
describes some features and prospective benefits of de-
formation by methods of drawing with shear (SD) and
high pressure torsion (HPT) in a temperature range of
dynamic strain aging (DSA) effect, which allow receiving
a high complex of physical and mechanical properties.
Objectives: The study aims to investigate and analyze
features of the structure formation with the combined
application of severe plastic deformation (SPD) and the
DSA effect during deformation by drawing with shear
and high pressure torsion, to establish patterns of the gra-
dient structure formation. Methods Applied: 1. Comput-
er simulation in Deform 3D software to investigate the
stress-strain state on materials with various types of a
crystalline lattice: copper grade M1 (FCC), Steel 10
(BCC) and titanium VT1-0 (HCP) and a further compari-
son with experimental results. 2. Microhardness meas-
urement 3. Scanning and transmission electron microsco-
py. Originality: This research resulted in investigation of
the combined effect of the DSA effect and SPD on the
gradient structure formation and mechanical properties of
metals with various crystalline lattices. Findings: the
paper presents the results of the study of the structure
formation during non-monotonous plastic deformation of
the alloys (steel 10, copper and titanium) with various
crystalline lattice types by SD, as well as ECAP and HPT
of low-carbon steel in the temperature range of the DSA
effect. Deformation mechanisms and features of the de-
formation behavior on a mesoscopic scale under various
deformation treatment modes are analyzed. The tempera-
ture range of the DSA effect in steel 10 under ECAP and
the fact of the gradient structure formation under HPT are
established. Practical Relevance: The study helped to
obtain data that can be used to choose the optimal defor-

mation treatment mode with the DSA effect.

Keywords: Severe plastic deformation, high pressure tor-
sion, drawing with shear, dynamic strain aging, steel 10,
copper M1, titanium VT1-0, computer simulation, stress-
strain state, microstructure.
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STUDY ON THE INFLUENCE OF HEAT TREATMENT MODES

ON MECHANICAL AND CORROSION PROPERTIES

OF ROLLED SHEET PRODUCTS FROM A NEW ALUMINUM ALLOY,
ECONOMICALLY ALLOYED WITH SCANDIUM

Baranov V.N.%, Sidelnikov S.B.}, Zenkin E.Yu.?, Konstantinov I.L.%, Lopatina E.S.%,
Yakivyuk O.V.}, Voroshilov D.S.}, Belokonova I.N.}, Frolov V.A.!

! Siberian Federal University (SibFU), Krasnoyarsk, Russia
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Abstract. The paper presents the study on mechanical and corrosion properties of rolled sheet products from a new alloy
of the Al-Mg-Sc system in a deformed and heat treated state. Its use and development of technologies for the production
of relevant parts for automobile and shipbuilding industries are important today due to the tasks of downstream alumi-
num processing, which are solved by RUSAL, and confirmed by the state support of a comprehensive project aimed at
creating a high-technology production division, being currently carried out by the Bratsk Aluminium Smelter and Sibe-
rian Federal University. To determine mechanical and corrosion properties, the authors used sheets and coils rolled on
industrial reversing hot rolling mill Quarto 2800. The tensile test was used to study deformed samples after rolling and
samples produced in five heat treatment modes with varying heating temperatures of 300, 350 and 380°C and a soaking
time of 1 and 3 hours. The studies on samples of rolled products with various thicknesses showed that as compared to
the initial state, steel strength properties after heat treatment decrease by 12-20% on average, and ductility properties
(8) increase by 50-65%. In this case, heat treatment modes 1-3 give a fairly good ratio of strength and ductility proper-
ties. The level of these properties is comparable to the properties of alloy 01570. It is noted that a trend in a decrease in
strength properties and a growth of ductile properties with increasing heat treatment temperature is also observed for
samples of rolled products produced by various methods of cold rolling (cut-to-length sheets and in coils). If sheet
thickness is similar, strength properties are higher, when sheets are cut-to-length rather than in coils. The corrosion tests
of sheets with different thicknesses showed that the heat treatment modes under study do not have a significant influ-
ence on alloy resistance to intergranular corrosion.

Keywords: aluminum alloys, magnalium, scandium, hot rolling, heat treatment, mechanical properties.

products [1, 2]. A promising direction in solving

Introduction

At present, there is a need for high-quality
aluminum alloys for parts of transport engineering,
including for the automotive and shipbuilding
industries. The main requirements for these alloys
are corrosion resistance, weldability in combination
with strength and high processability in pressure
treatment, especially during rolling, as the main type
of semi-finished products for these industries is
sheet metal. This complex of properties is supported
by the alloys of the aluminum-magnesium system.
However, the resource of the strength characteristics
of traditional magnalicides, belonging to the class of
thermally unsupported alloys, is limited. In this
regard, the wurgent task facing the domestic
metallurgical industry is the development of
compositions of new alloys that would allow them
to be used to improve the strength, plastic and
corrosion properties of deformed semi-finished

© Baranov V.N., Sidelnikov S.B., Zenkin E.Yu.,
Konstantinov I.L., Lopatina E.S., Yakivyuk O.V.,
Voroshilov D.S., Belokonova I.N., Frolov V.A., 2019
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these problems is the creation of alloys based on the
Al-Mg system complexly doped with transition
metals that combine high mechanical and
operational characteristics. An effective modifier of
the cast grain structure of aluminum alloys is
scandium, which makes it possible to obtain ingots
by the method of continuous casting, which have a
non-dendrite structure. In this connection, magnanes
doped with scandium are considered to be the most
promising alloys capable of providing the above
complex of properties [3-15]. From the alloys used
in industrial production, it is possible to identify
alloy 01570, in which the scandium content reaches
0.35% [3, 4]. Complex alloying of alloys with
transition metals will reduce the content of
expensive  scandium  without affecting the
properties. The production of deformed semi-
finished products from such alloys by classical
methods of metal processing (rolling, extruding,
forging, etc.) will reduce the mass and cost of
products without loss of strength and corrosion
resistance.
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Study on the influence of heat treatment modes on mechanical ...

Baranov V.N., Sidelnikov S.B., Zenkin E.Yu. et al.

Technology for production of rolled semi-
finished products from economically alloyed with
scandium aluminum alloys are currently no. This is
especially true for the hot rolling process of an
ingot, the initial structure of which does not allow
heating above the critical temperatures, which can
lead to a drop in the strength properties of rolled
products. Moreover, the subsequent cold rolling of
the hot-rolled billet, accompanied by intermediate
annealing, usually presents no difficulties, since it
has been worked on conventional magnitudes.

As part of the implementation of a joint
integrated project 03.G25.31.0265 «Development of
economically alloyed high-strength Al-Sc alloys for
use in road transport and navigation» together with
the Bratsk Aluminum Smelter, studies were carried
out on the rolling regimes as well as on the
properties of deformed semi-finished products
obtained by hot and cold rolling from a new alloy
[16-20]. However, the task of obtaining the required
complex of mechanical properties of rolled products
from a new alloy after the final heat treatment has
not yet been solved.

Therefore, the aim of this work was to search for
such heat treatment regimes for deformed semi-
finished products that would provide a combination
of high strength and plastic characteristics of rolled
products from the P-1580 alloy of the Al-Mg system
doped with scandium within the range 0.10-0.12%.

Methods of carrying out researches

To achieve this goal, we evaluated the mechani-
cal and corrosion properties of rolled products of
various thicknesses and species obtained on an in-
dustrial reversible hot rolling mill Quarto 2800.

Studies mechanical properties of metal after
rolling and annealing were carried out by tensile
testing machines Zwick Z 250 and LFM400. From
the obtained strips, flat samples were cut, which
were subjected to tensile tests at room temperature
and a specified deformation rate.

In determining the strength and plastic proper-
ties of the samples, the change in the length of the
working part of the sample was recorded each time,
and also the value of the tensile force corresponding
to this change.

To evaluate the effect of heat treatment on the
parameters of mechanical properties, used 5 modes.

1. Temperature 300 °C, holding time 1 h.

2. Temperature 300 °C, holding time 3 h.

3. Temperature 350 °C, holding time 1 h.

4. Temperature 350 °C, holding time 3 h.

5. Temperature 380 °C, holding time 1 h.

www.vestnik.magtu.ru

The results of the research and analysis

Tables 1 and 2 show the mechanical properties
of samples of the P-1580 alloy from 8.8 mm and
6 mm thick sheets obtained by hot rolling and cut in
the transverse direction.

Table 1

Mechanical properties of samples of alloy P-1580
from sheet thickness of 8.8 mm in hot-rolled
and heat-treated conditions

Condition .
! R, Estimated
heat treatment mpa |Re MPal A, % length, mm
regime
hot-rolled 396 281 19.7 50
1 394 275 20.6 50
3 388 272 19.0 50
5 388 264 18.9 50
Table 2

Mechanical properties of samples of alloy P-1580
from sheet thickness of 6 mm in hot-rolled
and heat-treated conditions

Condition .
' R R Estimated
heat treatment iy POl A%

regime MPa | MPa length, mm

hot-rolled 453 386 6.1 130

1 396 299 | 134 130

2 394 297 | 14.6 130

3 390 292 | 12.3 130

4 390 290 | 13.6 130

5 389 288 | 17.2 130

Analysis of mechanical properties shows that, in
comparison with the initial state, the strength charac-
teristics (Ry,) of samples after heat treatment are re-
duced by 12-20%, and the plastic (A) increases by
50-65%. In this case, the heat treatment regimes
1-3 give a fairly good ratio of strength and plastic
properties, comparable to those of alloy 01570, doped
with scandium within the range 0,17-0,35% [3].

According to the test results, it can be seen that
the above-mentioned patterns of changes in mechan-
ical properties are also characteristic for sheets of
smaller dimensions. At the same time, as the thick-
ness of the hot-rolled sheet decreases, the strength
characteristics increase, while the plastic character-
istics decrease, which is associated with an increase
in the degree of total deformation during rolling.

Similar studies were carried out for the samples
of the investigated alloy P-1580, cut from cold-
rolled sheets with dimensions 4,5%x300x300 mm and
1,5%300x300 mm. The results of the tests are given
in Table 3 and Table 4.
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Table 3

Mechanical properties of samples of alloy P-1580 from a
sheet of dimensions 4.5x300x300 mm in cold-rolled and
heat-treated conditions

Condition, .
heat eatment | i |\ | A6 | T
regime
cold-rolled 458 402 5.4 110
1 401 314 154 110
2 404 314 15.7 110
3 398 307 14.6 110
4 397 305 14.4 110
5 399 311 13.7 110
Table 4

Mechanical properties of samples of alloy P-1580
from a sheet with dimensions of 1.5x300x300 mm
in cold-rolled and heat-treated conditions

Condition .
! R R Estimated
heat treatment m PA %

regime MPa | MPa length, mm

cold-rolled 432 371 8.4 60

1 386 280 | 21.1 60

2 389 279 | 18.3 60

3 378 273 | 21.8 60

4 381 270 | 20.0 60

5 380 270 | 21.8 60

According to the results of the research, it can
also be concluded that heat treatment regimes 1-3
provide an optimal combination of strength and

plastic properties. The use of regimes 4 and 5 gives
relatively low values of the yield strength of the
metal (Tables 1 and 4), so their use is not recom-
mended.

To assess the effect of heat treatment regimes on
the mechanical properties of cold-rolled samples of
alloy P-1580, obtained by card and rolled rolling,
the above-mentioned modes of tensile tests. The
results of research the mechanical properties of
samples of alloy P-1580 from sheets with dimen-
sions of 6x300x300 mm in different states are
shown in table 5. The tests were carried out on
LFM400 testing machines with a force of 400 kN
and Instron 5982 with a force of 100 kN (laboratory
tests) and a Zwick Z 250 testing machine with a
force of 250 kN (industrial tests).

The results of tests on the LFMA400 test machine of
the mechanical properties of the samples of the P-1580
alloy from sheets of 6x300x300 mm, produced by roll
rolling, in a different state, are given in Table 6.

Analysis of the data given in Table 5 and 6,
shows that the level of mechanical properties of the
obtained samples is high enough. The tendency to
decrease strength properties and plastic growth with
increasing heat treatment temperature is observed
for rolled products, regardless of the rolling method.
However, the strength parameters at the same thick-
ness of the sheet are slightly higher for card rolling,
which, apparently, can be explained by the greater
degree of hardening of the metal during card rolling
due to the more rigid treatment scheme.

Table 5

Mechanical properties of samples of alloy P-1580 from sheets with dimensions 6x300x300 mm, received by card
rolling in the deformed and heat-treated conditions

Rm, MPa R,, MPa A, % Condition,
Ne oglzam- . ’ . . heat treatment
Lab tests | Industrial tests | Labtests | Industrial tests | Lab tests |Industrial tests regime

1 449 453 398 386 9.1 6.1* cold-rolled
2 443 - 362 - 8.9 - cold-rolled
1 391 396 296 299 18.5 13.4 300°C,1h
2 383 - 286 - 19.6 - 310°C,1h
1 388 394 292 297 22.2 14.6 300°C,3h
2 383 - 280 - 22.4 - 310°C,3h
1 - 390 - 292 - 12.3* 350°C,1h
2 370 267 21.0 360°C,1h
1 - 390 - 290 21.8 13.6* 350°C,3h
2 374 262 22.0 360°C,3h
1 - 389 - 288 - 17.2 380°C,1h
2 369 257 - 23.3 - 390°C,1h

* - the sample broken by 1/8 of the initial length
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Table 6 The results of corrosion tests of sheets tested in
accordance with the requirements of State standard
9.021-74 and ASTM G67 (Table 7) for samples of
different thickness subjected to thermal treatment in

Mechanical properties of samples of alloy P-1580 from
sheets of with dimensions 6x300%300 mm in deformed
and heat-treated conditions obtained by roll rolling

the above modes showed that the investigated heat

No of . Condition, treatment conditions practically do not affect the
sample | Rm MPa| R, MPa | A% heatré;?;;nem alloy's resistance to intergranular corrosion.
1 431 309 8.9 cold-rolled Conclusion
2 428 306 8.2 cold-rolled .
3 210 322 8.2 cold-rolled Thus, the conducted.studles aIIovy us to recom-
average | 423 312 8.5 cold-rolled mend heat treatment regimes 1-3, which are charac-
1 388 287 175 | 300°C, 1h terized by an optimal combination of mechanical
2 329 282 185 | 300°C, 1h properties and the absence of intergranular corro-
3 389 299 146 | 300°C.1h sion. The choice of a particular regime should be
average | 389 289 16.9 | 300°C,1h specified by the requirements of the consumer of the
1 388 288 18.7 | 300°C,3h product to its mechanical properties.
2 392 270 18.7 | 300°C,3h The article was prepared using the results of the pro-
3 389 276 17.3 | 300°C,3h ject 03.G25.31.0265 «Development of economically al-
average 389 278 18.2 | 300°C,3h loyed high-strength Al-Sc alloys for use in road transport
1 380 270 18.7 | 350°C,1h and navigation» within the framework of the Program for
2 380 273 19.1 350°C,1h the implementation of comprehensive projects for the
3 387 272 21.0 | 350°C,1h creation of high-tech production, approved by Resolution
average 382 272 196 350°C, 1h of the Government of the Russian Federation of April 9,
1 384 275 1908 | 350°C,3h | 2010No.218.
2 384 266 195 | 350°C,3h References
3 381 250 19.4 | 350°C,3h
average | 382 264 196 | 350°C,3h 1. Gorbunov Yu.A. The role and prospects of rare earth met-
1 384 254 218 | 380°C,1h als in the development of physical and mechanical charac-
2 382 264 225 380°C 1h teristics and applications of deformable aluminum alloys.
3 385 559 510 380 °C7 ih Zhurnal ~ Sibirskogo federalnogo universiteta.  Seriya:
average 384 59 518 380 °C, h Tekhnika i tekhnologii [Journal of Siberian Federal Univer-
. : sity. Engineering & Technologies], 2015, vol. 8, no.5, pp.
636-645. (In Russ.)
Table 7 5 Gorbunov Yu.A. Application of products from aluminum alloys
Results of corrosion tests of alloy samples P-1580 in manufacturing and repairing land and water transport in the
_ _ Russian Federation. Tekhnologiya legkikh splavov [Technolo-
Condition Testing | Results,| Testing | Results, gy of light alloys], 2015, no. 1, pp. 87-92. (In Russ.)
heat |Thickness, -me: h] mm |time h[mg/cm’| 3 Bronz AV. Efremov V.I., Plotnikov A.D., Chernyavskiy
treatment | mm | State standard A.G. Alloy 1570C — material for pressurized structures of
regime 9-0?1'74’ ASTM G 67 advanced reusable vehicles of RSC Energia. Kosmich-
solution Nel eskaya tekhnika i tekhnologii [Space engineering and
cold- 45 oa | 00 | 24 | 551 technologyl, 2014, no. 4, pp. 62-67. (In Russ.)
rolled 4. Filatov Yu.A., Plotnikov A.D. Structure and properties of
1 4.5 24 0.0 24 | 226 deformed semi-finished products from aluminum alloy
2 4.5 24 0.0 24 2.07 01570C of the Al-Mg-Sc system for the RSC Energia prod-
3 45 24 0.0 24 2,15 uct. Tekhnologiya legkikh splavov [Technology of light al-
4 4.5 24 0.0 24 1.90 |OYS], 2011, no. 2, pp. 15-26. (In RUSS.)

5. Belov N.A. A phase composition of industrial and advanced
c05ld- 4.5 24 0.0 24 164 aluminum alloys. Moscow: MISIS, 2010, 511 p. (In Russ.)
rolled 15 24 0.0 24 2.75 6. Zhemchuzhnikova D. A., Mogucheva A., Kaibyshev R.

Mechanical properties and fracture behavior of an Al-Mg-
1 15 24 0.0 24 1.90 Sc-Zr alloy at ambient and subzero temperatures. Materi-
2 15 24 0.1 24 1.82 als Science & Engineering A, 2013, vol. 565, pp. 132-141.
3 15 24 0.0 24 1.92 7. Zhemchuzhnikova D., Kaibyshev R. Effect of rolling on
4 1.5 24 0.0 24 1.95 mechanical properties and fatigue behavior of an Al-Mg-
5 1.5 24 0.0 24 1.97 Sc-Zr aIon. Materials Science Forum, 2014, vols. 794-796,

pp. 331-336.
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HHDOOPMALIMA O CTATBE HA PYCCKOM

https://doi.org/10.18503/1995-2732-2019-17-1-76-81

WCCNENOBAHUE BNUAHUA PEXUMOB TEPMOOBPABOTKU HA MEXAHUYECKUE
U KOPPO3WOHHbIE CBOUCTBA NTUCTOBOIO NPOKATA U3 HOBOIO
ANIOMWUHKUEBOI'O CMIABA, 3KOHOMHO JIETMPOBAHHOIO CKAHOAUEM

bapanos B.H., Cunenpaukos C.b., 3enkun E.1O., Konctantunos W.J1., Jlonaruna E.C.,
SAxusstok O.B., Bopomunos /I.C., benokonosa U.H., ®pomnos B.A.

Cubupckuit penepansubiii yausepeutetr (COY), KpacHosipek, Poceust

IMAO «PYCAUJI Bparck», bparck, Poccus

Annomayusa. llpuBeneHsl pe3ysbTaThl HUCCIEAOBAHUN
MEXaHUYECKUX U KOPPO3UOHHBIX CBOWCTB JIMCTOBOI'O
IpokaTa W3 HOBOTO cIutaBa cucteMbl Al-Mg—Sc B me-
(hopMHpPOBAaHHOM ¥ TEpMOOOPaOOTAHHOM COCTOSIHHH.
AKTYaJbHOCTh HCIIOJIb30BaHUSI U Pa3pabOTKA TEXHOJO-
THI MIPOU3BOJICTBA M3 HETO JeTalel /Uil aBTOMOOWIe- U
CyIOCTpOCHHsI 000CHOBaHA 3a/la4aMu TIyOOKO# mepepa-
OOTKY afOMUHHS, perraeMbiMu Kommauuei «PYCAJIy, u
MOATBEPIKIAETCS TOCYJAPCTBEHHOW MOAJEPKKONH KOM-

IUIEKCHOTO MIPOEKTa M0 CO3/aHHI0 BBICOKOTEXHOIOTUYHO-
o MPOU3BOJCTBA, BBHINOJHAEMOIO B HACTOSILIEE BpPEMS
Bparckum anroMuHUEBBIM 3aBOJOM W CHOUpCKUM deme-
palbHBIM YHHBEPCHUTETOM. B KauecTBe MarepwasoB s
OTIpeNieNeHUs] MEXaHWIECKHX M KOPPO3HOHHBIX CBOMCTB
UCTIONIb30BAJIM JIUCTHI U PYJIOHBI, IOTY4YEHHBIE IPOKATKOM
Ha MPOMBIIIIEHHOM peBepcuBHOM craHe Kaapro 2800.
Mertoz0M WCIIBITAaHUI Ha pa3pbIB HccienoBaiu aedop-
MHUpOBaHHBIE 00paslbl MOCIE MPOKATKU M 00paslibl, 1o-
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JIydeHHBIC T0 TISITH PEKUMaM TEPMOOOPaOOTKH C BapbH-
posanmem Temrepatyp Harpesa 300, 350 u 380°C u Bpe-
MEHU BbIACPKKU B ey 1 u 3 4. Pe3ynbTatsl uccienosa-
HUH Ha oOpasnax U3 Mpokara pa3IMYHON TONIIHMHBI TOKa-
3a]1M, YTO IO CPaBHEHHIO C HCXOIHBIM COCTOSIHUEM
MIPOYHOCTHBIE XapaKTEPUCTUKN MeTajlia Mocie TepMooO-
paboOTKH CHIDKAIOTCS B cpenHeM Ha 12-20%, a mracTude-
ckue (0) yBenmmumBarotces Ha 50-65%. Ilpu 3ToM peskuMBI
TepMOoOOpaboTKH 1—3 maloT JOCTATOYHO XOPOIIEe COOT-
HOILIEHUE MPOYHOCTHBIX U IJIACTUYECKUX CBOMCTB. Ypo-
BEHb 3THUX CBOWCTB CONOCTaBUM CO CBOICTBaMH CILIaBa
01570. OT™MedeHO, 4TO TEHJACHIMS CHUXKEHHUS IMPOYHOCT-
HBIX CBOMCTB M pOCTa IUIACTUYECKHX C YBEIMYCHUEM

TEeMITEpPaTypbl TEPMOOOPaOOTKN HAOIIOAaeTCS M I 00-
pasIoB MMpOKaTa, MOJIYIEHHOTO Pa3IUYHBIMH CIIOCOOaMHU
XOJIOZHON MpPOKaTKH (KapTOYHBIM W pPyIoHHBIM). [lpm
3TOM NPOYHOCTHHIE TOKa3aTeNu IMpH OAWHAKOBOH TOII-
IIMHE JIUCTa HECKOJIBKO BBIIIC MPH KAPTOUHON MPOKATKE
110 CPaBHEHMIO C PYJIOHHOW. Pe3ynpTaThl KOPpO3MOHHBIX
WCTIBITAHUH JTUCTOB Pa3IMYHON TOJIIUHBI TTOKA3aJH, 9TO
HCCIICIOBAaHHBIE PEKUMBI TEPMOOOPAOOTKH MPAKTHIECKU
HE BJIMSIOT Ha CTOMKOCTH CIIaBa K MEKKPUCTAJTIUTHON
KOPPO3HH.
Knrouesvle cnosa: amoMUHUEBBIE CIIIaBbI, MarHaJIny,
CKaH[JWi, ropsyas Mmpokarka, TepMooOpaboTKa, MeXaHH-
YECKHE CBOWCTBA
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DETERMINATION OF THE STRESS STATE AND THE SPECIFIC FORCE
DURING SEVERE PLASTIC DEFORMATION IN A CLOSED DIE
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Ashkeyev Zh.A.}, Andreyachshenko V.A.?, Abdiramanov S.T.

1Karaganda State Industrial University, Temirtau, Kazakhstan
23atpayev Ekibastuz Technical and Engineering Institute, Ekibastuz, Kazakhstan

Abstract. This article describes the results of a study that looked at the stress state and the specific force or contact pres-
sure through the application of the slip line method and computer simulation (i.e. using the Deform 3D software pack-
age) when a workpiece was subjected to severe plastic deformation (SPD) in a special closed die. SPD is achieved when
a flat punch is embedded in a round workpiece enclosed in the die and alternately compressed by a ring-shaped punch.
Analysis of the results shows that compressive stresses prevail in the deformation zone resulting in the production of
blanks with ultrafine-grained and/or nanostructure, as well as high mechanical properties. The relative discrepancy be-
tween the results obtained through the slip line method and those obtained through modelling in Deform 3D was about
1.3% indicating that the results can be considered reliable. It should be noted that this closed-die technique can be used

to produce such products as gears, i.e. heavy-duty parts.

Keywords: Die, punch, container, specimens, workpieces, deformation, stress.

Introduction

The process of intensification and plastic defor-
mation in the processing of metals by pressure is
one of the main task at the present stage of the de-
velopment of science and technology, in particular,
in the processing of materials. Widely known meth-
ods such as ECAP, comprehensive forging, high
pressure twisting and other advanced methods and
tools for the implementation of severe plastic de-
formations (SPD), which for the N-th number of
passes, ensure the production of nanostructured ma-
terials with high mechanical properties [1].

Therefore the creation and development of new
ways and means for the implementation of SPD re-
main today for one of the most urgent tasks. In this
article, we present the results of an investigation of
the stressed state and the determination of the con-
tact pressure (specific force) of the deformation of
the circular billet in a closed matrix (Fig. 1).

Section I. Determination of the stress state
and specific deformation force of blanks
in a closed matrix by the method of slip lines

The SPD process in a closed matrix [2, 3] is per-
formed by alternately compressing the blank 4 with
punch punches with a beveled working surface 3

© Ashkeyev Zh.A., Andreyachshenko V.A.,
Abdiramanov S.T., 2019

and inserting central flat punches 2 (Fig. 1). When
compressed with ring punches, the metal flows into
the central hole of the side punches, the central
punches are moved back: one up, the second down.
In this case, the die tooling (puncheons enclosed in
the container 1) is mounted on a ring-shaped stand,
which, after compression by ring punches, is re-
moved and the blank is deformed by the central flat
punches 2, while lateral punches are moved back by
the flow of metal in the opposite direction. Then the
cycle is repeated until the alignment and ensuring
the uniformity of the stress-strain state of the billet
and the obtaining of a nanostructure with high me-
chanical properties. The most common method of
slip lines (s.l.) was used to determine the stress state
and specific deformation force, which is based on a
physical phenomenon, often encountered in prac-
tice: the Chernov-Luders lines, which are clearly
visible when the punch is pressed against a surface
of sheet metal covered with scale, on the surface of
a cylindrical specimen under tension, etc. Slip lines
have a number of important properties that allow
them to be used to determine stresses throughout the
volume of the blank and knowing the stresses at any
point in the body, contact stresses and specific de-
formation forces can be determined.

To determine the specific force and stress state,
when the flat central and annular punches are insert-
ed into the blank, a field of slip lines is constructed
(Fig. 1 and 2).
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Fig. 1. Scheme of the introduction of a flat punch
into the blank and the field of slip lines
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1 — container; 2 — central cylindrical punch;
3 —ring punch; 4 — workpiece
Fig. 2. Compression by ring punches and the field of s.I.

It is known that in the absence of friction on the
contact surface (when using a process lubricant) hp
come out on the contact surface at an angle of 450 or
n / 4 radians (Fig. 1). At the same time, it is believed
that the field of hp. The surfaces adjacent to the flat
surface of the central punch and the surface of the
annular punches are uniform. It should be noted that
the beveled surfaces of the ring punches only touch
the blank and these surfaces can be considered free,
and accordingly, these surfaces are hp. also come out
at an angle of about 50-45°. Combining homogene-
ous fields from points a and b with radii aC = bC, we
obtain centered fields of s.I., as well as the boundaries
of the plastic region of ACB (Fig. 1). It should be
noted that the field of hp. constructed according to

www.vestnik.magtu.ru

the method proposed by L. Prandtl.

We now turn to the determination of the stressed
state and the specific force when introducing a flat
punch into the central part of the billet. From the
constructed field of s.I. it can be seen that the angle
of rotation of the HP. when passing from the point
A (on the free surface) to the point C or B, because,
as already noted, the stress state under the punch is
homogeneous, 90° or ¢Ag=n/2 radians. We assume
that in the annular zone of the workpiece (on the
free surface), for example, at point A, the metal un-
dergoes compression, and along the Y axis, the
stress is zero, i.e 6,,=0, and from the plasticity con-
dition we can write the following: oys — oxa=2K,
then at point A the average stress cavera= —K, where k
is the plasticity constant or the shear yield strength.
The Henka equation [2], taking into account that
Oavera > Oavers, Can be represented as follows:

Cavers ~ Oavers = 2K x5
“Oaere = 2KP x5 —Opa
—GC e = 2KQ 5 +k
Caers = —2kO,p —k 1)
Hence average stress at points C or B:

GCavers = _k(l + 2(PAB ) : (2)
Similarly, we can write for the point C (B), that is:

P,y =—0 5, OTCIOAG, 4

py;lBH. :Zk(1+(pAB):2k(l+gj:257G; (5)

Here: o, — is the deformation resistance of the

deformable material, which we take as a function of
the temperature-velocity parameters of the defor-
mation. It should be noted that the plasticity con-
stant is related to the deformation resistance by the

*

o1

N

following dependence k= or approximately

o, =2 k [4].

For example, if the aluminum blank is de-
formed, then from the reference literature the strain
resistance value is o, = 58,8 MPa, then the specific
force or voltage on the contact surface will be:

P spint= 2,57-58,8=151,116 MPa.

Field s.I. when compressed with ring punches
with a sloping working surface is shown in Figure 2.
It should be noted that the greater the angle of
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slope a, the greater the IPD. At the considered stage
of deformation, the metal flows into the hole of the
ring punch, i.e. the metal flows in the opposite di-
rection, relative to the previous stage of treatment.
In the zone of the matrix hole (between the points E
and F) o is compressive, and c,=0 and from the
plasticity condition we can write ¢,= -2k. The aver-
age stress at this point is k, i.e. 6g= 600= - k.

The average stresses at the node points 0.1-0.4
and on the contact annular surface are determined
by the above procedure, i.e. from the Henka:

T
Gaver0.0 ~ Cavero.4=2K (4 * 5) ; (6)

Where: © / 9 = vy is the angle of rotation of the
s.l., for example, from point 0.0 to point 0.1.

Then at the point 0.4 or at the point E on the
contact surface, the average voltage will be: caver04

= GCaere =-2k(05+4 * %) ~ - 2k*1,90. Hence the

specific force on the contact annular surface will be:

Psp- =- Cnyv
or
psp.:2k(1+4*%):2’40*6;; @)

Then, assuming that an aluminum blank with a
deformation resistance o, = 58,8 MPa is processed,
the specific force will be:

P sp.comp. = 2, 40 *58, 8 = 141,12 MIla.

An analysis of the results of calculating the
stress state obtained by the s.I. method shows that
compressive stresses act mainly in the deformation
region, which contributes to the intensification of
plastic deformation, which facilitates the closing or
"healing™ of internal defects of the billet and the ob-
taining of a nanostructure [5].

Section I1. Determination of stress state
and specific deformation force of blanks
in a closed matrix by computer simulation

In recent years, software complexes, such as
Deform 3D, based on the finite element method
are widely used, in particular in metal pressure
machining, which accurately provides information
on stresses and deformations in the volume of the
deformed body. We use this method to determine
the stress state and the specific deformation force
in the SPD of the blank in a closed matrix. After
calculating the stress with the help of the Deform
3D program, pressure changes were obtained
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when the blank was compressed with a ring punch
(Fig. 3) [6].

Stress - Effective (MPa)
Step 148 180

PN s
i < P15

Stress - £ P19 598

L) |
; P3
© 0000

8.44 Min
146 Max

Fig.3. Pressure variation during blank compression
by ring punches

Analysis of the results of computer simulation
shows that the specific force of compression of the
blank by ring punches was 143 MPa (Fig. 3), hence
the relative difference of values with the previously
obtained result, i.e. value obtained by the s.l. meth-
od (141.12 MPa) was 1.5-1.3%. It should be noted
that in computer simulation, aluminum billet was
also used to calculate the stress state.

Conclusions: The slip lines method and comput-
er simulation using the Deform 3D software pack-
age determine the stress state and the specific de-
formation force for the blank PPD in a closed ma-
trix. Analysis of the results of the study shows that
in the core of the deformation the compressive
stresses predominate, which intensify plastic defor-
mations that help to close internal defects and to
obtain nanostructured materials with high mechani-
cal properties. In this case the relative difference in
the results of the study, obtained by the hp method
and simulation in the software complex Deform 3D
was about 1.3%, which allows to judge the reliabil-
ity of the results of the study.
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HHDPOPMALIUA O CTATHE HA PYCCKOM
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ONPEAEJNEHWE HAMPAXEHHOIO COCTOAHWUA U YOENBHOIO YCUNKUA
NPU UHTEHCUBHOU NIACTUYECKOU AEOOPMALINK B 3AKPBLITOU MATPULIE

AlrkeeB )K.A.l, AHJIpEsILEHKO B.A.z, AbmupamMaHOB C.T.

1KapaFaHI[I/IHCKI/II7I rocynapcTBEHHBIA UHAYCTpUANIbHBIA yHUBEpCcUTET, Temupray, Kazascran
23KH6aCTy3c1<1/n71 HMHXCHEPHO-TEXHNYECKUI MHCTHTYT UM. akanemuka K.CatmaeBa, Dknbacrys, Kazaxcran

Annomayun. B pabore nNpuBEAEHBI  Pe3yJIbTAThI
WCCJIEJOBAHMSI HANPSHKEHHOTO COCTOSHUS M YJIEJIBHOTO
ycunusi (KOHTaKTHOTO JIaBJICHHS), TIOyYSHHBIE METO/I0M
OMHUHA  CKOJBXKeHHs  (1.C.) W KOMIBIOTEPHBIM
MOJICTIMPOBAaHNEM, C HCIOJIB30BAHHEM IPOTPAMMHOTO
komruiekca Deform 3D mpu HHTEHCHBHOM MIACTHYECKOM
mepopmanmu  (MI1J]) 3aroToBkM B CICIIMANBHOMN
3aKpBITOU MaTpuLe. 50001 OCYLIECTBIISIETCS
MONIEPEMEHHBIM  BHEJIDEHHUEM IUIOCKOTO ITyaHCOHa |
C)KaTHEM KOJIbLIEBBIM IIyaHCOHOM 3aroTOBKH KpYTJIOW
(OpMBI, 3aKJIIOYEHHOW B MaTpHie. AHAJIU3 Pe3yJIbTaTOB
HCCIIEJOBAaHMS TOKa3bIBaeT, 4TO B odare Aedopmaruu
MIPEBATUPYIOT COKUMaIOIIHe HaIpsDKeHUS, 4TO
crocob6CcTByeT TIOJTY4EHHIO 3arOTOBOK c

YIBTAPMENKO3EPHUCTON  W/WIM ~ HAHOCTPYKTPOH U
BBICOKMMM II0Ka3aTe/IIMU MEXaHUYECKUX CBOMCTB. Ilpu
9TOM OTHOCHTENIbHAsl Pa3HUIla PE3yJIbTAaTOB HCCIIEA0Ba-
HUS, TOIY4EeHHBIX METOAOM J.C. U MOJCIUPOBAaHUEM B
nporpammuoM komiutiekce Deform 3D cocraBuna okoio
1,3%, 4T0 MO3BONAET CyAUTh O JOCTOBEPHOCTU PE3YIIb-
TaToB HccienoBaHus. CiemyeT OTMETHTh, YTO JAaHHBIM
croco0OM B 3aKpBITOM MaTpPHUIIE MOKHO IMOJy4aTh TakKue
M3JeNUs Kak, HallpuMep, 3y0daThie MIeCTepHH, KOTOPHIE
paboTarT B TSHKENBIX YCIOBUSX U K HUM HPEABSIBISIOT
BBICOKHE TPEOOBAHUS.

Knrwouegvle cnoea: Matpuia, IIyaHCOH, KOHTeHHep, 00-
pasiibl, 3ar0TOBKH, JeopManysi, HalpspKeHHe.
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CTAHJAPTH3ALIHA, CEPTHOHKALHA H YNPABNEHHE KAYECTBOM

VJIK 006.013:621.778

PA3PABOTKA CTPYKTYPbI HOPMATHUBHOI'O JOKYMEHTA
HA METAJJIOITPOAYKI IO HA OCHOBE ITPUHIUIIA
OIIEPEXAIOIIEN CTAHAAPTU3ALIUN

https://doi.org/10.18503/1995-2732-2019-17-1-86-93

Cuumipkos C.B.Y, Tomskopa M.A.2, JIumapes A.CH XapUTOHOB B.A?

! MockoBekuit rocyapCTBEHHBIM TEXHUYECKUIM YHUBEPCUTET TpakJaHCKON aBuanuu, Mocksa, Poccust
2 Marnuroropckuii rocyjapcTBeHHbIi TexHuueckuil yausepcureT um. I.1. Hocosa, Maruuroropck, Poccust

Annomayusn. TloctanoBka 3a1aun (aKTyaJIbHOCTH padoThl): B craThe MmokazaHo, 4TO OJHOW M3 aKTyalbHBIX MPO-
OJeM cTaHAapTHU3alUN Ha COBPEMEHHOM 3Talle SIBIISETCS TapMOHM3AINS TPeOOBaHUN CTAHIAPTOB C 3apyOCKHBIMU HOP-
MaMH. JT0 00yCIOBICHO HEOOXOAMMOCTBHIO TOBBIMICHHUS KOHKYPEHTOCIIOCOOHOCTH NPONYKIWH Ha BHEITHEM PHIHKE.
OpnHako HalMOHAJbHAS MPAKTHKA paboT B 00JACTH CTaHOAPTH3AIMU, HAJTMYHE OONBIIOTO KOJMYECTBA JCHCTBYIOMINX
CTaHIAPTOB HA OAWH W TOT K€ BHJ MPOTYKIIHH, a TAK)KE CYIIECTBYIOIMIAsl CTPYKTypa CTAHIAPTOB HE IMO3BOIISIOT B IIOJI-
HOM Mepe rapMOHH3HUPOBATh MOKAa3aTeIN KauecTBa K MPOAYKIIMH, COJEpKAlINecs B HAIIMOHATBHBIX CTaHIApTax, C CO-
OTBETCTBYIOIIMMH NOKA3aTeIsIMU JYYLINX MHPOBBIX aHaioros. Llejb padoTsl: pa3paboTka HOBOM KOHLEHIUHU CTPYK-
TypBI CTaHJapTa, B KOTOPOM BO3MOXKHO COUETaHHE TPEOOBAaHMH KaK JEHCTBYIOIINX HAMOHAJIBHBIX, TaK U 3apyOeiKHbBIX
crargaptoB. Ucnmoab3yemsbie MeToabl: [Ipu pazpaboTke HOBOW KOHIENIUU CTPYKTYPHI CTaHAApTa MPUMEHSIINCH YHH-
BepcaJbHBIC METOBI HAYTHOTO TO3HAHUS: aHAIHN3 U CHHTE3, NeAYKIIHs, aHAIOT s, SKCTPAIIOINpOBaHue, abCTparupoBa-
nue. HoBu3Ha: HoBu3Ha mpemaraeMoro moaxofa 3aKiodyacTcs B pa3padOTKe HOBOH MPOLEAYpPHl MIOATOTOBKH CTaH-
apTa ¢ y4eTOM CYIIECTBYIOIICH MPaKTHKA HOPMHUPOBAHHUS IMOKa3aTeNie KadecTBa MPOMYKIMH, YPOBHA IOKa3aTeleit
Ka4yecTBa MUPOBBIX aHAJIOTOB, a TAK)KE DKOHOMHYECKHX (hakTOpoB. Pe3ynbTat: B crarthe mpuBeneH NpuMep MUCIOIb30-
BaHUA Pa3pabOTaHHOUN KOHIEMIUHN MOCTPOSHMsI CTaHAapTa Ha TpuMepe pa3pabOoTKH MEXTOCyIapCTBEHHOTO CTaHaapTa
Ha MpoKaT apMarypHbiil. [TokazaHO OCHOBHOE OTIWYME CTPYKTYPHI CTaHAApTa, KOTOpas 3aKJIIOYaeTcsi B TOM, YTO OH
COIICPXKHUT JBa paslena. B mepBoMm pasiene MpHUBEICHB HOPMEI, NEHCTBYIOIINE B OTMEHSICMBIX HAI[MOHAIBHBIX CTaH-
nmaprax. Bropoii pazgen comepxut TpeOOBaHUs, TapMOHU3UPOBAHHEIE ¢ MEXIYHAPOTHBIMU CTaHIApTaMHU. JTO MO3BO-
JISET TPOM3BOIUTEIII0 CAMOCTOSTEIHHO BBHIOMPATh TaKOW MPOIECC MPOW3BOJACTBA MPOKaTa apMaTypHOTO, KOTOPHIA B
MTOJTHOH Mepe COOTBETCTBYET MMEIOIIMMCS IIPOU3BOACTBEHHBIM BO3MOXKHOCTsIM. [IpakTHueckas 3HaunMocTh: [Ipen-
JlaracMasl KOHLCHIUA MOCTPOCHUA CTPYKTYPBI CTaHAApTa IMO3BOJIACT YUYWUThIBATH B CTaHJapTax I/IMCIOI_HI/II\/’ICSI Haluo-
HaJILHBIN ONBIT B 00JIACTH HOPMHUPOBAHUA oKa3arejiell kKauecTBa MMPOAYKIINU, KOTOPBIC B MaKCHUMaJIbHOH CTEIeHHU rap-
MOHHU3HUPOBAHBLI C YPOBHEM CBOICTB MHPOBBIX aHAJIOTOB.

Knroueswie cnosa: cranpapTusanysi, HalMOHAJIBHBIN CTaHAAPT, EBPOHOPMEI, TIOKA3aTeNn KayecTBa, HOp MUPOBAHUE,
rapMOHU3AIMA, TPOKAT apMaTypPHBIH.

MIEPEIOBBIX JOCTIDKEHHN HAYKH, TEXHUKH U TEXHOJIO-
THH, a TaKKe 3allUThl HHTEPECOB rocynapcTa. HeoO-
XOAUMBIM YCIIOBHEM WUHHOBAIMOHHOT'O PA3BUTHUS MPO-
W3BOJICTBA SIBJISIETCS MPOBEIEHHE KOMILIIEKCa padoT 1o
aKTyaJM3alii HOPMATUBHOW 0asbl, MPH ATOM paspa-
0OTKa HOBBIX M OOHOBIICHHE JCHCTBYIOIINX CTaHIAp-
TOB JIOJDKHBI SIBJISITHCS OCHOBOM ISl BHEAPEHUS AO-

BBenenune

B cootBerctBru ¢ 3akoHOM Poccuiickoit denepa-
uun «O crangaptuzauuu B Poccuiickoit deneparmm»
CTaHAAPTH3ALMS OMpPEACIIETCS KaK BHI JESTEIHHO-
CTH, OCHOBHOM TIEJTEI0 KOTOPOH SIBIISIETCS JTOCTIDKEHIE
YIOPSIOYCHHOCTH B OTHOIICHUHM OOBEKTOB CTaHIAp-

TU3ALMM MyTeM pa3pabOTKH U MIPUMEHEHHS JOKYMEH-
TOB 1o ctaHgapTuaimu [1]. JlaHHBI 3aKOH perynu-
PYET OTHOMICHHS MEXIy MPOU3BOIUTEIAMH U TIOTpe-
OuTeNsIMM, OCHOBBIBASICH Ha NPUHLMNAX CTAHIAPTH-
3alM, KOTOpPbIE SIBISIFOTCS MHCTPYMEHTapHeM ISt
pa3BHUTHS 5KOHOMHKH CTpaHbI Ha 0a3ze HOPMHUPOBAHHUS

© CaummukoB C.B., [TomsikoBa M.A., Jlumapes A.C.,
Xapuronos B.A., 2019

CTIDKEHMM HayKd U TEXHUKU B JEUCTBYIOLIEE IPO-
MBIIIJIEHHOE MPOM3BOACTBO. Ha coBpemeHHOM 3Tarme
Pa3BUTHSI TEXHUKU M TEXHOJOTHH pa3zpaboTka cTaH-
JIapTOB MU HOPMUPOBaHUE TPEOOBAHUN B HUX JIOJDKHBI
CTPOHTHCS HA OCHOBE COAJaHCHPOBAHHOCTH HMHTEpE-
COB CTOpOH, oOecrieumnBas AWHAMHUYHOCTD W OIEpe-
KaloIIee pa3BUTHe OOBEKTa CTaHJAPTH3AINH.

OnHOI U3 aKTyaJIbHBIX IPOOJIEM OTEUEeCTBEHHON
CTaHJapTH3alMK SBISIETCd TapMOHU3aLUsA COAEp-
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KaIuxcsl B HUX TpeOOBaHMH ¢ 3apyOeXKHBIMU HOP-
MaMH U npaBwiamu. llepexon Ha PHIHOYHYIO KO-
HOMHUKY, TIOBBIIIEHHE KOHKYPEHTOCIIOCOOHOCTH
MPOJAYKIIMKM Ha BHEUIHEM pBIHKE, BCTyIuleHHe Poc-
ciM BO BceMHpHYIO TOProByl0 OpraHU3aluio 00y-
CJIOBHJIM IIOMCK HOBBIX ITOJXOJ0B K HOPMHPOBAHUIO
CBOWCTB IPOAYKLMH B OTEUECTBEHHBIX CTaHIApTax
[2, 3]. CymecTByrolue B HACTOSIIEE BpEeMs IMPO-
OneMbl cTaHAapTU3aH 00YCIOBICHBI EPEXOAHBIM
rmepruoioM pedOpMHUPOBAHUS B O0JACTH TEXHHUE-
CKOT'O PETYJIUPOBAHUS U ABILIIOTCA CACPKUBAOLINM
(akTOpoM B JOCTIKEHHH TIOCTAaBICHHBIX TIepen
CTaHJIapTU3alMel cTparternueckux meneit [4]. Orto
OTHOCUTCA K HHU3KOW 3(p(EeKTUBHOCTH CTaHIAPTOB
U3-3a2 OTCTaBaHUSl HAYYHO-TEXHHMYECKOTO YPOBHS
CTaHIAPTOB OT COBPEMEHHBIX IOCTI)KEHUM HAYKH U
TeXHUKH M 3aMEJUIEHUS TEMIIOB TapMOHU3allUU
HaIlMOHAIBHBIX CTaHAAPTOB C MEXKIYHApOIAHBIMHU
cranmaptamu [5-7].

[Ipeobnanaromiee 4uciIo0 MEXIYHAPOIHBIX CTaH-
JapTOB, JEMCTBYIOIIMX B HACTOALIEEe BpeMs Ha Tep-
putopun Poccuiickoin ®enepanyu, sBISIETCS TOY-
HOH KONUEH COOTBETCTBYIOUIMX MEXIYHAPOIHBIX U
eBporneickux cTanaaptoB. llpu atom r060€ OTKITO-
HEHHE OT TPeOOBaHUI COOTBETCTBYIOIIUX 3apyOex-
HBIX HOPM OIIEHHBAETCs €BPONEHCKUMH KOMITaHU-
MU KaK HPENSTCTBUE OT MPOIBIKEHUS ITPOU3BOIU-
Mol umu npoaykuuu. C 3TOH TOYKY 3peHHs MPUHS-
Tas B 3amajHbIX CTpaHaX MpaKTUKa pa3paboTKu
CTaHIApPTOB OT/ACIbHBIMUA (UPMaMHU SIBISETCSI CBOE-
00pa3HOM 3alUTON X BHYTPEHHEro phlHKa. Cieny-
€T TaK)Ke OTMETUTh PA3JINYMs U B CTPYKTypE OTeue-
CTBEHHBIX U 3apYOEKHBIX CTAHJapTOB, HCIIOIb30BaA-
HUE Pa3IMYHBIX METOJO0B KOHTPOJS M IMPOBEACHUS
aHaM3a, 4TO TAKXKE SIBISIETCS BO MHOTHX CIIydasx
OCHOBOH 7151 OsIBICHUS pa3zHoriacuil. Kpome Toro,
KaXblii MEXIYHAPOJHBIM WM €BPONEHCKUIN CTaH-
JapT CChUTAeTCsl Ha CTAaHIApThl CBOEW CHCTEMBI,
OOJIBLIMHCTBO U3 KOTOPBIX B Poccuu HE TOJBKO HE
rapMOHHU3UPOBAHbl, HO M HE IEPEeBEICHbI Ha pyc-
CKHH s3bIK [7].

B pabotax [8, 9] paccmarpuBaeTcs OCHOBHAas
TEXHUKO-DKOHOMHYECKAsT 3aKOHOMEPHOCTh CTaH-
JapTU3alliy, CYIIHOCTh KOTOPOM 3aKIo4aeTcs B
HEOOXOMMOCTH OOECIeYeHHs] TPEeMCTBEHHOCTH
TpeOOBaHMI MAEHUCTBYIOIINX HOPMATHUBHBIX JOKY-
MEHTOB NP W3MEHEHUH YPOBHS KadecTBa 00BEKTa
CTaHAAapTH3aLMU. JTO OOecreyrBaeT B3aUMOCBSI3b
MOCTOSIHHO IOBBIINAIONINXCS TPeOOBaHUH MOTPEOU-
TeJlsl C YPOBHEM 3HA4YEHHUI MOKa3aTelell KauecTBa
MPOAYKIIMH, KOTOPHIE PETIaMEHTHUPYIOTCS B COOT-
BETCTBYIOIIUX CTaHJapTax. Eciu IriIaBHBIM peryms-
THUBHBIM NPUHLUI CTaHAAPTU3ALMH HE BBIIOIHIET-
Csl, TO MOXKET MPUBECTH K TOMY, YTO JIEATEIbHOCTD
naHHOM oOyactu He Oyzxer >ddexkruBHON. MHBIMEU

CloBaMHM, TpeOOBaHHS, COIEpKalluecs B CTaHAAp-
Tax, MOIYT JMOO OTCTaBaTh OT CYIIECTBYIOLIETO
YPOBHS pa3BUTHA TEXHUKH M TEXHOJIOTWH, 1100,
Hao0OPOT, HAMHOTO IPEBBIMIATh TEMIIbl Pa3BUTHUS
npomblieHHocTH. C 3Tol Touku 3peHus pabora
HajJ pa3paboOTKOW CTaHAApPTOB W aKTyalu3aluei
TpeOOBaHU B HUX IOJDKHA BECTHCH IIOCTOSHHO.
Ilpu aHanmm3e neATENBLHOCTH B OONACTH CTaH-
JapTU3alliy  CIEAyeT YYMThIBaTh HalMOHAJIbHBIE
0COOEHHOCTH TOT'0 MJIM MHOTO TOCYAAPCTBA, a TAKXKE
MMCIOIIHMIACS OTBIT MPAKTUICCKOW paboTHI IO pas-
paboTKe U YTBEpXIEHHIO CTaHAapToB. CTaHIapTu-
3alUsl Kak Mpolecc pa3pabOTKU M NMPUHSATHS CTaH-
JApTOB MpEAToJaraeT OmpeleNeHHbI Habop 3aKo-
HOJATEIbHO 3aKPEIUICHHBIX OEHCTBUIl: BBIOOD WM
pa3paboTKa ONTHMANBHBIN pEIIeHUH, WX y3aKOHH-
BaHHE M O(QOPMIICHHE MO YCTAHOBICHHOMY IOPS-
Ky, MX IpPaKTHYeCKOe IPHUMEHEHHE B TIPAKTHUKE
[10-12]. CormnacHo 3akony Poccuiickoit ®deneparmn
«O cranmaptuzauun B Poccuiickoit ®denepauum»
OCHOBHBIM YCJIOBUEM YTBCPXKIACHUA CTaHAapTa SAB-
JISeTCsl TOCTHKEHHE KOHCEHCyca MEXIy WIEHaMHU
texandeckoro komwurera [13—-18]. Kpome toro, pe-
TYJIMPYIOIIMMH JOKYMEHTaMHU SIBJISIETCS Psii CTaH-
JIapTOB TOCYNAapCTBEHHOM CHCTEMBI CTaHJIApTHU3a-
LIMU, B KOTOPBIX HOPMHUpYeTcA Ipollenypa OTAEb-
HBIX 3TAIlOB OCYIIECTBIECHU paboT 1o pa3paboTke 1
YTBEP)KICHUIO CTAHJAPTOB, B KOTOPBIX TaKKe HOp-
MHUPYETCS CPOKH MPOBEAECHUSA TOIO WJIM MHOTO JTa-
na. [TosTomy B psime paboT oTMedaeTcs, 4To 00s3a-
TEJIbHBIM M CYLIECTBEHHBIM (PaKTOPOM JOCTHKCHHS
KOHCEHCYcCa SIBJISIeTCS HaJIMuhe HeOOXOIUMOro Bpe-
MEHH JJIs COTJIaCOBaHUS MEPEYHs U 3HaYeHUH HOp-
MHPYEMBIX MapamMeTpoB npoaykiuu [19-22].
HemanoBaxHoe 3Haue€HHE B MPaKTHYECKON Jesi-
TEJIbHOCTH NPUMEHEHHs] HOPMaTHBHBIX JJOKYMEHTOB
UMEET CTPYKTypa MOCTPOCHHS CTaHJapTa, a TaKxKe
cucteMa HOpPMHUpOBaHHs TpeOoBaHMid B HeM. Hc-
NOJIb3yeMasl CTPYKTypa OTE€YEeCTBEHHBIX CTaHIapTOB
B 3HAUUTEJILHON CTENCHH OTIMYAETCS OT CTPYKTYpPHI
3apyOeKHBIX HOPM, YTO TAKXKE CO3/IAET OIpe/ielieH-
HbIe TIPOOJIeMBI NP MPOBEACHUU paboT MO rapmo-
HU3aIMd HOPMATHUBHBIX JOKYMEHTOB HA OJWH U TOT
ke BUA npoayknuu. Kpome Toro, cienyer OoTMETUTh
" pa3jnmyusd B MoAXoaax K HOPMUPOBAHUIO CBOIICTB
IMPOAYKIINH, UCIIOJIB3YEMBIC B PA3HBIX CTpaHaX.
Cpenu UMEIOIUXCS MPOOJIeM POCCUHUCKOHN CH-
CTEMbI CTaHJAPTHU3ALMU CIIEIUAIUCTHI TAKKE OTMeE-
YarT OTCYTCTBUC YIIOPAAOYCHUA N CUCTEMATU3AIIUN
TpeOOBaHMI HA OAWH U TOT K€ BUJ MPOIYKIIUHU, OI-
HOBPEMEHHOE [EeHCTBHE HEONPaBIaHHO OOJBIIOTO
KOJINYECTBA Pa3NUYHbIX BUIOB HOPMATHBHBIX J10-
KYMEHTOB, HErapMOHH3UPOBAaHHBIX C 3apyOEKHBIMH
HOpMaMH U TpaBHJIaMH, HU3KUI ypOBEHb TpeboBa-
HUM K OPOJIYKIMH, HE OTPAKAIOIIUU JOCTHUKEHUS
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HayKH ¥ TEXHUKU. DTH ¥ MHOTUE Apyrue (HaKToOphI
SIBIISTIOTCSI OCHOBaHUEM JIJIsl TIOMCKA HOBBIX PEIICHUI
1 00yCIIaBIMBAIOT HEOOXOIUMOCTE pa3pabOTKH HO-
BOH KOHIICTIIIUY ITOCTPOCHUS CTPYKTYPhI CTaHIAPTa,
KOTOPBI MOT OOBEIUHUTH KaK JCHCTBYIOIIHME Tpe-
OOBaHMS K MPOMYKIIMH, TaK U OTPa3HUTh CYIICCTBY-
IOIHe TEHJCHIIMY Pa3BUTHSI 00BEKTA CTaHIApTH3a-
uuu [23, 24].

IIpennocbliku pa3padoTKH HOBOW CTPYKTYPbI
CTAHIAPTAa HA METAJIONPOAYKIM IO

[lotpeburenb, sSBASSCH MEPUIOM LEHHOCTH
IPOAYKIMH Ha PBIHKE, 3aMHTEPECOBAaH B yJOBIE-
TBOPEHHU CBOUX IMOTPEOHOCTEH 3a CUET BBINOJIHE-
HUS IPOIYKIMEH onpeaeIeHHOro Habopa MoJIe3HbIX
¢yHkuuii. JIpyruM y49acTHUKOM OTHOIICHHH SIBIISI-
€TCsl IPOU3BOJIUTENb, KOTOPBIA B CBOEH NEATEIBHO-
CTH HE TOJIbKO CO3JaeT MPOAYKLHIO, HO TaKXe Hpo-
W3BOJUT aHAJU3 PBIHKA, T.€. OLIEHWBAaeT KOHKYpEH-
TOCIIOCOOHOCTP M BOCTPEOOBAHHOCTH MPOJYKIIWH.
OTO U ABNSETCS OPUEHTUPOM IJsl IPOU3BOAUTEIS
CTETIeHN yIIOBJIETBOPEHUSI MOTpeOHOCTEH TMOTpeOu-
tens (puc. 1).

[Nockonbky M000H HOPMATHBHBIN JOKYMEHT pe-
T'YJIMpYeT OTHOLICHUS MEXIy IOTpeOuTeseM U W3-
TOTOBUTEJIEM, €r0 CTPYKTYpa JOJKHA 00ecreynBaThb
rapMOHM3AIMI0 HOPMHUPYEMBIX K MPOAYKLHH Tpe-
OoBanuii. B pabore [25] yCc/IOBHO BBIIEISIOTCS JIBa
HanpaBJICHUs] TApMOHHU3ALMN CTaHIAPTOB: TOPU30H-
TanbHOEe M BepTHKaubHOe. Ilog ropusoHTanbHOM
rapMOHM3aIMel MOHUMAEeTCsl COTjlacoBaHHE Tpeho-
BaHUH CTAaHAAPTOB Ha MPOAYKIUIO, KOTOpAas MMEET
€IUHBIA YpOBEHb KauecTBa. Takol ypOBEHb rapmo-
HU3ALMU HCIIONB3YETCsl B MPOMBILIICHHO Pa3BUTHIX
crpanax: CIILA, Snonus, ctpansl EBpocorosza. Bep-

TUKaNbHAs CTaHIApTU3alus TpeOOBaHWU CTaHAAp-
TOB XapakTepHa Ul CTPaH, YPOBEHb IPOMBIILIEH-
HOI'O pa3BUTHA KOTOPBIX COOTBETCTBEHHO HHXKE.
OTO B 3HAYMUTENILHOW CTENCHH 3aTPyAHSET MpoIecce
coryiacoBaHusl TpeOOBaHMI HAIMOHAIBHBIX CTaH-
JapTOB CO CTaHAApTaMM BEIYIIHUX CTPaH, IOCKOJIb-
Ky YPOBEHb Pa3sBUTHS IPOMBIIUIEHHOCTH pa3BUBa-
IOLIMXCSI CTpaH HE MOXET O00eCleunuTbh MPOU3BOJ-
CTBO MPOJYKLUUH B COOTBETCTBUH C TPEOOBAHHSIMU
CTaHJApTOB pa3BUBarOIKXcsi crpaH. [lo MHeHHIO
aBTOPOB, JJAHHOE HAIPABJICHUE CBOAUTCS K ajariTa-
UM TpeOOBaHHWH CTAaHAApPTOB PAa3BUTHIX CTpPaH K
BO3MOXHOCTSIM ~ COOCTBEHHBIX  IIPOU3BOJIUTEICH
[25]. C nopyroii cTOpoHBI, TaKOW MOAXOA OTKpPHIBAET
IIMPOKKE BO3MOXKHOCTH JJIsI IOMCKA HOBBIX TEXHH-
YECKMX pELICHUI M BHEOPEHHsS WHHOBAIIMOHHBIX
uaell B TMPOMBIINUICHHBIE TEXHOJOTHH pa3BHBAIO-
mmxcst crpad. Kpome Toro, 5TO SBISETCS CTUMYJIOM
Ul Pa3BUTUS M COBEPIICHCTBOBAHHUS CHUCTEMBI
CTaHJApTH3alMU 3THUX CTPaH, a TaKkKe IOUCKa HO-
BBIX QJIBTEPHATUBHBIX IyTeH B paMKax rapMOHH3a-
1MUY TPEOOBaHUI CTaHIAPTOB.

3aJ0roM MNpPOTPECCHMBHOTO Pa3BUTHSL PabOT B
o0acTi craHzapTU3alMU SBISIETCS NPUHLMUI OIle-
pexaromeil CTaHAapTH3alUuK TPH HOPMUPOBAHHU
CBOWCTB MPOIYKIHU. JTO MO3BOJSAECT pa3padboTarh 1
peanmzoBaTh 3GGEKTUBHBIC dTalbl MPOBEACHUS pa-
00T 1O rapMOHHU3ALMH C YYETOM CHEIM(UKU Pa3BH-
TS IPOU3BOJICTBEHHBIX OTHOIIICHHUH B CTpaHe, y4u-
THIBaTh OCOOEHHOCTH HAIIMOHAJBHBIX CHUCTEM TIO
CTaHJApTHU3alMK, a TAKKe 3aKIaAblBaTh B CTaHAAP-
THI TAaKUE€ HOPMBI, KOTOPbIE SIBISIOTCS MEPCICKTHB-
HBIMU U CTUMYJIUPYIOHIMMHU MOJICPHU3AINIO TTPOH3-
BOJICTBA C LEJBIO MPOU3BOJICTBA MPOMYKIMU Iy4Y-
1Iero KayecTBa (puc. 2).

TpeSosarmr noTpebrTaTeE

»

'y

(pasTHUHEIE CTANHH FHSHEHHOTO IHETA IO Ty EITHE)

KoHTpoas EawecTEd Hp OJVELTEH

MMPOH3EBOICTEO

Ipomeccs! VIpaBTeHna
Kraandemamm nepconana

¥

¥

AHATHS VIOEISTECPEHECCTE
moTpelHTETeE KaTecTEOM PO TyEIRE

Puc. 1. Cxema ydera TpeGOBaHUIi MOTPEOUTENS
MIpH MPOU3BOACTBE MPOAYKLIMH C 3alaHHBIM YPOBHEM KauecTBa

88

Becmuuk MI'TY um. I'.A. Hocoea. 2019. T.17. Ne1



Pa3pabomka cmpykmypbI HOPMamueHo20 AOKyMeHma Ha MemanionpodyKyuro ... CHumuiukoe C.B., lonsikosa M.A. u dp.

Texauueckune Tpe6osaus
YCIOBHSA, I'apmonn3anus

TpeIaracMeie TpeGoBaH Hii K BBITIYCKAEMOi
IPOHM3BOHTENEM

Ha BBEIMYCKAEMYHO MPOAYKIHH
PO YKITHIO

HopmaTuBHBEIE JOKYMEHTEI,
permaMeHTHpyoHe TpeboBaHus
K MIPOAYKITHH

Puc. 2. l'apMonu3anus TpeOOBaHMI Kak OCHOBa HOPMUPOBaHHUs TpeOOBaHUH
K IPOAYKIMH B HOPMATUBHBIX JOKYMEHTAX Pa3IMYHOTO YPOBHS

PazpaboTka nepeofl peJaKIHH CTAaHIAPTA

V4

Anamn: TpeOOEAHHHA IeACTEVIOMHX
OTEIeCTEEHHEIX HOPMATHEHEIX JOKYMEHTOR

AHATHI TEXHHIECKHX Anamas
- - CornacoepaHne
TpeboBaHHH TEXHOTOTHISCKHXE
TEXHHTECKHX -
OTedeCTEEHHRIX BO3MOEHOCTEH
- - H TEXHOIOTHIE CKHY
noTpebHTemEH OTETeCTECHHEIX

TpeDOBAHHA -
IPOH3BOIHTENEH

V1eT 3K0HOMHYECKHX TpeDOBaHHA

A4

OmnpegeneHHe 0a20BEX CTPYETYPHEIX 31eMEHTOR H TpeOoBaHHE

N\ V4 AV

AHamH3 AHamH3 AnamH3
TpeOoRaHHEA TeXHOIOTHH TpeOOBaHHA

MHPOBEIX MHPOBEIX moTpedHTeneH
CTAaHOAPTOR IPOHIBOIHTENeH HAa MHPOBOM PEIHEE

OHPeJE.'[EHHE NEPCOEKTHEHEIX IUIA OTEFIECTECHHOTO
NPOH3BOOCTEA I‘peﬁoﬁa}mf{ € YIeTOM MHPOBOTO OIBITA

DOopMHpPOEAHHE OKOHYATETBHOH CTPYETYPEL CTAHIAPTA
€ YIETOM MEPCIeKTHEHOTO MHPOBOTC OIEITA

\Z

IlooroToBKa OKOHIATEIBHOH
PEIAKITHH CTAHIApTa

Puc. 3. Mogens pa3paboTku cTaHgapTa ¢ yueToM TpeOoBaHuil moTpeOuTes,
IIPOM3BOJUTEINS. U MUPOBOTO OIIBITA

www.vestnik.magtu.ru 89



CTAHOAPTU3ALNA, CEPTUOUKALINA U YTIPABIIEHUE KAYECTBOM

CTPYKTVPA
MEXTOCYIAPCTBEHHOI' O CTAHIAPTA
HA ITPOKAT APMATYPHBIA
['OCT 34028-2016

OTMeHseMBble CTaHIapTEl
['OCT 5781-82 TOCT 10884-94
['OCT P 52544-2006

J L

ofmrie TpedoBaHHA

€BPOHOPMEI
ISO 6935 -2:2007
EN 1992 -11:2005
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Puc. 4. Crpykrypa MexrocyaapcrseHnoro crangapra 'OCT 34028-2016
«IIpokat apmatypHbiil. TexHudeckre TpeOOBaHUSD

CoBpeMeHHBIH 3Tarm MPOU3BOJCTBA TPEOYET HC-
TOJIb30BaHUS IPUHITUIINAIEHO HOBBIX PEIISHUH MTPU
pa3paboTKe CTPYKTYpHl U COAEpKaHHUS CTaHIIAPTOB
[26, 27]. Ilpexmae Bcero, craHaapT IOJHKCH OBITh
HaIleJICH Ha MPaKTUYECKOe MPUMEHEHHE KaK MPOu3-
BOJMTEJEM, TaK W MOTPEOUTENEM, T.€., UHBIMH CJIO-
BaMH, BCe TPeOOBAHMS K MPOAYKIHHU JIOJDKHBI OBITH
TIOHSITHBI ¥ OYEBHJIHBI KKIOH MX 3aMHTEPECOBAH-
HBIX cTOpoH. CTaHAapT NOJDKEH COJEpXKaTh He
TOJIBKO TpPeOOBaHHS K MPOIYKIIUH, KOTOpPEIE o0ec-
MEYMBAIOT  BHINIOJHEHHE €€ IOTPEOUTEIbCKUX
(dyHKIMH, HO Takke 0e30macHOCTh ee (PYHKIIMOHM-
pOBaHUSA C YYETOM DSKOHOMHYECKUX TpeOOBaHUIA.
DTO ABIAETCS OTPAKEHUEM OCHOBHBIX IPHUHIIUIIOB
CTaHJIaPTU3AIUU, KOTOPBIe C(hOPMYIUPOBAHEI B 3a-
koHe Poccuiickoit ®eneparnu «O cTaHAAPTHIAINH
B Poccuiickoit denepanumn». Mcnonbs3oBaHue Tako-
ro mojxoia TpeOyeT pa3pabOTKW HOBOH MOAETH
MOCTPOEHUSI CTaHJAPTA, KOTOpask OTPaXKaeT Kak Cy-
MIECTBYIONIYIO TPAKTUKY pa3paboTKh CTaHIAPTOB,
TaK W TO3BOJISET MCIOJB30BATh JIYUIINEC MHPOBBIC
aHAJIOTH Kak 0a3bl JJIs ONpPEJIeIICHUs] YPOBHS 3HaUe-
HUU MOKa3aTelel kauecTBa mpoaykuuu. Mcxons us

W3JI0)KEHHOT0, pa3paboTKa cTaHaapTa JIOJhKHA Oa-
3UpOBAThCSI HA ONPEAETICHUH NEPCHEKTUBHBIX Tpe-
0OBaHWI C y4€TOM MHUPOBOTO OMBITa (pHC. 3).

PaccmoTpum npuMeHeHue npeagaraeéMon Moie-
T Ha TpuUMepe pa3pabOTKH MEXTOCYAapCTBEHHOTO
CTaHJapTa Ha MpoKaT apMarypHblid. B pamkax [lna-
Ha MEXTOCyAapCTBEHHOU cTanaapTu3auuu B 2014 r.
Hayanuch paboThl MO pa3pabOTKe E€AMHOTO MEXTO-
CyJIJapCTBEHHOT0 CTaHIapTa Ha MpPOKaT apMaTyp-
HBIH. OTO OBIJIO OOYCIIOBJIEHO LENBIM PSAOM NpH-
YHH, CBS3aHHBIX C HEOOXOJMMOCTBIO PEryJmpoBa-
HUS OCTYTa M aJanTaluil CTPOUTEIBHBIX MaTepua-
JIOB W W3/ETHNi, NH)XEHEPHBIX M MPOEKTHBIX paboT
OTEUECTBEHHOI'O IPOM3BOJCTBA HAa EIMHBIM €BpO-
neickuil peiHOK. Crenyer TakXke OTMETHTh, 4TO
TpeOOBaHM Ha MPOKAT apMaTypPHBINA IS Kese300e-
TOHHBIX KOHCTPYKLMM JE€HCTBOBAIM PpPa3JIMUHBIC
HallMOHAJbHbIE CTAHJAPTHI, TPEOOBAaHUS B KOTOPBIX
BO MHOTI'OM JyOJIMpOBaNy ApYT Apyra.

[Ipu pa3paboTke MEXrocyJapCTBEHHOTO CTaH-
JlapTa HEOOXOAMMBIM YCJIOBHEM OBIJIO HAXOXIEHUE
pasymHOro OanaHca MeXIy OTMEHSEMBIMH CTaH-
napramu Ha mpokar apmatypueid I'OCT 5781-82
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Pa3pa60mka CMpPyKmMypbl HOPpMamueHo20o doxyMeHma Ha Memannonpodykuum

CHumuiukoe C.B., lonsikosa M.A. u dp.

«Cranp ropsyekaraHas Uil apMHPOBaHUS Kele30-
OETOHHBIX KOHCTpYKUuH. TexHudyeckue yCIOBHS»
[28] u TOCT 10884-90 «Cranp apmaTypHas Tep-
MOMEXaHUYECKH YMPOYHEHHAst AJS Kele300eTOH-
HBIX KOHCTpYKUMH. TexHudeckue ycinoBus» [29] u
tpeboBanusamu Permamenta EC Ne 305/2011 «Kon-
CTPYKLMOHHBIE U CTPOMUTENIbHBIE MaTepuanbly. s
3TOTO TpEIUIOKEeHa HOBAas CTPYKTypa CTaHIapra, B
KOTOPOM TIPEAYCMOTPEHO JEIeHHE HOPM MO JIBYM
pazaenam. IlepBblii pa3fen cOAEPKUT HOPMBI, KOTO-
pBle €cTh B OTMEHSIEMBIX CTaHIapTax, BO BTOPOM
pas3zen BKIIOYEHBI HOPMBI, TAPMOHH3UPOBAHHEIE C
MUPOBBIMU aHaloOramu (puc. 4).

[lo cpaBHEHHIO ¢ OTMEHSIEMBIMH CTaHAAPTaMU
MEXIOCYJapCTBEHHBI CTaHJapT Ha MpPOKAaT apMa-
TYpHBIA 00€CTIeurnBaeT KaK MPeI0CTaBICHUE BBIOO-
pa cnocoba MpPOM3BOJCTBA MPOKATA U3TOTOBUTEIIIO,
TaK U B 3HAYUTEIHLHOU CTEIEHH pPacCIIMpseT TPaHu-
(bl HOPMHUPOBAHUS TOKa3aTeJe KauecTBa JaHHOTO
BUJa METAJUIONPOAYKLIUH: B Pa3MEPHBIN Psill MPOKa-
Ta BKJIIOYCHBI JOMOJIHUTEIbHBIE pa3Mepsl oT 4 10 10
MM ¢ uHTepBasioM uepe3 0,5 MM, ot 10 10 20 MM ¢
WHTEpBaJOM | MM, BBEIEHBI TpH 0a30BbIE (HOPMEI
NEPUOIUYECKOro Mpowiisi, YCTAaHOBJICHBI JBE
TpYIIBl OpeAeTbHBIX OTKIOHEHWH Mo Macce | M
JUIMHBI TIPOKATa, MPU 3TOM OJIHA U3 HUX B MHHYCO-
BOM ToJie jomycka. [lis ydera TpeOoBaHMA cTpOH-
TEJNBHBIX HOPM U NpaBWJ HPOYHOCTHBIE CBOWCTBA
MpoKaTa TPUBENEHBl B COOTBETCTBUE C aKTyallH3U-
posarnbiM CHull (CIT 63.13330.2012). Cpeau me-
POIIPUATHIA O TapMOHU3ALMM YPOBHS TPeOOBaHMIA
K MPOKaTy apMaTypHOMY MOXHO OTMETUTHb BBEe-
HUE JBYX YPOBHEW IUIACTHYHOCTH TMpOKaTa JJist
kiaccoB A400, A500 u A600, coOTBETCTBYIOIINX
Euronorm (EN 1992 1-1:2005) u ISO 6953-2:2007,
a TaKk)Ke rapaHTHPOBaHHOE 00ECIeYeHne CTOWKOCTU
MpoKaTa MPOTHB KOPPO3UOHHOTO PACTPECKUBAHUS U
BBIHOCITUBOCTH ITPH MHOTOIMKIIOBBIX Harpy3Kax.

OTnuuuTeNbHON 0COOEHHOCTBIO TAKOTO MOCTPO-
€HMS CTaHIapTa SBJISIETCS oOecreueHne BO3MOXKHO-
CTH TIPOU3BOJAUTENIO BBEIOMPATH TEXHOJOTHMUYECKHUI
MpoIleCC TMPOU3BOJACTBA MpPOKAaTa apMaTypHOTO C
YYETOM €r0 TEXHHKO-TEXHOJIOTHYECKUX BO3MOMKHO-
creil. Ecnm mpomsBoaurens oOnagaeT NPOU3BOA-
CTBEHHBIMH BO3MOXXHOCTSIMH BBIITYCKAaTh IPOKAT
apMaTypHBI B COOTBETCTBUH C JIOTIONIHUTEIbHBIMU
HOpMaMH, COJIEPXAIIUMHUCS B CTaHJapTe, 3T0 o0ec-
MEYUT €My SIBHbIE KOHKYPEHTHbIE IPEUMYLIECTBA Ha
PBIHKE METAJLIONPO/TYKIIHH.

3akIoueHne

PaspaboTanHas CTpyKTypa CTaHIapTa MO3BOJIS-
€T YUYUTBIBATHh CYHICCTBYIOMIUC BO3MOXXHOCTHU IIPO-
M3BOJICTBA, O0ECIEUNBAIOIINE COOTBETCTBHE MOKA-

www.vestnik.magtu.ru

3aTelneil KauecTBa ACHCTBYIOIINM B TCUCHHUE MHOTHX
net crannaptoB. C Ipyroi CTOPOHBI, TAKOE MOCTPO-
€HHe CTaHJapTa MO3BOJISIET BKIIOYATh B €ro cojep-
JKaHWE HOPMBI, TApMOHU3UPOBAHHBIE C CBPOHOpMa-
MU Ha JaHHBIH B METAJUTONPOIYKITHH.
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Abstract. Problem Statement (Relevance): It is shown
in the paper that at present one of the important problems
in standardization is to harmonize requirements in stand-
ards with international norms. It is caused by the necessi-
ty to increase the product competitiveness in the external
market conditions. At the same time, national practice in
standardization, a variety of valid standards on the same
product as well as the existing structure of standards do
not make it possible to fully harmonize product quality
indexes which are normalized in national standards with
the relevant indexes of the best world similar standards.
Objectives: Development of a new concept for a stand-
ard structure which allows combining requirements of
both valid national standards and international norms.
Methods Applied: When developing a new concept for
the standard structure, the authors used universal methods
of scientific cognition: analysis and synthesis, deduction,
analogy, extrapolation, abstraction. Originality: Novelty
of the proposed approach is based on the development of
a new procedure for creating standards taking into con-
sideration the existing practice in the product quality in-
dexes setting, the level of similar world quality indexes,
and economical factors. Findings: The paper presents the

application of the developed concept for a standard struc-
ture by the example of an interstate standard for reinforc-
ing bars. It was shown that a basic difference in the
standard structure is that the standard had two sections.
The first section contains norms valid in revoked national
standards. The second section includes the requirements
which were harmonized with the international standards.
This makes it possible for a manufacturer to choose inde-
pendently such kind of a technological process for rein-
forcing bar production which fully corresponds with the
existing process facilities. Practical Relevance: The pro-
posed concept for arrangement of the standard structure
makes it possible to take into consideration the existing
national experience in the area of setting norms for prod-
uct quality indexes which are to the maximum extent
harmonized with the level of similar world properties.

Keywords: Standardization, national standard, Euro-
norms, quality indexes, setting norms, harmonization,
reinforcing bars.
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2H0130c1/161/1p01<1/11?1 rOCyZIapCTBEHHBIN TeXHUUECKHI yHUBepcuteT, HoBocubupck, Poccus

Annomayus. TloctanoBka 3agaun (aKTyaJJbHOCTb Pad0THI): B CTAaThE MPE/ICTABICH OJMH U3 BO3MOXKHBIX BAPHAHTOB KO-
JIMYECTBEHHOH CBSA3M KO3((HUIMEHTOB ypaBHEHHI B-(hopMbl ¢ ypaBHEHHSMHU WHBIX (JOpM, OIIEHNMBAIOIINX COCTOSHHE IIac-
CHBHOTO IIICCTHIOJIIOCHHKA C JIBYMS! BXOAHBIMU M YETBHIPHMS BBIXOAHBIMHU BBIBOJAMH. TaKMM IIECTUIIOIIOCHUKOM MOTYT
OBITh 3aMEIICHBI YCTPOUCTBA, JIEMEHTHI U YACTH MICKTPUUECKHUX LETICH MM 3JIEeKTpoIHepreTudeckux cucteM. Koaddumm-
eHTHI ypaBHeHHH B-(hopmpl, Tak ke kak n K03 QuIMeHTs ypaBHEHHH A-(DOpPMBI, MOTYT OBITH ONPEIENICHBI SKCIICPHMEH-
TaJbHO. B mpuHIHIE, SKCIIEpUMEHTAILHO MOTYT OBITh OIpesieIeHbl U KO3 QUIMEHTH ypaBHeHUH nHbIX (opM. Ho 310, Kak
HPaBHIIO, CBA3AHO C CYIIECTBEHHBIMHU TPYJHOCTSMH OpraHM3allMOHHOTO ¥ TEXHUYECKOro xapakrepa. LlenecoobpasHee onpe-
JIEITUTh 3TH KOA(D(HUIIMEHTHI U3 YCTAHOBJICHHOW MX KOJIMYECTBEHHOM CBSI3M C NPEBapUTENLHO BBISCHEHHBIMHU KOd(duIneH-
tamu B-opmel. Heab padoTsl: popMupoBaHIe KOIMYSCTBEHHON CBS3H KO3(D(UIMCHTOB ypaBHEeHHI B-(popMbl, onrchBa-
IOIIMX COCTOSTHUE IIECTHIIOMIOCHHKA C IBYMSI BXOJHBIMH U YETHIPHMS BEIXOJHBIMH BBIBOIAMH, ¢ KO3(DHIIIIEHTaMH ypaBHE-
uuit G-¢opmser, H-popmer, Y-hopMer 1 Z-popMbl, OMMCHBAIOIINX COCTOSHUE STOTO XKe MISCTUTIONIOCHUKA. Mcnoib3yemMble
MeTO/Ibl: IPUMEHSIINCH METOIbl MATEMATHIECKOTO MOZICIIMPOBAHNS C NCTIONB30BAHUEM 3JIEMEHTOB TEOPHH MHOTOIIOIIOCHH-
koB. HoBH3HAa: 3jeMeHTaMI HOBHM3HBI 00aaeT npejyiaraeMasi MeToanKa (JOpMHUPOBaHMsI KOJIMYECTBEHHOM CBsI3H KOdpdHu-
LIMEHTOB ypaBHEHUI1 A-(OpMBI C ypaBHEHUSIMU HHBIX (HOPM, OIIEHMBAIOIINX COCTOSHUE IACCHBHOTO LIECTHIIONIOCHHUKA C
JIBYMs1 BXOJHBIMHU M Y€THIPbMsI BBIXOJJHBIMU BbIBOJIaMU. Pe3ysIbTar: B cTaThe pacCMOTPEH OJMH M3 BO3MOXKHBIX BAPUAHTOB
KOJIITYECTBEHHON CBSI3M KOA(PPHUITEHTOB ypaBHeHMI B-(popmbl ¢ xodddunmentamu ypasaenuit G-popmsl, H-popmer, Y-
¢opMbl 1 Z-(hopMBI, OLICHUBAIOIINX COCTOSIHIE ITACCHBHOTO IECTUIIONIOCHUKA C JIBYMSI BXOAHBIMHU M YETHIPHMS BHIXO/IHBI-
MH BbIBoZIaMH. [IpescraBieHsl MareMaTHdeckue (hOpMyIHPOBKH, C IOMOIIBIO KOTOPBIX TaKasl CBSI3b MOXKET OBITh peans3o-
BaHa. [IpaKkTuyeckasi 3HAYMMOCTb: TIpe/UIaraeMasi KOJIMYECTBEHHAsl CBA3b MEXIY KO3 (UIMEHTaMN YpaBHEHHH paziiind-
HBIX ()OPM MO3BOJIMT P HATMYMH CBEJICHUI O YUCIICHHBIX 3HaYeHUsIX Kod(huieHToB ypaBHenuii B-popmsl hopmuposaTs
ypaBHEHUs Apyrux GOpM M yCTAaHOBUTH 3aBUCHMOCTH PA3JIMYHBIX THUIIOB MEXKIYy BXOJHBIMU U BBIXOJHBIMU XapaKTePHUCTH-
KaMH SJIEKTPHYECKOM SHEPruH y 00bEKTa AJIEKTPOIHEPTETHKH, KOTOPBIH MOXKET OBbITh 3aMeIEH [IECTHIIOIFOCHUKOM C JIBYMS
BXOJIHBIMH U YETBIPHMS BBIXOJHBIMHU BbIBOIaMU. [1o100Hast MeTOIMKa MOXKET OBITh MCIIOJIb30BaHa Ul ()OPMHUPOBAHUS KO-
JIMYECTBEHHON CBs3M KO3 duiieHToB ypaBHeHU G-popmbl, H-popmer, Y-hpopmer mmm Z-popmel ¢ kodddummerTamMmu
ypaBHEHHH MHBIX (DOPM, OTMCHIBAIOIINX COCTOSHUE MACCHUBHBIX IIECTHIIOIIOCHIKOB PA3INYHBIX MOJU(UKAIIIH.

Knrouesvie cnosa: ypaBHeHUs, KOd(GUIUCHTH, HaNpsDKeHUs, TOKH, A-popma, B-popma, G-popma, H-dpopma,
Y-dopma, Z-popma.

JIEHUs] TIPOMBIIUIEHHBIMA TexHonorusamu [17-19] n
naxe B mexanuke [20, 21]. AHanmu3y cOCTOSHHA MHO-
TOTIONIIOCHUKOB ~ ITOCBAIIEHO MHOXKECTBO — HAy4HO-
HCCIIeI0BATENbCKHX pa3padoTok [22—-25].
[lecTunomoCHUKOM CJEAyeT Ha3blBaTh 4acTh

BBeaenue

Wnes 3aMelnieHns 31EKTPOTEXHUYECKUX 00BEKTOB
MHOTOMOJIFOCHUKaMH BO3HUWKJIA jJaBHO [1, 2]. Ho mo
HE/IAaBHEr0 BPEMEHU OCHOBHOE BHHUMAaHHE YIEISIOCH

TEOPHUH YETHIPEXTIONFOCHUKOB. TEOpHsi MHOTOIIOJIIOC-
HHUKOB paccMaTpHBAJIach, B OCHOBHOM, TIPHMEHUTEITh-
HO K ycTpoiictBam cBsi3u [3—8]. [lo3xke BO3MOXKHOCTD
NPUMEHEHHS] TEOPUH MHOTOIONIOCHUKOB CTajld pac-
CMaTpUBaTh MPU CHUHTE3E M AHAIN3E HJIEKTPUUECKUX
neneit [9, 10], B crtoBoit suepretuke [11-15], B amek-
TpoHuke [16], B cucremax aBTOMAaTHYECKOTO YIpaB-

© Bonpmanun I'.A., Cxynuna E.T"., 2019

ANEKTPUUYECKON TETH, IEKTPOTEXHUUYECKOTO YCTPOii-
CTBa WJIH SJICKTPOIHEPT€THUECKON CHCTEMBI C IIECTHIO
BbIBOJIAMHA. DTH BBIBOJIBI MOTYT CIIYXKHTb JIHOO ISt
BXoza (BXOAHBIC), JMOO JJIS BBIXOJA (BBIXOIHBIC)
ANEKTPUYECKUX CUTHAJOB. llpuuemM  Komm4ecTBo
BXOJHBIX M BEIXOJHBLIX BBEIBOJOB MOJKET OBITH HE Me-
Hee JIBYX M He Oojiee yeThipeX. B maHHOM citydae WH-
TEpPEC BHI3BIBACT IIECTUITOIFOCHUK C JIByMSI BXOJHBIMHU
Y YETBIPbMS BBIXOJHBIMHU BBIBOAAMU (pHC. 1).
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Puc. 1. [TacCUBHBIN MECTUIIOIIOCHUK C ABYMS BXOOHBIMHU U YETBIPbMS BBIXOJHBIMU BBIBOJaMHU

CocTosiHHE SHEPTeTHYEeCKOro 00BEKTa, 3aMEeIaeMOro TaKUM MIECTUIONIOCHUKOM, MOKET OBITh OITHCAHO
YPaBHCHUAMU pa3JIAYHBIX q)OpM CocTosiHHE IIECTUIIONIOCHHKA C ABYMs BXOJHBIMU U YCTBIPbMA BBIXOJIHBI-
MU BBIBOJIAMH B CHIJIOBOH 3JIEKTPOIHEPTETHKE MIPHHATO OMUCHIBATH ypaBHEHUsAMH A-popmbl. Ho 3T0 MHEHUE
MOXET OKa3aTbCs CyObeKTHBHBIM. B psize oTpaciiei aIeKTPOTEXHUKU B IIEKTPOIHEPTeTHKH MOXKET OKa3aThb-
csl 1Iesrecoo0pa3HBIM HCIIONB30BaHKE YpaBHEHUH WHBIX (opM: ypaBHeHHs B-dopwmsl, Y-hopmel, H-Gpopmsr,
G-tdopmer Z-popmbl. B ypaBHeHHSIX Kaka01 (OPMBI HCIIONB3YIOTCSl CBOM CrieUrUecKkre KOIPPHUIUEHTHI.
WX ynciaenHble 3HaYSHUSI MOYKHO OMpeACIUTb SKCIICPUMECHTAJIBHO 110 METOJUKCE, aHAJIOTUYHOM M3J10KEHHOM
B [26]. ITomy4aeTcs, 4To MpU UCTIOIB30BAHHUU JJISI aHAJIN3a COCTOSIHHS OJHOTO M TOTO K€ IIECTHITOIIOCHUKA
YpaBHEHHH Pa3IHYHBIX GOPM HEOOXOIAMMO HEOTHOKPATHO BBITOJHUTH CEPHIO SKCIIEPUMEHTOB C TOCIIEIYIO-
e aHATUTHUYECKON 00pabOTKOM MOJIyUYEHHBIX TAaKUM 00pa30oM JaHHBIX. JTO JOCTATOYHO I'POMO3JIKAS IPO-
ueaypa. ['opasmo mpoie 0610 ObI YCTAHOBHTH KOJMYECTBEHHYIO CBS3b KO3(D(QUIIMEHTOB OAHOW (QOPMEI C
K03 pUIMEeHTaMU YpaBHEHHI HHBIX (OPM. DTOMY U MOCBSILEHA TIpeIaraeMasi CTaThsl.

MeToabl MccaeI0BaAHUS

B xauecTBe OCHOBHBIX YpPaBHEHHMH, OMMCHIBAIOLINX COCTOSHUE LIECTUIIONIOCHUKA C JIByMsl BXOIHBIMHU U
YEeTHIPbMsI BBIXOJHBIMH BBIBOJAMH, PEKOMEHAOBaHbI ypaBHEHHS A-(QOpMBI, yCTaHaBIMBAIOLIME KOJIMYE-
CTBEHHYIO CBSI3b MEX/IY BXOJHBIMH U BBIXOJHBIMH XapaKTEPUCTUKAMU JIEKTPUUECKON dHEepTrun [26]:

U, =AU, +BI,, + EU,, + Fl,, + KU, + LI,:
I, =CU,, + DI, + GU,, + HI,, + MU, + NI, , @)

rne A, B,C,D,E, F,G. H, K, L MuN — xo3dpdunuents! ypaBHeHHH A-()OPMBI IIECTUTIONIOCHUKA C ABYMS
BXOJIHBIMH Y YETHIPHMSI BEIXOTHBIMH BBIBOJJAMHU.

UucneHnHble 3Ha4eHUST KOAQPHUIIMEHTOB, BXOISAIIUX B COCTAB 3TUX YPaBHEHHH, OMPEJENISIOTCS IKCIIEPH-
MEHTaJIbHO 110 METOJIUKE, N3JI0KEHHOH B [26].

Tem He MeHee cCylIecTBYeT peajibHas BO3MOXKHOCTh OIMCAHUSI COCTOSIHUSI aHAIM3UPYEMOTrO IIECTHIIO-
JIIOCHHUKA ypaBHEHUsIMU JII0ObIX popm: B-popmel, G-popmbl, H-dbopmsl, Y-popmer u Z-popmsl. Ho, uToOb1
BOCIIOJIL30BATHCSI HMH, HEOOXOJIMMO YMETh OINPEEIsATh YMCICHHBIC 3HAUCHHS COOTBETCTBYIOMINX KO3(du-
IUCHTOB. B TakoM cilyyae caMbIM ONTUMAaJIbHBIM PENICHUEM MOCTABICHHOMN 3a7a4ul SBIISETCS MOIBITKA BbI-
SIBJICHUSI KOJIMYECTBEHHOM CBSI3U ATUX KOA(P(PUIHMEHTOB ¢ KOApPUIMEHTaMU ypaBHEHUI A-QOpMBbI, YHCIIeH-
HBIE 3HAUEHHUS KOTOPBHIX MOT'YT OBITH OIpeaeNIeHbl SKCIIEPUMEHTAIBHO.

CBsI3b MEX/y YpaBHEHUSIMH PA3IMYHBIX (OPM MPEAIOaraeT KOJMMYSCTBEHHYIO CBSI3b MEXKILy COOTBET-
CTBYIOIIUMH K03 prunmeHTamu.

CBsI3b MEXly YPaBHEHHAMH PA3IUUHBIX (JOPM, ONKCHIBAIOIIMMHU COCTOSHUE aHATU3UPYEMOTO ILIECTUIIO-
JIIOCHHKA, U ypaBHEHUSIMH A-(QOpPMBI YCTaHABIMBACTCA CIEIYIOIUM 00pa3oM: ypaBHeHUs! A-popMel peod-
pa3yroTcs Tak, YTOObl OHU NMPHOOPENH CTPYKTYPY YPaBHEHUH TOW MM MHOHM (OPMBI, YTO CO3/IAET BO3MOXK-
HOCTh ()OPMHPOBAHHS PABEHCTB JUISI BEIYUCIICHHS HCKOMBIX K03 (HUIIEeHTOB Yepe3 K03(hOUIMEHTH! ypaBHe-
HUil A-opmbl. IMeHHO Tak ObUIa YyCTaHOBJIEHA CBS3b MEKAY YPAaBHEHUSMH Pa3IMYHBIX (OPM, OIHMCHIBAIO-
LIMMHU COCTOSIHHE ILIECTUIIOIIOCHUKA C TPEMS BXOJHBIMH U TPEMsI BEIXOJHBIMH BBIBOAAMHU.

Ho ypaBuenws (1), B IpuHITHIIE, HE MOTYT IPUOOPECTH CTPYKTYPY ypaBHEHUH (2): HEBO3MOXKHO U3 IBYX
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ypaBHeHI/Iﬁ OMMPCACIIUTL MECTh HCU3BECTHBIX. q)OpMI/IpOBaHI/IC YCTBIPCX NOIMMOJTHUTCIBHBIX ypaBHCHI/Iﬁ 34€Ch
HEIIEPCIIEKTUBHO.

YPaBHeHI/IH B-(l)OpMI:I YCTaHaBJIMBAIOT KOJIMYECTBCHHYIO CBsA3b BBIXOJHBIX WM BXOJIHBIX HaprDX(eHI/Iﬁ )51
TOKOB!:

U, =BU, +B,l,; )
U,, =B,U, +B,I.;
U,, =B,U, +B,l,;
I, =B,U, +B,l; )

I, =B U, + Byl ;

|.32 = Belul + Bsz |-1 v

rne B,, B,, By, B,, By, By, By, By, By, By, By, By, — Koabdunuents! ypaBuenuii B-popmel,
OIIMCBHIBAIOIINX COCTOSIHUE MIECTUIIONIOCHHUKA C IBYMSI BXOAHBIMU M YETHIPbMSI BEIXOJHBIMH BBIBOAAMHU.

[TomyuaeTcs, 4To omnpeseneHne YHCIEHHBIX 3HaYeHnH K03 PuimeHToB ypaBHeHHd B-hopMbr uepe3 ko-
s dunreHTs ypaBHeHUH A-(OpPMBI MPAKTHYECKA HEBO3MOXKHO.

Uucnennble 3HaYeHUS KO3(QUIMEHTOB ypaBHEHNH B-(OpMBI, ONTUCHIBAIOIINX COCTOSIHUE IECTHITOIOC-
HHUKA C IByMsI BXOJHBIMH U YETHIPbMSI BBIXOAHBIMU BBIBOJAMH, MOXKHO JIMILb SKCIIEPUMEHTAIbHO. MeTtoau-
Ka 3KCIIEPUMEHTAIBHOIO ONpPEIENICHNs] YUCICHHbBIX 3HaueHu Koa(duuuenTos ypaBaeHuit B-¢popmsl moxo-
Ka Ha METOJHMKY SKCIEPUMEHTAIILHOTO OIpeie/ICHHs YHCICHHBIX 3HAaYeHUH KO3 PHUIUEeHTOB A-QOpMBI, 13-
noxkeHHyIo B [26]. Cepusi OIBITOB, BHITIOJIHIEMBIX B MPOIECCE UCTIOMHEHUS SKCIIEPUMEHTOB IO OMpeerie-
HUIO KO3 HUUNEHTOB ypaBHEeHUN B-(QopMbl, MOXET MOJHOCTBIO COBHAAaTh C OMNBITAMHU IO ONPEACICHUS
K03 UITUEHTOB ypaBHEHUH A-()OPMBI, HO U aHATUTUIECKOW 00pabOTKH SKCIIEpUMEHTAIFHBIX JTaHHBIX 32
OCHOBY BMecTO ypaBHeHHi! (1) cienyer B34Th ypaBHEHUS (2).

VYpaBuenus G-hopMmbl yCTaHaBIMBAIOT KOJMYECTBEHHYIO CBsI3b MEXKIY BXOJHBIM TOKOM, BBIXOJHBIMU
HaNpsDKEHUSIMH U BXOJHBIM HalPSDKEHUEM, BBIXOAHBIMU TOKAMHU:

- . . . N
Il _Gllul +GlZI12 +613|22 +Gl4|32 ’
U12 ZGZIU1 +GZZI12 +GZS'22 +GZ4|32;

U 2= G3lul + G32 |.12 + G33 |-22 + G34 |'32 ; (3)

U32 =G41U1 +G42|12 +G43|22 +G44|32 v/

rae G, Gy, Gy, Gy, Gy, Gy Gy, Gy, Gy, Gyt Gy, Gyyy Gy, Gy Gy, G,y — k09D duMEHTS
ypaBHeHUH G-(hopMBbI, ONMUCHIBAIOIINX COCTOSIHUE IIECTUIIOIIOCHHUKA C ABYMsI BXOJIHBIMH M YETHIPbMS BBI-
XOJIHBIMH BBIBOJIAMH.

3anmada GpopMUpOBaHUS PABEHCTB JJIsl BEIYUCICHHS KOI(PPHUIIMEHTOB dTHX ypaBHEHUH depe3 Ko3dhduiu-
CHTbI ypaBHEHUH A-(DOpMBI OKa3bIBAETCS TOKE HEBBIMOJIHUMOM, TaK Kak /ABa ypaBHeHus (1), B mpuHLMIIE, HE
MOTYT 0€3 JOTOJHUTENBHBIX YCIOBUH NPUOOPECTH CTPYKTYPY ypaBHeHui (3).

A BOT (hOopMHpOBaHUE PABEHCTB, MO3BOJSIOMINX BbUUcIeHHe kKoddduimento ypaBHeHuit G-hopmel
aHAJM3UPYEMOT0 MIECTHITONIOCHHUKA Yepe3 KodpHIMeHTh ypaBHEHNH B-QopMBI 3TOTO *Ke MeCTUTIONIOCHHU-
Ka, BIIOJIHE BO3MOKHO. [Ipy ycioBum, 4To yncieHHbIe 3HaYeHHsT K03 (UIHEHTH ypaBHeHHH B-popmel 3a-
paHee oInpeAeeHbl SKCIEPUMEHTAIBHO.

[ocne psina npeobpazoBanuii ypaBHEHUs (2) MOTYT IPUOOPECTH CTPYKTYpY ypaBHeHui (3):

| =— B61 '+ BSl |
' B.B,-B.,B., *? B.B,-B.,B. *

51962 — Ms52%61 51962 — Ps52%61
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— Bll B32 B42 ( BSl BGZ B BSZ Bﬁl) + BlZ ( B31 B42 BSZ BGl B B32 B41 BSl BGZ ) 1 Blz

Ulz Ul + - I‘ 2 ,
B:.Bu (BSlB62 -B, B61) B, '
U. = B21 B42 — Bzz B41 U + Bzz .- U. = B:,B., — Bsy By U + B, I
22 1 12 32 1 12-
B.. 42 B. 42

ComnocraBieHHe dTHX ypaBHEHHH ¢ ypaBHEHUSMH (3) MO3BONHUT CHOPMUPOBATH PABCHCTBA JJISI BBIYHC-
nenus K03hGUIMenToB ypaBHeHHH G-(QopMbl aHATU3UPYEMOTO IISCTUITONIOCHHKA:

G, =G =Gy =Gy =Gy =G5, =G5 =G, =0
Bsy . Bs;

GlZ T 5 5 b o TS 5 o o
BSlBGZ - Bsz BGl

B51 Bez - Bsz BGl ,

— Bll BSZ B42 ( BSl BGZ B B52 BGl) + BlZ ( BSl B42 BBZ BGl B B32 B41 B51862 ) .

G 1
21 B,,B., ( B, B, — B:, le)
G, = By G, = BBy —ByBy . G. = By .
2 ’ 31 ' 32 ;
B, B,, B,,
G _BuBu—BuByp. By
" B , 42 B,,

Tak ompenensroTcsi ynCIieHHbIE 3HaUYeHUs KOd(DunmeHToB ypaBHeHHH G-(hOpPMBI, ONMUCHIBAIOIINAX CO-
CTOSHUEC ICCTUIIOJIOCHUKA C IBYMS BXOJHBIMU U YE€THIPbMS BBIXOAHBIMHU BbIBOJAMH, YCPE3 KOE)(b(bI/I]_[I/ICHTI)I
B-¢opMbI TOTO e MIeCTUITONIOCHUKA.

KonmyecTBeHHast CBA3b BXOAHOTO HANPSHKEHUS M BBIXOIHBIX TOKOB C BXOJHBIM TOKOM M BBIXOJHBIMHU
HAIpsHKCHUSIMU YCTAHABIMBAETCs ypaBHEHHAME H-(hopMbl aHaTM3UPyeMOro MEeCTHITOIIOCHUKA:

LJl = Hlll‘l + H12U12 + H13UZZ + H14U32 ; )
|‘12 = H21|.1 + H22U12 + H23U22 + H24UBZ ;

. . : : .
I, =Hay |y + HypUp, + HylUp, + Hy Uy (4)

I.zs = H41|.1 + H4ZUlZ + H43U22 + H44U32 )
rae Hyy, Hy,, Hig, Hyy Hyy Hyyy Hyg Hyyy Hayo Hy,yy Hagy Hyy Hyyy Hyy Hyg 1 Hy — k030 Gumu-

€HTHI ypaBHEHUI H-(opMBbI, OMUCHIBAIOMINX COCTOSHHE IIECTUTIONIOCHUKA C JIByMsI BXOJJHBIMH U YETBIPHMSI
BBIXOTHBIMH BBIBOIAMH.

JJ1st IpakTHYECKOTO MCIOJIb30BaHMS 3TUX YPaBHEHUH HEOOXOJUMO MMETh CBEIEHHS O YMCIICHHBIX 3Ha-
YEeHUSIX KO3()(HUIIMEHTOB, BXOISAINX B COCTAB 3THX YPAaBHEHUH.

W3BecTHa METO/NMKA IKCIIEPUMEHTAIBHOTO OINpE/eNICHHs YHCICHHBIX 3HAaYeHUl ypaBHEHUH A-(hopMbl
aHaM3MpyeMoro IecTurotocHuka [26]. Ho ypaBHeHus A-hopmbl He MOTYT 0€3 JONIOTHHUTENIBLHBIX YCIOBUH
NPUHATH CTPYKTYpY ypaBHeHuid H-popmel. [ToaTomy uncnenHsie 3HaueHus K03()HUIEHTOB ypaBHEeHHH (4)
HE MOTYT OBITH OnpeaesieHbl yepe3 K03hGUIHeHTs ypaBHeHHH A-()OpMBIL.

UwcneHnHble 3Ha4eHUs KO3 GUIIMEHTOB ypaBHeHUIT H-(opMbl, OMTUCHIBAIOIINX COCTOSIHUE TIECTHITONIOC-
HUKA C JIByMSI BXOJHBIMH WU YETHIPbMS BBIXOJHBIMH BBIBOJAMH, MOXKHO OINPEJENUTh Yepe3 KoIDDUIIMESHTHI
ypaBHeHUH B-(hopmBbl 3TOrO K€ mecTUNOoNIOCHNKA. MeToInKa SKCIepUMEHTAIBHOTO ONPE/ICICHUS YHCIICH-
HBIX 3HaYeHUH KO3 PHULUHEHTOB ypaBHEHUN B-QopMbl BO MHOrOM MOX0Ka Ha METOAMKY KCIEPUMEHTAIIb-
HOTO OIIpEJIeNICHHs] YACICHHBIX 3HAaYeHIH K03 QUIIMEHTOB ypaBHEHUH A-QOPMEL.

B pesynbrate psga npeobpazoBanuii ypasaeHus B-hopmel (2) MOTYT mpuHATH CTPYKTYpY ypaBHeHHHA H-

dhopmer (4):
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Ul — Bez U . \

Blz B61 - BllBGZ + leBez - Bzz BGl 2

_ ( Bn Bzz B BlZ le )( le Baz B Bsz B41) Bsz I. i B41 BGl ( Bll Bzz B BlZ le) U .
12 = 1 321
Bzz le ( Bll Baz - BlZ BGl - le Baz + Bzz BGl) Bzz le ( Bu Bez - BlZ BBl - B21 Bez + Bzz BGl)
[ = ( Bll Bzz Bez -2 Blz Bzz le + Blz le Bez )( Bal Bsz B Bsz B51) |. i >
# Bzz BSl ( Bll Bez - BlZ BGl - le Baz + Bzz BBl) '

BSl Bll BZZ BGZ B 2 BlZ BZZ BGl + BlZ BZl BSZ )

+ U
Bzz B3l ( Bn Bez - BlZ le - le Bez + Bzz Bel )

32

[ = B21 Bez (Bzz BGl - B21 Bez ) U 4 Bez (Bn Bez - BlZ Bel)
32~ 12
Bzz B31 ( BnBez - BlZ BGl - leBez + Bzz le) Bzz (BllBGZ - BlZ Bel - leBez + Bzz le)

U,./

ComocTtaBieHue 3TUX ypaBHEHUH ¢ ypaBHEHUsIMH (4) TO3BOJIUT c(HOPMHUPOBATH PABEHCTBA ISl BBIUKC-
JeHus KodpPpuuueHToB ypaBHeHU H-(hopMBl, ONUCHIBAIOIINX COCTOSIHUE LIECTUIIONIOCHUKA C ABYMSI BXOJ-
HBIMHU M YE€TBIPbMS BBIXOJHBIMU BBIBOJIAMHU:

Hy,=H,=Hy,=H, =Hy=H;=Hz=H,=H, =0;

Bez
BlZ B6l - Bll Bez + le Bez - Bzz Bel

H13 -

_ ( Bll Bzz B BlZ le )( Bal B42 - Bsz B41) Bez
Bzz B31 ( Bll Bez - BlZ B61 - B21 Bez + Bzz BGl)

21

_ B41 BGl ( Bll Bzz B BlZ B21) .
Bzz le ( Bll Bez - BlZ Bel - B21 Bez + Bzz BBl)

24

H. — ( BllBZZ Bez - 2812 Bzz BGl + Blz leBez )( leBsz - B3z B51) .
* Bzz le ( Bu Bez - BlZ BGl - le Bez + Bzz Bﬁl )

BSl Bll BZZ BGZ -2 BlZ BZZ BGl + BlZ BZl BGZ ) .

H,, = ;
) Bzz le ( Bu Bez - BlZ BGl - le Baz + Bzz BBl)

le Bez (Bzz Bel - le Bez )

H, = ;
Bzz le ( Bll Bez - BlZ Bel - B21 Bez + Bzz BBl)

42

Bez ( Bll Bez B BlZ Bﬁl)

H, = .
) Bzz (BnBez - BlZ BGl - leBez + Bzz BGl)

Tax onpexaensrorcsi YUCIeHHbIe 3HauUeHUA K03 dunreHToB ypasHennit H-hopmbl ananusupyemoro mie-
CTHITONIFOCHHKA Yepe3 Kod(duimeHTs! ypaBHeHU#H B-(popMbI 3TOTO K€ MECTUTIONIOCHUKA.

KonnuecrBenHas cBSI3b BXOJHBIX M BBIXOJHBIX TOKOB C BXOJHBIMU U BBIXOAHBIMHW HAIIPSKCHUSIMU HIC-
CTUIIOJIFOCHHKA C IBYMS BXOAHBIMU U BBIXOAHBIMH BBIBOAAMU YCTAHABIIMBACTCA YPABHCHUAMUA Y-(l)OpMBI:
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Iy =Y,U, + YU, + YU, + Y, U,
Iy = Yoy + YUy, + YUy + Y, Uy

I'zz = Y31U1 + Y32U12 + Y33U 2T Y34U 32 ®)

|.32 =Y41Ul +Y42U12 +Y43U22 +Y44U32 v )
rae Yy, Y Y.

130 Yias Yars Yaou Yoz, Youu Yaru Yaou Yoz Yoo Y, Yo, Y3 1Y, — KOG UUMEHTHI ypaBHEHHH

Y-(opMBI, ONTUCHIBAIOIINX COCTOSHHUE LISCTUIIONIOCHUKA C IByMSI BXOJHBIMU W YETHIPHMS BBIXOJHBIMH BbI-
BOJIAMH.

YucneHnsle 3HaUeHNS KOA()(OUIMEHTOB 3TUX ypaBHEHHH HEH3BECTHBI, YTO OTPAaHUYNBAECT BO3SMOXXHOCTh
UX MPAKTHYECKOTO MCIOIB30BaHMs. 3/1€Ch OMUCAHBI METOAMKA SKCIIEPUMEHTAILHOTO omnpeaencHus Kodddu-
LUEHTOB ypaBHEHUH TUIIb A-popMbl 1 B-QpopMbI aHATM3UPYEeMOTo HIECTUIIOIIOCHHUKA.

Cesi3p kK03 duIeHToB ypaBHeHNH A-popmsl (1) ¢ koapdunmenramu ypaBHeHui Y-popmsl (5) ycra-
HaBIIMBACTCS BEChbMA CIIOXKHO, ITOCKOJBKY ypaBHEHHS A-(GOpMBI HE MOTYT 0€3 JOMOJHHUTEIBHBIX YCIOBHI
MPUHSATD CTPYKTYPY ypaBHEHUH Y -(DOPMBI.

A BOT cBsI3b KOAQQUIMEHTOB ypaBHeHUH B-popmbl ¢ koaddunmentamMmu ypaBHeHuid Y-(QopMbl BIOTHE
BO3MOXKHA. /{1151 ee ycTaHOBiIeHHS ypaBHeHHs (2) cliemayeT mpeoOpa3oBaTh Tak, YTOObI OHHM MPHHSIN CTPYK-
Typy ypaBHeHH# (5):

BSl

BZl

_ Bsz B41 — le B42

|1 - Uzz +
Bzz le - B21 Bsz B21 Baz - Bzz le

+ B21 B42 — BzzB

32

IlZ

le Bsz - Bzz le #

_ le Bsz — Bsz B51 U

+ Bzz B51 — B21852 U

41 U32 :

leBsz - Bzz Bal

22

B21 Bsz - Bzz B3l “

— Blz BGl — B11 Bez U
BlZ

|32 l+

B
By,

le Bsz - Bzz Bal *

ezu

12

CormocraBieHre dTHX YpaBHEHUH ¢ ypaBHEHUSIMH (5) JaeT BO3ZMOXHOCTH (POPMHUPOBAHHS PABEHCTB JJIS

BBIYUCIICHHS KOI((DUIIMEHTOB ypaBHEHHH Y-(HDOpMBI aHATM3UPYEMOTO IECTUTIONIOCHUKA Yepe3 Ko PuIm-
eHTBI ypaBHEHU B-(hopMbI 3TOT0 ke MeCTHITONIOCHUKA:

Y11 :Y12 =Y21 :Yzz :Y31 :Y32 =Y43 :Y44 =0;

B

42 .

13

' 14 =

B3l . BZl . _ B32 B B

41— P31
Bzz le - le Bsz 821 Bsz - Bzz le “ le Bzz - Bzz 831

_ BB — BBy . — ByBs, —B3,Bs, . — B,,Bs —By:Bs, .
24 ’ 33 ’ 34 ’
le Bsz - Bzz le le Bsz - Bzz le B21 Bsz - Bzz Bal

Y. = 812861 _ BnBez .

BSZ
41 - '
BlZ

’ 42
BlZ
KOJ'II/I‘-ICCTBGHHYIO CBsA3b BXOJHBIX M BBIXOIHBIX HaHpH)I(eHI/Iﬁ C BXOAHBIMH MW BBIXOJHBIMHM TOKaMHM HIC-

CTUIIOJIIOCHHUKA C  ABYMA BXOAHBIMH W  BBIXOAHBIMU  BbBIBOAAMHU  YCTAHABJIWBAIOT

ypaBHEHUS
Z-hopMBI:
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U =2yl + 2, + 235l + 2,15
Up =2yl + 2yl + 25l + 2yl

U22 ZZSlI1+ZSZIlZ+233|22+ZS4|32; (6)

U32 =Z4l|l +Z42|12 +Z43|22 +Z44|32 v/

tae Zyy, Ziy, Zigy Zyy Loy Loy Zogy Zyyy Zyys Loy, Zygy Loy, Ly, Ly, Zyg 1 Z,, — KOOUUMEHTBI
ypaBHEHUH Z-(OpMBI, OMUCHIBAIOIINX COCTOSIHAE HICCTHIIONIOCHUKA C JBYMSI BXOAHBIMH U YETHIPHMSI BBI-
XOAHBIMH BBIBOIAMH.

[IpakTHyeckoe MCIOIb30BAHUE 3TUX YPABHECHUH BO3MOJKHO JIMIIb IPU W3BECTHBIX YMCIICHHBIX 3HAUYCHU-
AX KOOGPUUMEHTOB Zy;, Zy,, Zyg, 2y, Ly Zyyy Logy Zyys Zyys Zags Loy, Loy Ly, Ly, Zyz 1 2y, VX
MOKHO OMNpEAETHTh uepe3 KodhUIHeHTs ypaBHeHUH A-(opMbl uian B-Qopmbl, MeToanka 3KCIepUMeH-
TAJBHOTO OIIpEeSICHUs KOTOPBIX OTOBOPEHA paHee.

Hcnonp3oBanue ko3dduumenTos ypaBHeHUH A-()OpMBlI aHATM3UPYEMOTO MIECTHIIONIOCHUKA VIS OIpe-
JeTICHHUS YMCIICHHBIX 3HaueHHH Kod(duuueHToB ypaBHeHHH Z-()OpMBI TOTO K€ IIECTHUIIONIOCHUKA BEChMa
MpoOJeMaTHYHO: HEBO3MOXHO O€3 JIOTONHHUTENBHBIX YCIOBUH M3 ABYX ypaBHEHHWH (1) MOMy4YHTH yeThIpe
ypaBHeHus Trma (6).

3ato ucmonp3oBaHre K03(pPunreHToB ypaBHeHU B-QopMbl ans omnpeneneHrs YUCICHHBIX 3HAYCHHN
KO3 (UITUEHTOB ypaBHEHUHN Z-(pOpPMBI, OMMCHIBAIOIIMX COCTOSHHUE IIIECTUIIOIIOCHUKA C IBYMsI BXOJIHBIMU U
YeTHIPbMsI BBIXOJHBIMU BBIBOAAMH, BIOJHE JOMYCTHUMO. J{JIsi 3TOro Hy>XHO ypaBHeHHs (2) mpeoOpa3oBaTh
TaK, YTOOBI OHU TIPUHSUIA CTPYKTYPY ypaBHEHHH (6):

. B . B,
V=55 BB 2 BB A
5261 — Ps51P%62 51262

52 BGl

B
U. = E [ Bs, (BlZ B — BllB42 ) + Bs, (Bu 2 — B B41) i
” Bs * B ( Bs,Be: — ) 2 B, (552 By, — BSlBBZ) %

le Bsz Bez |' le Bsz .-
»*t 32
B42 ( le Bez - Bsz Bel) B B le Bez

Uzz :_BZZII +

BB]. B62 I B3l BSZ I
22 32"
BSl B62 BSZ BGl BSZ BBl BSl BGZ j

U'32 = Bsz |'1

CormocTaBieHre 3TUX ypaBHEHUH C ypaBHEHHUs MU (6) o0eclieunBaeT BO3MOXKHOCTh (JOPMUPOBAHHUS pa-
BEHCTB ]IS BBIYMCIICHHS KO3(PPHUIMEHTOB ypaBHEHHI Z-(hOpMBI, OMTUCHIBAIOIINX COCTOSIHUE IIECTUIIONIOC-
HHKa C IBYMSI BXOJHBIMH ¥ YE€THIPbMSI BEIXOJHBIMH BBIBOJJAMU depe3 Kod(h(UIMeHTH! ypaBHeHHI B-(opmbr:

2y =2y,=2y=2yp=2,=0;
B ) B, B, .

I 7 B s ¥ 2
14 = 22 ’
BSZ 61 BSl BGZ

B
62( ) 52(B
( £ T B

13 =

_ B B 12 B41) -_B
23 = 24 = )
? B42 Bsz le BSIBGZ ) 42 Bsz Be1 51 Bez ) * #
B..B.,B B.,B
233 — 2152 P62 ; = 2152 , Z41 — 532 :
B42 ( B51 Bez - Bsz BGl) Bsz BBl - le Bez
B31 Bez . 7 = leBsz

B3 5 b b o “M~-5 o b b
le Bez - Bsz BGl Bsz Bel - le Bez
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31ech MpencTaBieH UMb OJUH W3 BapHAaHTOB
PaBEHCTB Uil BBIUMCICHHS KOI(D(HUIIUEHTOB ypaB-
Henuit G-popmel, H-bopmer, Y-bopmser u Z-GopMel.
CymecTByeT MHOKECTBO JPYTHX BapHaHTOB MPEO0-
pasoBaHus ypaBHeHHH (2) ¢ LENbI0 NpUAAHUS UM
CTPYKTYpHI ypaBaenui (3), (4), (5) umm (6) u, cooTt-
BETCTBEHHO, MHOXXECTBO BAPHAHTOB PaBEHCTB IS
BBIUUCIEHUA  Kod(h¢unuenToB ypaBHenudd G-
¢dopmbl, H-bopmbl, Y-hopmer u Z-Qpopmbl, ONHCHI-
BAIOIIMX COCTOSHHE UIECTHIIONIOCHUKA C JIByMs
BXOAHBIMM U YETHIPbMSI BBIXOIHBIMH BBIBOJAMH,
yepe3 Kod(huIMeHTs ypaBHeHUH B-(opmer Toro
e HIECTUITOIOCHUKA.

[Ipu ucmons30BaHWM MPUBEACHHBIX ypaBHEHUI
ClIeAyeT UMETh B BHUIY, YTO YCIOBHO IOJIOXKHTENb-
HbIC HANPABJICHUS HANPSHKEHUH M TOKOB JOJKHBI
OBITh IPUHSTHl TAKMMH, KaK X MPHHATO MCIOJIB30-
BaTh JIs ypaBHeHUH B-(hopMbl.

3akiIoueHne

Takum 00pa3oM, ycTaHOBJIEHA KOJMYECTBEHHAS
CBS3p MEXAy Kod(hduimeHTamMu ypaBHEHUH pas-
JUYHBIX (POPM, OMUCHIBAIOIINX COCTOSIHUE AJIEKTPO-
SHEPTETHYECKOTO O0BEKTa, 3aMEIICHHOTO IAaCCHB-
HBIM ILECTUIIOIIOCHUKOM C IBYMS BXOAHBIMU H Ue-
THIPHMsI BBIXOJHBIMHM BBIBOAAMH. Temepb HCCIeno-
BaTellb MOXKET HE OrpaHW4MBaTh ceOs B BBIOOpE
ypaBHeHUH TOH winun nHoW (opmbl. Ho, Tem He Mme-
Hee, MpOLEcCy HCCIEAOBaHMS MOOJDKHO Npealie-
CTBOBaTh SKCIEPUMEHTAILHOE OIpeneseHne Kodg-
(UIMEHTOB YpaBHEHHI XOTS OBl OHOM (HOPMEIL.

BrIsiBIIEHHE KONMYECTBEHHOM CBSI3U MEXY KO-
3¢ dUIMEHTaMU IECTUIIONIOCHUKA C JABYMsI BXOJ-
HBIMH U YETHIPbMSI BBIXOJHBIMH BBIBOJAMH MpE-
CTaBJIgeT cOOOM OJIMH W3 MyTEH NajbHEHIEero pas-
BUTUS TEOPUH MHOTOIOJIOCHUKOB, YTO MO3BOJIUT
JaTh OOBEKTHBHBIM aHANINU3 3JIEKTPOTEXHUYECKOTO
obopyznoBanus. Pa3paboTaHHbIE 37€Ch 3JIEMEHTHI
TEOPHH HIECTHUIIOIIOCHUKOB MOTYT OBITH 00pa3LoM
st popMUpPOBaHUS MOTOOHBIX METOJIUK JUIS TISITH-,
BOCBMH-, JI€CATH-, ABEHAIATH-, YEThIPHAALATUIIO-
JIIOCHUKOB, KOTOPBIMH B YCJIOBUSAX IOHMUKEHHOIO
KadyecTBa JJIEKTPUUYECKON HEPruu MOTYT OBIThH 3a-
MEIIEeHBI, HAallpuMep, Tpex(aszHble JHUHUN DIEKTPO-
Mepeayd TPEXMPOBOJHOTO M YETHIPEXITPOBOIHOTO
WCIIOJTHEHUM, TPEXMPOBOAHOTO HCIOIHEHUS C
IPO303aIIUTHBIM TPOCOM, MATUIPOBOJHOTO U IIE-
ctunpoBogHoro (aByxuenHas JIOII) wmcmomneHwil.
Bosmoxna pa3paboTka MOJAOOHBIX 3JEMEHTOB TEO-
pUU MHOTOIOJIOCHUKOB U MHBIX HCIOJMHEHUH. Teo-
pUsl MHOTOIOJIOCHUKOB, B YaCTHOCTH TEOpHS IIIe-
CTHUIIOIFOCHUKOB, MOXET OKa3aTh CYIIECTBEHHYIO
MIOMOIIIb B ONPEAETICHUH I1apaMeTPOB 3JIEKTPOTEX-
HUYECKHX yCTPONCTB.
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Abstract. Problem Statement (Relevance): This paper
describes one of the possible variants of the quantitative
relationship between the coefficients of the B-form equa-
tions and the equations of other forms that evaluate the
state of a passive six-terminal network with two input and
four output terminals. Such six-terminal network can re-
place devices, elements or parts of electrical circuits or
electric power systems. The coefficients of the B-form
equations, as well as the coefficients of the A-form equa-
tions, can be determined experimentally. In principle, the
coefficients of equations of other forms can also be de-
termined experimentally. However, such experiments are
usually difficult to set up and conduct. Thus, it seems to
be more reasonable to determine these coefficients from
the established quantitative relationship with the previ-
ously determined coefficients of the B-form. Objectives:
To establish a quantitative relationship between the coef-
ficients of the B-form equations describing the state of
the six-terminal network with two input and four output
terminals and the coefficients of the G-, H-, Y- and Z-
form equations describing the state of the same six-
terminal network. Methods Applied: Mathematical mod-
elling and some elements of the theory of multi-terminal
networks. Originality: The originality of this research
lies in the proposed method of establishing a quantitative
relationship between the coefficients of the A-form equa-
tions and the equations of other forms describing the state
of the passive six-terminal network with two input and
four output terminals. Findings: This paper examines one

of the possible variants of the quantitative relationship
between the coefficients of the B-form equations and the
coefficients of the G-, H-, Y- and Z-form equations de-
scribing the state of the passive six-terminal network with
two input and four output terminals. Some mathematical
statements are presented which can help establish such
relationship. Practical Relevance: If one knows the values
of the B-form equation coefficients, the proposed quantita-
tive relationship between the coefficients of various forms
of equations will help build equations of other forms and
establish various types of dependencies between the input
and output characteristics of an electric power unit, which
can be replaced with a six-terminal network with two input
and four output terminals. This technique can be used to
establish a quantitative relationship between the coeffi-
cients of the G-, H-, Y- or Z-form equations and the coeffi-
cients of equations of other forms describing the state of
different modifications of passive six-terminal networks.

Keywords: Equations, coefficients, stresses, currents, A-
form, B-form, G-form, H-form, Y-form, Z-form.
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TOPCKUH TOCYIApCTBEHHBI TEXHUYECKHH YHHUBEPCUTET WM.
' Hocoga, MarH1Toropck, Poccust. E-mail:
kwm@magtu.ru

Koncrantnnos Urops JlazapeBu4 — kaHl. TEXH. HaYK,
Jo11. Kadeapsl 00paboTKH MeTayuIoB AaBieHHeM, CHOMPCKUA
(denepanbHblii yHUBepcuTeT, KpacHosipek, Poccus.

KopuuiioB TI'ennanumii IleTpoBHY — 1-p TexXH. Hayk,
npod., 3aB. Kadenpoil AMEKTPOCHAOKEHUS MPOMBIILICHHBIX
npeanpusTuii, MarHuToropckuii rocyJapcTBEHHBIN TEXHUYE-
ckuil yausepcutet nM. I'.J1. Hocosa, Marauroropck, Poccust.
E-mail: korn_mgn@mail.ru. ORCID 0000-0002-2451-3850

Kopuunios Cepreii HukonaeBn4 — 1-p TEXH. Hayk,
pod., 3aB. kaheApOil JOTUCTUKU U YIPABICHUS TPAHCIIOPT-
HBIMM cUCTeMaMH, MarHuToropckuii rocynapcTBEHHBIN

104

Becmuuk MI'TY um. I'.A. Hocoea. 2019. T.17. Ne1


mailto:galioshin@mail.ru
mailto:galioshin@mail.ru
mailto:ilyas-kodirov@mail.ru

CeedeHusi 06 aemopax

TexHudeckuil yHusepcurer um. .M. Hocosa, Maruuro-
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YBAKAEMBIE KOJUIET'!

MBs! npurnamaem Bac k yuacTuro B HallleM ypHaje B KaueCTBE aBTOPOB, peKJIaMOaTelNeil U uuTaTenel.
KypHain popmupyercst o paszesiaM, OTpaXKarOIIHM OCHOBHBIC HAITPABICHUs HAYYHOI AesiTensHoCcTH yaeHbix MI'TY, B uacTHOCTH:

— PA3BPABOTKA MOJIE3HBIX UCKOTNIAEMBIX.

— METAJUTYPTUSI YEPHBIX, IBETHBIX U PEJKHUX METAJIJIOB.

— OBPABOTKA METAJIJIOB JIABJJEHUEM.
— JINTEAHOE MPONU3BOJCTBO
— TEXHOJIOTUU OBPABOTKU MATEPUAJIOB.

— MATEPUAJIOBEJIEHUE U TEPMUYECKAS OBPABOTKA METAJLJIOB.
— CTAHJIAPTH3AIIMS, CEPTUOUKALINS U YIIPABJIEHUE KAYECTBOM.

— MOJEJIMPOBAHUE METAJIJTYPTUYECKUX MPOLIECCOB.

— HOBBIE TEXHOJIOTMYECKHUE MPOLECCHI U OBOPYTOBAHME.

— DHEPTETHKA METAJUTYPTUH, SHEPTOCBEPEKEHUE U JEKTPOTEXHUYECKHWE KOMITJIEKCHI.
— YIIPABJIEHUE, ABTOMATHU3ALUSI U UH®OPMALIMOHHBIE TEXHOJOTUU B METAJUTYPTUU.

— CTPOUTEJILHBIE MATEPUAJIBI U CTPOUTEJIBHBIE TEXHOJIOTUHA B METAJLITYPT M.

— DKOJIOTUSA METAJLTYPTUYECKOM OTPACJIN.
— DKOHOMMKA, YIIPABJIEHAE U PBIHOK ITPOJYKIIUN.

— CTPATET'HAA PASBUTHSA, TTIOJATOTOBKA U OBYUYEHME CITEIIUAJIICTOB.

— UH®OPMALMA U ap.

TPEBOBAHMUSA K CTATBAM, IPUHUMAEMbIM K ITYBJIUKAIIUN

1. IPEJIBAPUTEJIBHBIE 3JIEMEHTbI CTATbU
(Ha PyCCKOM M aHIVIMIICKOM SI3bIKAX)

1.1. HammeHnoBanme ctatbu (He O60siee 15 cior). JlomkHO KpaT-
KO OTpa)xaTh coJepkaHue craTbu. He peKoMEeHIyeTcsl NCTIOIb-
30BaTh COKpAIIEHUS U aO0peBHATypHI.

1.2. Apduasiums. YxazeiBaercs (pamMuItisi, UMsi, OTIECTBO aBTOPOB
(TpaHCTMTEpaLys), YUCHAs CTEICHb, 3BaHKE, JOJDKHOCTh, HHIUBH-
IyansHBIA aBTopckuil nnentngukarop ORCID, momHoe Ha3BaHue
opranmzanyu (ee O(HULINAIPHO NPHUHITHIA AHIIMICKAN BapHaHT),
aJipec MEKTPOHHOW MOYTHI XOTSI ObI OTHOTO U3 aBTOPOB.

1.3. Aunorauus (200-250 cnoB). Brimodaer moCTaHOBKY 3a1a-
4H (aKTyalbHOCTh PAabOTHI), LeJb, HCTIOIb3YeMbIE METOBI (IKC-
MEPHMEHTHI), HOBH3HY, pE3yJlbTaThl, INPAKTHIECKYIO0 3HAIH-
MOCTB (HAIpaBJICHUS Pa3BUTHS).

Onnaiin-nepeBon 3anpemaercs!
1.4. KimroueBsble ¢j10Ba: 0T 5 10 15 OCHOBHBIX TEPMHHOB.

2. CTPYKTYPA OCHOBHOM YACTH CTATBHH

2.1. BBegeHue (OCTaHOBKA MPOOIEMBI)

2.2. Teopusi, MaTepHadbl U MeTOAbI MCCJIeI0BAHUSI, TEXHH-
YyecKHe U TeXHOJIOTHuecKHe pa3padoTKu

2.3. Pe3yabTaThl HCCIeJ0BAHUS H UX 00CY:K1eHHe

2.4. 3akarouenue (BHIBOJIBI)

2.5. Cniucok IuTepaTypsl (Ha pyCCKOM U aHIIMHCKOM SI3bIKaX)

3. TPEBOBAHUS K O®OPMJIEHUIO CTATbHU

3.1. PexomeHnyeMbIit 00BeM cTaThil — 6-8 cTp.

3.2. Tekcr cratbh, CBEICHUS 00 aBTOpaX, aHHOTAIMS KITIOYEBBHIC
CIIOBa M CIIMCOK JIMTEPaTyphbl MPEACTABISIOTCS HA JJICKTPOHHOM
Hocutene B Buje (aiina, coznanHoro cpeacreamu Microsoft Word,
¥l pacrieyaTKol Ha CTaHJaPTHBIX JTUCTax Oymaru opmara A4.

Ipu Habope crateu B Microsoft Word pexomenayrores cie-

IYIOIINe YCTaHOBKH:

o mpudrt — Times New Roman, pazmep — 11 T, MEKCTPOUHBIi
HMHTEpPBAJI — OJJMHAPHBIH, IEPEHOC CII0B — ABTOMATUUECKUIL;

e [Ipu BCTaBKe (pOPMYJI UCIIOJIH30BATH BCTPOCHHBIN PENAKTOP
¢dopmyn Microsoft Equation co craHmapTHBIMH yCTaHOBKa-
MH, IPUMEHSCTCSI TOJIBKO CKBO3HAs! HyMepaLys;

® WLIIOCTPALMM HE JIOJDKHBI MPEBBIIIATh IIHUPUHBI KOJOHKU
(80 Mm) wm mmpuHb! crpanuns! (170 mm). [t nonmuceit
SJIEMEHTOB HA  WUIIOCTPAMM  HCIIONB3YyeTcst  mpHudT
TimesNewRoman 11 nr. PUCYHKH MPEACTABIAIOTCSA B peak-
LU0 B JIBYX (popMaTax: peJakTHPYEMOM U HEPEIaKTUPyEMOM
(*.jpg; kauectBo He MeHee 300 dpi). B TekcTe cTaThu TODKHBI
OBITh MOJPHCYHOUHBIC MOANMCH B MECTax Pa3MEIICHUs pH-
CYHKOB. B KOHIlE MOANMUCH K PUCYHKY TOYKA HE CTaBHTCS.
Hanpumep:

Puc. 4. Pacuémmnas 3agucumocmo H)=l/lng
om epemenu u yoarénnocmu K3 om 66160006
ACUHXPOHHO20 08USAMEIAL

e  TalauIbI HyMEpYyIOTCS, €CIIH UX YHCII0 Ooiee OgHOM. 3aro-
JIOBOK HEOOXOIMM, KOT/[a TaOIHI[a NMEET CaMOCTOSTENTbHOE
3HaueHue, Oe3 3aroJIoBKa Jal0T TaOJIUIBI BCIIOMOTaTeIbHOTO
XapakTepa.

3.3. Ilpu NOArOTOBKE PYKOIHCH HEOOXOIMMO PYKOBOJCTBO-
BaThcsl MexayHapoaHoii cuctemoit equnul CH.
4. TOKYMEHTBI, IPUJIATAEMBIE K CTATBE

4.1. DKcrepTHOE 3aKJII0YEHHE O BO3MOXKHOCTH OITyOIMKOBAHMSI.
4.2. loroBop.

Buumanue! [TyOnukamnus crateit sBisiercs OecruiatHoi. [IpenMyIiecTBo omyOIMKOBaHUS MTPEIOCTABIISIETCS aBTOPaM U

YYpEeKACHUAM, 0(OPMUBIINM MOIIICKY Ha KypHAIL.

CTtaTbu IPOXOAT 00s3aTENbHOE HAYYHOE PEIICH3UPOBaHHE.

PC,HaKIII/IH OCTaBJISIET 3a OO0 IpaBO OTKJIOHATL CTATbH, HC OTBEYAIOIINE YKA3aHHBIM Tp€6OBaHI/I$IM.

ITo Bompocam myoOnmkanuu crateit oopamarbcs: 455000, YUensOunckas o0xn., r. Marautoropck, np. Jlenuna, 38,
MarHuToropckuii rocylapcTBeHHbI TexHudeckuih yHuBepcuteT uM. I'.MI. HocoBa, Penxomierus xypHaia

«BectHuk MI'TY um. I''1. HocoBa», M.B. Uykuny.
Tenedonsr: (3519) 29-85-26, 22-14-93.

E-mail: rio_mgtu@mail.ru; vestnik@magtu.ru (c yxaszanuem tembl coobuierns «Bectauk MI'TY »).
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