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Cnoco0 npou3BoaACTBA NPOKATA U3 CTAJH

H306peTeHI/Ie OTHOCHUTCHA K TCXHOJIOTMYECKHUM IIpoHeccaM, UCITIOJIb3YyCMbBIM B METAJLIIYP-
TUU, JJIS1 IOJIYYE€HHUS BBICOKOKQUYECTBEHHOIO MTPOKATa HOBOTO MOKOJIEHUS C OTIPEAeIeHUEM
noTpeOUTENbCKUX CBOWCTB HEITOCPEACTBEHHO B MPOLIECCE MPOKATKHU

HoBblli TeXHOJIOrHYECKHi YPOBEHDb MPOU3BOICTBA MPOKATA C 3aJaHHBIMU (PYHKIIMOHAJb-
HBIMHU CBOHCTBAMH U NMPOTHO3UPYEMBIMH CTPYKTYpPaMH, TpeOyeT yIpaBieHUs napaMeTpaMu
TEXHOJIOTHUYECKUX MPOLIECCOB, COTJIACOBAHHOTO ¢ KUHETUKOUW MPOTEKAIOINX B CTaIH (HHU3U-
YECKUX MPOLeCcCOoB. BaxkxHeHIINMU 111 NPOU3BOACTBEHHON MPAKTUKH XapaKTEPUCTUKAMHU
(ha30BBIX MPEeBpalISHU, TPOUCKOASIINX B MaTepuaie mpu ero oopaboTke, SBISIIOTCS yCIIO-
BHA Ha4dajia HpeBpaLHeHHﬁ, AJMUATCJIIBHOCTU UX MPOTCKAHUSA, a TAKIKEC YICIbHBIC BCJIUYNHDbI
UX TEIUIOBBIX 3((PEeKTOB, KOTOpPBIE, HAPSAAY C TEXHOJIOTHYECKIMH MapaMeTPaMHu, OTIPEes-
T TEMIICPATYPY IpOKaTa B pa3JIMIHbIC MOMECHTBI €TI0 IPOABUKCHUA 1O TEXHOJIOTHYECKON
OEeIIOYKe. YuureiBas MaCLHTa6bI NPOU3BOACTBA MpPOKATa, CYIICCTBCHHBIM CTAHOBUTCA o6ec—
NEYCHUEC BO3BMOXKXHOCTH NMPOTHO3UPOBAHUA CTPYKTYPHOI'O COCTOAHUA METAJIJIda U CBA3AHHBIX
¢ HUM HOTpe6I/ITeJ'H:>CKI/IX CBOMCTB Ha OCHOBaHWH (1)I/IKC21LII/II/I napaMeTpoB TCXHOJIOTNIECCKOTO
MpoLecca, UMEBIINX MECTO MPHU €r0 MPOU3BOCTBE.

H3BecTeH crocod MpoU3BOACTBA PYJIOHHOTO MpokaTta, onucanHbiii B RU 2563911 [1],
KOTOprfI npeayCcMaTpuBacT OMPECACIICHUE PEKUMA JIAMUHAPHOIO OXJIAXKACHUA B 3aBUCUMO-
CTH OT CTPYKTYPhI CTAJIU U PACCMATPUBACMOI'O XUMHUYCCKOTI0 COCTaBa NyTEM COBMCEIICHUA
rpaduka M3MEHEHHUS! TEMIIePaTyphl MPOKATa MPU OXJIAKAEHUH Ha OTBOISIIEM POJIbraHre C
TEPMOKHHETHYECKOH nuarpaMMoii. [TocKoNbKy ypOBEHb U CTA0OUIBHOCTh MEXaHUYECKUX
CBOMCTB U CTPYKTYPbI TOPSUEKATAHOTO MPOKATa BO MHOTOM OMPEACIISIIOTCS TEMIIEpaTypoit
CMOTKH U XapaKTEPOM OXJIAXKACHUA, TO AJIA ONPECACICHNUA ONITUMAJIBHOI'O PECXKUMa JIaMHU-
HAapHOTO OXJIAXKIACHUSI CHadaja MPOU3BOAAT MOCTPOEHUE TEPMOKHHETUUECKON JUarpaMMbl
U3MEHEHHS] CTPYKTYPhI AJISI XUMUUYECKOTO COCTaBa pacCMaTPUBAEMOTO COPTAMEHTA PYJIOH-
HOT'O MpOKaTa B AHANMA30HEC BO3MOXKHbBIX TEMIIEPATYP U CKOpOCTefI OXJIaAXXJE€HHUA Ha OTBOOA-
[IeM POJIbraHre MUPOKOTOJOCHOTO CTaHa. 3aTeM PaCUYeTHBIM MyTeM MONy4YarT rpaduk
pacrnpezaeseHus TeMIepaTypbl MeTalljla 10 y4acTKaM OTBOJSAIIEro pojbraHra Ajis mpokarta
SaI[aHHOfI TOJIIIUHBI IPU UCTTOJB30BAHUU PCKUMA JIAMHUHAPHOTO OXJIAXKIACHHUA, XapaKTCPHO-
ro IJIsl JAHHOTO copTaMeHTa. llonydeHHbIi rpad ik HaKIagbIBAIOT HA TEPMOKHUHETHUECKYIO
auarpamMMy ¥ IPOU3BOIAT aHAIHU3 CTPYKTYPBI, KOTOPAst MOKET OBITh MOJTY4YEHAa IPH TAKOM

pexuMe JJaMMHAPHOTO OXJIAXAEHUs, C TOUKH 3peHusl o0ecreueHus TpedyeMoro ypoBHs Me-



XaHUYECKUX CBOUCTB. [Ipu 3TOM Takke OLIEHUBAIOT CTETNEeHb YIaJeHHOCTU rpaduka oT y3-
JIOBBIX TOYECK (1)asoBoro npeBpamCHusd, T.€. TOUCK, B KOTOPbIX CXOAATCA I'paHULbI pa3Jiny-
HBIX oOnacTell (a30BbIX MpeBpaleHnii. Eciyu aHaan3 MOKa3bpIBaeT CIUIIKOM 3HAYUTENBHOE
npuOIMIKeHHE YKa3aHHOTO rpaduka K 3THM TOUKAM UJIM HEOJNArompHsITHBIA XapakTep
CTPYKTYpOOOpa3oBaHusi, MPOU3BOAAT COOTBETCTBYIOLIYIO KOPPEKTUPOBKY HUCIIOJb3YEMOr0
peXxruMa JaMUHAPHOTO OXJIAXXKACHUA U paCucT Fpa(l)I/IKa OXJIAXKACHUA OJId 5TOr0 CKOPPEKTHU-
pPOBAHHOTO pekuMa. B ciydae mony4eHus MOJIOKUTENbHOTO pe3yibTaTa, B XOAe IPOBEpOoU-
HOT'O aHaJu3a CKOPPEKTHPOBAHHOTO PEXKUMa JJAMUHAPHOT'O OXJIAXKICHHS, 3TOT PEXKHUM MPH-
HUMAECTCA 6aSOBbIM AJIA AaHHOT'O COPpTaMCHTA. B MNPOTUBHOM CJIy4dac NPOU3BOIAT JOMOJIHU-
TEJIbHYIO KOPPEKTUPOBKY PEKMMa JIAMHHAPHOTO OXJIAKAEHHUS 10 MoIydeHus TpedyeMoro
pe3yibTaTa.

Takum 00pa3oM U3BECTHBIN CIOCOO MyTEeM MOCIeNOBATEBHBIX UTEPALIHI TO3BOJISIET TO-
Jy4aTh METAJI ¢ TpeOyeMbIM CTPYKTYPHBIM COCTOSIHMEM, HO He peluaeT npobieMy onpene-
JEHUSl CTPYKTYPBI METaJjIa TOTOBOH MPOAYKILUHU TOJIBKO HA OCHOBAHUH (PUKCALNH Tapa-
METPOB TEXHOJIOTMYECKOro npouecca, MMEBIINUX MECTO MPU €TI0 NMPOU3BOACTBE.

H3sBecTeH crnocod MeTamioo0paboOTKH ¢ MOANEePIKKOH, M0 MEHbIIEH Mepe, YaCTUYHO
PYHYHOTO YIpaBJIeHUS MPOKATHBIM CTAHOM METalI000paboTKH, B KOTOPOM 00padaThIBarOT
MeTas1 B GopMe mojockl uiu cisiba ninu Merann dyeprosoro npoduis (RU 2457054 [2]).
Crnioco0 mpenycMaTpuBaeT yueT BiausiHUE (Pa30BOro coCTaBa MeTalia Ha KOPPEKTHPOBKY
napaMeTpoB MPOU3BOACTBEHHOrO Mpouecca. i 3TOro HempepbIBHO, M0 OTHOLISHHIO K
OMpeaeIeHHOMY MECTY MPOKATHOTO CTaHA METaLI000paboTKH, ONMpeneseTcs a0, MO
MEHbLIeH Mepe, OMHON MeTaJuTyprudeckoi (aspl MeTamia ¢ yueToM pabouux napaMeTpos
MIPOKATHOI'O CTaHA METaII000paboTKH, HA KOTOpbIe BiusieT pa3oBoe cocTosHue. Takumu
napamMeTpaM MOryT 6bITb BbI60p HOI[XOI[;IH_IGI\/'I IINIOCKOCTHU OXJIAKACHUA WU IMMOAXOOAINX
napaMeTpoB OXJaxkaAeHus. Pe3ynbrar onpeaesneHus nepeaaeTcsi 00CayKUBaIOIIeMy orepa-
TOpPY B peajbHOM BPEMEHH, HAPUMeEp, Ha YIpaBJsitoueM yctpoiictse. Omneparop nojaydaer
TEM CaMbIM aKTYaJIbHYIO JUIsl KauecTBa 00pabaTeiBaeMOro Merauia nHPOPMAaIHU, KOTOpast
HETTOCPECACTBCHHO BOCIIPOU3ZBOAUT BJIUAHUEC NIPEATIPUHATBIX UM PYUYHBIX PETYJIHUPOBOK, TaK
YTO, IPU HEOOXOAMMOCTH, yTEM AaJbHEHITNX U3MEHEHUH PYUHBIE PETYJIUPOBKU MOTYT
OBITh ONITUMHU3UPOBaHbL. UHIUKALUS CIYKUT, TAKUM 00pa3oM, 00ECIIeYeHHI0 KauecTBa
NPOAYKIHH, HO HE pelaeT npodaeMy OnpenesieHust CTPYKTYPbl METaJlIa U CBSI3aHHBIX C
Hel MoTpeOUTEeNbCKIX CBOMCTB HA OCHOBAaHUHU (DPHKCAINH AapaMETPOB TEXHOJOTHYECKOTO

nponecca, MMEBIINUX MECTO MIpU €10 NpOU3BOACTBE.



H3BecTeH crocol MpOU3BOACTBA MPOKATA U3 CTATH BKJIIOYAOIIHNI IPOLECC YIIPABIEHUs
METAJIIyPru4e€CKON MPOU3BOACTBEHHON YCTAHOBKOM MUt U3TOTOBJIEHUS MPOAYKTA U3 Me-
TAJJINYECKOTO CTAJbHOIO U/HIIH 5KEJIE3HOTO CIIaBa, NPUYEeM IMPOLECCOM HU3rOTOBJIEHUS, 110
MeHblIEH Mepe, YaCTUYHO YNPAaBJAIOT MPU MOMOIIM UMHUTATOPA CTPYKTYPbI U/UIU MOHUTO-
pa CTPYKTYpPBI H/WIJIH MOJIEJIM CTPYKTYPBI, BKJIIOYAOIINX B ce0s MporpaMmy, KOTOpPast Bbl-
YUCJISET, IO MEHbUIEH Mepe, ONHY MEXAHUYECKYIO XapaKTE€PUCTUKY IPOYHOCTH NPOU3BE-
nenHoro npoaykra (RU 2016133849 [3]). MexaHn4eckyro XxapakTepUCTUKY IPOUYHOCTH
BBIUHCIIAIOT B 3aBUCUMOCTH OT COOTBETCTBYIOLIEN TEXHOJOTMYECKON LIEMOYKH HA OCHOBE
PaCCUNUTAHHBIX METAJTYPrudecKuX (a3oBbIX COCTABIAIOIINX H/UIH UX COOTBETCTBYIOIIUX
JO0JIed B CTPYKTYpe U3rOTOBJIEHHOIO NpoAyKTa. TexHomornueckas Henouka MeTajaayprude-
CKOMW MPOU3BOJCTBEHHON YCTAHOBKHU BKJIFOYAET B €05 CTaH ropsidyeil mMpoKaTKH U/HIN TOJ-
CTOJINCTOBOM MPOKATHBIN CTAH C 3aKJIOYUTENBHBIM YU4aCTKOM oxJyaxaeHus. [Ipu sbraucie-
HUU, MEXaHUYECKOHN XapaKTEePUCTUKHU MPOUYHOCTH YIUTHIBAIOT padoyue napaMeTpbl MeTal-
Jypru4eCKON NPOU3BOACTBEHHON YCTAHOBKHU, OT KOTOPBIX 3aBUCHUT, IO MEHbILIEH Mepe, OA-
Ha MOJIyY€HHAsl MEXaHU4YeCKas XapaKTepUCTHKA MPOYHOCTH.

B xauectBe pabounx nmapaMeTpoB METAJUTYPTHUECKOH MPOU3BOACTBEHHON YCTAHOBKH,
BXOJSIIIUX B BBIYUCJIECHUE IPOYHOCTHU, PETUCTPUPYIOT COOTBETCTBYIOIIYK) MAaCCOBYIO TOJIKO
OIHOTO JIETHPYIOINETO 3JIEMEHTA MIIM BCEX JIETUPYIOLIUX 3JIEMEHTOB, KOTOPBIE HMEIOTCS B
XHMHMYECKOM COCTAaBE UCIOJIB30BAHHOTO CTAJbHOIO CILIABA.

B xadecTBe AONMOTHUTENBHOrO paboUuero napamMeTpa peruCTpUPYIOT CKOPOCTh OXJIAXKAe-
HUsl, YCTAHABIMBAEMYIO B PAMKAX OXJIAXKACHHS, IPOU3BEAEHHOIO MOCJE NMPOLECcCca NPOKaT-
KM, U NIOBBIIEHUE ONPEEIECHHON XapaKTEPUCTUKU MPOYHOCTH MPOU3BEAEHHOIO MPOAYKTA,
AOCTUraeMoe MOCPEACTBOM H3MEHEHHUs 3TOTO AOMOIHUTENBHOTO pabodero napamerpa, 4a-
CTUYHO KOMIIEHCHUPYIOT U/UIIU BbIPABHUBAIOT MOCPEACTBOM YMEHbIIEHUs MacCOBOM 1OIU
OAHOI'O MJIM HECKOJIbKUX JIETHPYIOLHUX 3JIEMEHTOB B XUMHYECKOM COCTAaBE UCIOJIb3yEMOTrO
CTaJIbHOTO CILIABA.

IIpuuem COOTBETCTBYIOLIYI) 3apETHCTPUPOBAHHYIO MACCOBYIO AOJIKO JETUPYIOIIETO dJIe-
MEHTAa U 3aPETUCTPUPOBAHHYI) B KAXKAOM CJIy4ae CKOPOCTb OXJIAXKAEHHs OLEHUBAIOT MPHU
MOMOIIM UCYUCIAEMOrO psiia OLEHOYHBIX €AUHUL, NPEACTABIAOINX KPUTEPUN OLIEHKHU, U
MIPU NOMOILIU MPOrpaMMBbl ONPEAEISIOT COOTBETCTBYIOIINE CYMMapHbI€ 3HAYECHUSI UCUUCIIS-
€MbIX OLIEHOYHBIX enuHHIl. [IporpaMmma BKJItOUaeT B ce0s MaTEMaTUYECKUH alirOPUTM, TIPU
MIOMOIIM KOTOPOTrO COOTBETCTBYIOLINUN PsIT OLIEHOYHBIX €AUHUL WIN Pa3UYHbIE ONpene-

JIEHHble CYMMapHble 3HaU€HUsl CPAaBHUBAIOT JAPYT C ApyroM. B pesynprate peanuzanuu



croco0a OCyIIEeCTBIAETCS MPOTHO3HOE ONpeesIeHHe MOTPEeOUTEeNbCKUX CBOHCTB MPOKaTa
0e3 mpoBeneHMs NCCIIEAOBAHUS TOTOBOH MPOAYKIUH.

Henocratkom u3BecTHOro crnocod0a HeBBICOKAs TOYHOCTh NMPOTHO3UPOBAHUS CBOMCTB IO-
Jy4aeMOoro npokaTta, IOCKOJIbKY B OCHOBE MOJyUYeHHUs IPOTHO3a JISKUT MaTeMaTHuecKas
MOJieJib MOBEAEHUs NPOKATHIBAEMOI'0 MeTallJla OT TEXHOJOTHUYECKUX MapaMeTpOB KOTopas
HE YYHUTBIBAET HEKOTOPbIE BAXKHBIE ISl POPMHUPOBAHUS CTPYKTYPhI (PAKTOPBI, HATPUMEP
TeroBble 3¢ PexTh conpoBokaaromue Ga3zoBble MPEBPAILCHUS.

Haubonee O1u3KUM K 3asiBJIIEMOMY MO CBOEH TEXHUYECKOH CYITHOCTH U pelraeMoi 3a-
nade siBJSEeTCs Cocod MPOU3BOACTBA METaJLIONPOKaTa u3BecTHhIA u3 WO 9818970 [4].
3agadeit U3BECTHOTO crioco0a sABIseTCs o0ecrneueHne BO3MOKHOCTH ONPeaeIeHUsT OXKuae-
MBIX CBOMCTB KOHEUHOI0 MPOAYKTa Ha Ka’KAOM dTale npouecca ropsiuei npokatku. Cro-
co0 3aKJIF0YAEeTCs B TOM, YTO HAKAIIMBAIOTCS NaHHBIE 11O PEajIbHO MPOBEAEHHBIM MPOIIeC-
caM IMPOKATKHU ¢ puKkcanreli KOHKPETHBIX TEXHOJIOTHYECKUX NapaMeTPOB U ONpPEAeICHIEM
noTpeOuTeNbCKUX CBOUCTB. IIpu 3TOM YUHTBIBAIOTCS Takue (PAaKTOPBI KAK XUMHUYECKUH aHa-
JU3 MPOKAThIBAEMOI'0 MaTepuaia, Halnuue KapOuaoB U HUTPUAOB JETHPYIOIHUX 100aBOK
(HUKenst, HIOOUsI, THTAHA U T.X.), pa3Mep U COCTOSIHUE ayCTEHUTHBIX 3ePEeH, MUKPOCTPYK-
Typa CTaji U MPOMOPLHUH €€ KOMIIOHEHTOB (ayCTeHUT, QeppuT, NepiuT, OEHHUT, MapTEH-
cut). Ha ocHOBaHMM cOOpaHHBIX JAHHBIX METOJIOM JIMHEHHON Perpeccuu CTpositcst GPU3NKO-
METAJTYPrUYeCKIe MOJEIH, CBSA3BIBAIOLINE TEXHOJIOTHYECKUE MTapaMeTphl (Harpes, aedop-
MalHusl, OXJaXKJAEHUEe TPOKaTa U T.A.) CO CBOMCTBAMHU rOTOBOHM mpoaykuuu. Mcnonb3ys no-
Jy4eHHbIE MOJEJH, MOKHO MPOrHO3UPOBATH CBOICTBA TOTOBOH NMPOAYKILUHU OT BEIOPAHHBIX
TEXHOJIOTUYECKUX NMapaMeTpOB WU, 3a/1aBUINCh CBOMCTBAMH IOTOBOH MPONYKIUH, TOAOH-
paTb TpeOyemMble TEXHOJOTMYECKHE TapaMeTPhl, OCYIIECTBIISASI KOPPEKTUPOBKY HA OCHOBE
OHJIAMH U3MEPEHUH NPU NpoLecce NPOKATKHU.

Henocratkom u3BecTHOro criocoda sBIsIeTCsl OTHOCUTENBHO HEBBICOKAst TOUHOCTD BBISB-
JIEHUSI CBSI3U TEXHOJOIMYECKUX [1apaMeTPOB C KOHEYHBIM CTPYKTYPHBIM COCTOSIHUEM MPO-
KaTa, MOCKOJIIbKY HE YUUTBHIBAIOTCS TEIIOBbIE 3 (EeKThI, COMPOBOKAAINE (Pa3oBbIe nepe-
XOJbl (ITpeBpaLIeHus ), MPOUCXOSIINE B MPOKATHIBAEMOM MeTaJljIe B mporuecce nedpopma-
LU U OXJIAXKJICHUS.

3asBrsieMblil crioco0 MPOU3BOACTBA CTANIBHOIO IIPOKATA HAMPABJICH HAa ONpelesIeHUe
CTPYKTYPHOT'O COCTOSIHUS IPOKATAaHHOI'O MeTaJljla 10 TEXHOJIOTUYECKUM MapamMeTpam Ipo-

KaTKH.



Yka3aHHBIA PE3yJIbTaT JOCTHTAETCS TEM, YTO CIOCOO MPOU3BOACTBA CTAJIBHOIO MPOKATA
BKJIFOYAET BBIMIJIABKY CTAJH TpeOyeMOro XMMHYECKOr0 COCTaBa, €€ MPOKATKY ¢ PuKcanueit
TEXHOJIOTHYECKUX MapaMeTPOB U ONpeesieHHe CTPYKTYPHOTO COCTOSIHUSI TOJIYy4YE€HHOTO
MIpOKaTa B 3aBUCUMOCTH OT peaJN30BaHHbBIX TEXHOJOIHYECKUX napameTpos. [Ipu sTom
MacCOBbBIE JJOJIU CTPYKTYPHBIX COCTABJSAIOLINX ONpPEAENA0T pacueTHO, UCXOAs U3 U3MEpPEH-
HOH TemmepaTypbl IOBEPXHOCTH MeTajjla A0 Havyalja OXJaxJAeHUsl, TOJIINHbI MeTajla U pe-
aJM30BAHHOIO PEXHMMa OTBOJA TEIJIa C MOBEPXHOCTH MPOKATA, UCIIOJIb3ysl KOHEUHO-
Pa3HOCTHYIO CXEMY pelleHus 3aaul TeIJIONPOBOJHOCTH AJIsl Cpelibl C BHYTPEHHUMH HC-
TOYHUKAMH TEIJIOBBIACICHUI C BUPTYaIbHbIM pa30UeHNEM TONIIUHBI TPOKATA HA CJIOH,
IIPU 3TOM 32 UCTOUHUKU TEIUIOBBIIENEHNs NPUHUMAIOTCS CJIOU METalla, B KOTOPbIX IIPOUC-
XOJSIT MPOLIECCHI pacrana ayCTeHUTA Mo XOTs Obl OTHOMY M3 MEXaHH3MOB: (PEPPUTHOMY
(D), peppuro-nepautHomy (D+I1), nepaurHomy (I1), GeitnutTHOMY (B), MapTeHCUTHOMY
(M), Tumn pacrnana onpenessitoT, UCXOAs U3 CKOPOCTU OTBOJA TeIljia OT CJIOsA MeTajlia u/uiu
€ro TeMIepaTypbl, KHHETHKY paclaja 3alaloT ypaBHEHHEM BUA:

oM/or={(T),

rae OM - mpupoCT MacCOBOM JOJIM MPOAYKTa pacmnana 3a Bpems OT, ¢,

T - remneparypa, °C,

BEJIMUMHY TEIJIOBbIJENIC€HUS PACCUUTHIBAIOT 110 YPABHEHUIO:

dQ=dMxQy;.

rae dQ - TeroTa, BEIAEIMBIIASACS B PE3YJbTATe paciafa ayCTEHUTA 10 KAaKOMY-JTHOO
MexXaHusMmy, JIx,

Qpi - yAeNbHBIH TeroBoH 3¢ ekT pacnaga ayCTeHUTA 1O i-OMy MexaHu3Mmy, JIK/kr,

[P 3TOM /IO Hayaljia MPOKATKH Ha o0pasnmax Merajuia HISHTHYHOrO XHMHYECKOr0 COCTa-
Ba SKCIIEPUMEHTAJIBHO ONPEAEISIIOT YIUThIBAEMbIC NPU PacyeTe yAEIbHbIE TEIUIOBBIC (-
(eKThI IS peanu3yoIIUXCs B CTAIM JAHHOTO XMMHYECKOr0 COCTaBa TUIIOB pacraaa aycre-
HUTA.

VYka3zaHHBIN pe3ybTaT AOCTUTAETCs TAKXKe TeM, YTO AUANAa30Hbl TEMIIEPATypP U CKOPO-
CTeH OXJIaXKJIeHUs, COOTBETCTBYIOLHE Pa3JIMUHBIM MEXaHU3MaM pacrnajaa ayCcTeHUTa, orpe-
JEJSIIOT SKCIIEPUMEHTANBHO IMyTEM BapbUPOBAHUS CKOPOCTEH OXJIAKAEHUsS 00pa3moB Me-
Tajljla UAEHTUYHOTO XUMHUYECKOTO COCTaBa.

VYkazaHHBIN pe3yibTaT AOCTUrAETCs TAKXKe TeM, YTO IIPU 3aJaHUU KUHETUKHU pacnaja
ayCTEeHUTa UCIOJb3YIOT ypaBHEHUE:

OM/6T =k-Ma-(W/T),



rae OM - mpupoCT MacCOBOM JOJIM MPOAYKTa pacmnana 3a Bpems OT, ¢,

k - koa(purnuenT, 3aBucAIINI OT MEXaHNU3MA pacnazga i XUMHUYECKOTO COCTaBa CTaJH,

Ma - maccoBas 10Jisl ayCTEHUTA,

W - ynenpHast MOITHOCTh OTBOAA TeILIa OT cjios, BT/kr,

T - remnepatypa, °C.

OTanuuTeNnbHBIMU PU3HAKAMH 3aBIISIEMOT0 CIIOCO0a SBIISIFOTCS:

- MacCCOBBI€ JJOJIH CTPYKTYPHBIX COCTABIISIOIIUX ONPEAENSIIOT PACUETHO, UCXOI U3 U3-
MEpEHHOH TeMITepaTyphl MOBEPXHOCTH METaJUIa 1O Hadaja OXJAKAEHHUs, TOJIIHHBI METa-
Ja ¥ peajM30BaHHOTO peXXUMa OTBOAA TEIlIa C MOBEPXHOCTH MPOKATA;

- IS pacyueTa UCIOJIb3YIOT KOHEYHO-PA3HOCTHYIO CXEMY PEIICHHs 3a/1a4i TEeTUIONPO-
BOJHOCTH JIJIsl CPEJIbl C BHYTPEHHUMH UCTOYHUKAMH TEIJIOBBIASIICHUI ¢ BUPTYaIbHBIM pa3-
OneHueM TOJIIMHBI MPOKaTa Ha CJIOH;

- 32 ICTOYHUKH TEIJIOBbIACIEHUS IPUHUMAIOTCS CIOW METAJJIA, B KOTOPBIX MPOUCXOAST
MPOIECCHl paclaga ayCTeHUTA MO XOTsl Obl OMHOMY MEXaHU3MY - (eppUTHOMY, (HEepPUTO-
MEePJIUTHOMY, IEPITUTHOMY, OEHHUTHOMY HJIH MapTEHCUTHOMY;

- TN pacnaja ONpenesiioT, UCXOAsl U3 CKOPOCTH OTBOJA TEIUIa OT CJIOS MEeTajlia u/WiH
ero TeMIepaTyphl;

- KHHETHKY pacrnaja 3a1ai0T YPaBHEHHEM BHJIA:

oM/or=£(T),

rae OM - mpupoCT MacCOBOM JOJIM MPOAYKTa pacmnana 3a Bpems OT, ¢,

T - remneparypa, °C,

- BEJIMYUHY TEIJIOBBIIEICHHS PACCYUTBIBAIOT 110 YPaBHEHHIO

dQ=dMxQy;

rae dQ - TermoTa, BRIAEIMBIIASACS B PE3YJbTATE pacana ayCTEHUTA M0 KAaKOMY-JTHOO
MexXaHusMmy, JIx,

Qpi - yAeNbHBIH TeTu1oBOH 3¢ eKT pacnazga ayCTEHUTA 1O i-OMy MexaHu3My, JLK/Kr;

- 10 HavyaJia MPOKaTKH Ha o0pasnax MeTamia HISHTHYHOrO X MMUYECKOTO COCTaBa SKCIIe-
PUMEHTAJIBHO ONPEAENSIOT YASIbHbIE TEIIOBbIe 3 (HEKTHI A PEANH3YIOIIUXCS B CTAIH
JAHHOTO XUMHYECKOTO COCTaBa TUIIOB pacrana ayCTeHHUTA;

- IMana3OHBI TEMIIEPATYP U CKOPOCTEH OXJIAXKIECHHsI, COOTBETCTBYIOIIHE PA3TUIHBIM Me-
XaHU3MaM pacrana ayCTeHUTa, ONPEAENIOT SKCIIEPUMEHTAIBHO MTyTEM BapbHUPOBAHUS CKO-
pocTelt oxyaxkaeHus oOpas3oB MeTalJIa HAEHTUYHOTO XUMUYECKOTO COCTABA;

- [IpU 3aJJaHUKU KUHETUKHU pacnaga ayCTEHUTA UCTIOJNb3YHOT YPABHCHUC!



OM/0t =k-Ma-(W/T),

rae OM - mpupoCT MacCOBOM JOJIM MPOAYKTa pacmnana 3a Bpems OT, ¢,

k - ko3¢ dunuenT, 3aBUCALUINN OT MEXaHU3Ma pacrana 1 XUMHYECKOTO COCTaBa CTajH,

Ma - maccoBas 10Jisl ayCTEHUTA,

W - ynenpHast MOITHOCTh OTBOAA TeILIa OT cjios, BT/kr,

T - remnepatypa, °C.

OnpeneneHrne MacCOBBIX J10JIEH CTPYKTYPHBIX COCTABIISIFOIINX PACUETHO, UCXOS U3 U3-
MEpPEHHOU TeMIlepaTypbl MOBEPXHOCTH METaJIa A0 Hadajaa OXJIAXKIEHUsI, TOJIHHbBI METaJI-
Jla ¥ PEaIn30BAaHHOIO PEKMMa OTBOJA TEIia ¢ MOBEPXHOCTH MPOKATAa U U3YYEHHBIX TEIJIO-
(U3UUEeCKUX CBOHCTB MO3BOJISIET MPOTHO3UPOBATh CTPYKTYPY MPOKATAHHOTO MeTajuia u
CBSI3aHHBIX C HEW MOTPEOUTETHCKUX CBOWCTB He Mpuderasi K JOPOroCTOS UM UCCIIeIOBa-
HUSIM 00pa3lnoB, BBIPE3aHHBIX U3 TOTOBOI MpoayKuuu. IIpu 5TOM TOYHOCTb MPOTHO3UPOBA-
HUA 3aBUCUT OT TOI'0, KaKkue q)aKTOpr YUYUTBIBAOTCA U KAKHEC U3 HUX MOJYYAOT IYTCM
NPOBCACHUA NMPEABAPUTEIIbHBIX SKCIIEPUMEHTOB U MO3TOMY UX NOCTOBCPHOCTDH HEC BbI3bIBa-
€T COMHCHUA.

Hcnonb3oBaHue 1t pacueTa KOHEYHO-PA3HOCTHOU CXEMbI PEILICHUS 3a1a4d TEIIONPO-
BOOHOCTU OJid Cpe€Abl C BHYTPEHHUMU UCTOUYHUKAMU Tel'IJ'IOBbII[eJ'IeHI/II\/'I C BUPTYAJIbHBIM pa3-
6I/IeHI/IeM TOJILIUHBI IPpOKAaTa Ha CJIOU MO3BOJIACT C BBICOKOU TOYHOCTBIO NMPOrHO3UpPOBaTh
CTPYKTYpPy MeTajia ¢ COOOIEHNEM YCIOBHUS, YTO 32 HCTOYHUKHU TETIOBBIISICHUS TPUHH-
MaIOTCSl CJIOM METaJlJIa, B KOTOPBIX MPOUCXOAAT MPOLIECCH paclaga ayCTeHUTa U 10 HavaJia
MPOKATKHU Ha o6pa3uax METaJljla UACHTUYHOI'O XUMHUYCCKOro COCTaBa SKCINCPUMEHTAJIBHO
OMPEeNeNsoT yASIbHbIEC TeIIOBbIe () EKThI A peaNTu3yrIUXCs B CTATH JaHHOTO X UMHU-
YECKOro COCTaBa TUIOB pacraga ayCTeHUTAa ¢ YUE€TOM KMHETHKH 3TOTO pacraja.

B yacTHBIX ciyyasx peanu3anuu crnocoda AUAma3OHbl TEMIEPATYP U CKOPOCTEH OXJia-
JKIEHUS, COOTBETCTBYIOLIHE PA3JIMUHBIM MEXAHU3MaM Pacraja ayCTeHUTA, ONPEaesOT
SKCIEePUMEHTAbHO MyTEeM BapbUPOBAHUS CKOPOCTEH OXJIAKICHHUS 00pa30B MeTallia
UACHTUYHOTO XMMHUYECKOTr0 COCTaBa. DTO HEOOXOMUMO IJIsl peau3ainu crnocoda mpu oT-
CYTCTBHHU CIIPABOYHBIX JAHHBIX OJIA CTAJIU JAHHOTO XUMHUYECKOro COCTaBa.

B HEKkOTOpBIX cllydasiX KHHETUKA ONPENENSAETCs HE TOJIbKO TEMIIEpPATypOi, HO U yAENb-
HOW MOIIHOCTBIO OTBOJAA TEILJIA OT CJIOS, AJISl UeTro MPU €€ 3aJlaHUH UCTIONb3YIOT YpaBHEHHUE
BHJA:

OM/0t =k-Ma-(W/T),

rae OM - mpupoCT MacCOBOM JOJIM MPOAYKTa pacmnana 3a Bpems OT, ¢,



k - ko3¢ dunuenT, 3aBUCALUINN OT MEXaHU3Ma pacrana 1 XUMHYECKOTO COCTaBa CTajH,
Ma - maccoBas 10Jisl ayCTEHUTA,
W- ynenbpHast MOIIHOCTh OTBOAA TEIJIa OT cJios, BT/kr,

T - remnepatypa, °C.

CyIHOCTB 3asIBIsIEMOT0 Croco0a MOSICHSIETCS] IPUMEPAMH €T0 PeaTn3alui.

Ipumep 1. B Haubosnee npeanodYTuTeNIsHOM BapHaHTe CIOCO0 peanu3yeTcs CIeAymnuM
oOpazom. OCyLIeCTBISIOT BBIIIABKY HEOONBLIOT0, JOCTATOUYHOTO AJIS H3TOTOBIEHUS 00-
pPasLoB sl IPOBEAEHUS UCCIEA0BAHMUI, KOIUIECTBA CTAIN TPeOyeMOro XUMHU4YECKOro Co-
CTaBa, KOTOPBIH OyeT MOABEPTATHCS NMPOKATKE OONBIIMMH NAPTHSIMH.

BripesaroT 0Opasisl TpeOyeMoro pasMepa aJis NpoBeAeHs 1a00paTOPHBIX 3KCIIEPUMEH-
TOB JUJISl ONPEAeJIeHUs TeILUIOBBIX MapameTpoB (a3oBoro npespamenns. Onpenessor (13-
MepsitoT) TeruioBbie 3 dexTr! pa3zoBbix npeBpameHnii. OCyeCcTBIAIOT 3KCIEPUMEHTATb-
HOE WJIM pPacyeTHOE OINpeeNieHne KHHETUKY MpeBpatieHni (QyHKIUN 3aBUCUMOCTEH Mac-
COBBIX J0JIef CTPYKTYPHBIX COCTABJSIIOLIUX OT BPEMEHHU).

3aroToBKy (cis10) TOXKAECTBEHHOTO MIN OJIN3KOr0 XMMHYECKOTO COCTaBa K UCCIENOBAH-
HbIM 00pasliaM HarpeBarT MOJ MPOKAaTKy. B mpouecce nmpokaTku GUKCUPYIOT AOCTYITHBIE
TEXHOJIOTHYECKHE TapaMeTphl (TeMIlepaTypa NOBEPXHOCTH IIPOKaTa o ero JJ1MHe B Hauaje
U KOHILIE MPOKATKH, CKOPOCTh NepeMeleHHs POoKaTa, KOJUYECTBO U PACIIONOKEHUs BKIIIO-
YEHHBIX COIeJ OXJaKIEeHUs, pacxoa OXJaguTelNs, TeMIepaTypa IOBEPXHOCTH MIPOKaTa 1o
ero JJIMHE B MOMEHT 3aBepLIEeHUs YCKOPEHHOTro oxyaxaeHus). [lonyueHHble faHHbIE UC-
NOJIb3YIOT MPU KOHEYHO-PA3HOCTHOM CXeMe pelleHus 3aAa4l TeIUIONPOBOAHOCTH AJIs Cpe-
Ibl C BHYTPEHHUMH HCTOYHUKAMHU TEIUIOBBIAEICHUH C BUPTYAJbHBIM pa30MEHNEM TOJIIHHBI
MpOKaTa Ha CJOM, IPU 3TOM MCTOUYHHUKH TEIIOBBIIEIEHUS «BKJIIOYAIOTCSA» COTJIACHO KUHe-
THKe IpeBpalleHus. B pesynbpraTe pacyeTra OnpeaenstoTCsl MacCOBbIE TOJU CTPYKTYPHBIX
COCTaBJISIIOIINX B CIOSX MPOKATa, U MO BCEH €ro TOJLIUHE.

Tennoseie 3¢ ekThl PazoBIX MpeBpaLIeHUH U3MEPSIOT CIEAYIUM o0pa3oM. B Harpe-
BaTEJIbHYIO T€Yb IIOMELIAIOTCS TEMIIEPaTyPHO-OAHOPOAHBIE OOpa3Lbl M HATPEBAIOTCS 10
TEeMIIEPaTypPbl, IPEBbIIAOIIeH TeMepaTypy oOpa3oBaHus ayCTEHUTA B CTPYKTYpe Harpe-
BAaE€MOr0 MaTepuana oOpasios.

3aTeM 00pa3Lbl OXJAKAAKOT 10 KOMHATHBIX TEMIIEPAaTyp OAHOPOAHBIM IO TeEMIEpaType

" CKOPOCTHU NEPEMECIICHUSA TCIIJIOHOCUTEIEM, HATIPpUMEP OCYIICHHBIM BO3JYXOM, IO pa3-



JUYHBIM TPACKTOPHSIM OXJIAKIEHUSI, KOTOPBIE 3aBUCIT OT TOJLIMHBI 00pa3la U JaBJICHHUs, C
KOTOPBIM MOJaeTCsl TEMJIOHOCUTENb, T.€. OT CKOPOCTU OXJIAKAEHHUS.

B oxnaxxpeHHBIX 00pa3max npu MoMoIu MeTauiorpadpuuecKux UCCIEAOBAHUN H IyTEM
U3MEPEHUSI MUKPOTBEPAOCTH ONPEAESIAIOT TOJI0 UCKOMOH (a3bl. 3aTeM BBIOMPAIOT IS
aHaJiM3a KPUBYIO OXJIAXKACHUS, pealin3alis KOTopoi obecriednBaeT nojayueHue Tpedyemoit
noyu 3TOH (asbl.

Hanee ayist y4acTKOB KPHBOH OXJIAJKAEHUS, B KOTOPBIX OTCYTCTBYET (Pa3oBOE MpeBpalie-
HUeE, alllPOKCUMUPYIOTCS B BUJI€ SKCIIOHEHI[MAJbHON 3aBUCUMOCTH TEMIIEpaTyphl OT Bpe-
MEHHU, KOTOopast OyAeT UCIIOIb30BaHa B NaJbHEHIIEM Ul pealn3alii pacueTHON MPOLeay-
pBI OTIpeAeNieHns YASIbHOTO TeTIOBOTO 3ddexTa mpu (a3oBOM MPEBpaIISHUH.

3aTeM cyMMapHBIH yienbpHbIH TetuoBol 3¢ dext npespamerus (Qmp.) MOXKET onpene-

JIATBCA METOAOM KOHEYHBIX paSHOCTefIZ

i
le = Z ﬁQi
= (1)

rne AQ; - yaenbHbIH TeruioBoi 3¢ ¢ exT $pa3oBoro npeppameHus, s i-TOro mara pacyie-

Ta, kJK/KT,
ﬂl‘;‘; = 'C.' - .dT;. {2}

rae Ci - ynenpbHasi TEIJIOEMKOCTh MaTepuaja Ha i-Tom mare pacuera, k[ x/kr-°C,

AT - pa3HuIa MeXIy pealbHON TeMnepaTypoi o0pasia u COOTBETCTBYIOIIHUM IO BpeMe-
HU 3HAYEHHEM TEeMIIEPATypPbl IO 3KCIIOHECHINAIbHON 3aBUCUMOCTH HA i-TOM IIare pacuera
3a BBIYETOM CYMM 3THX Pa3HUIl Ha MPEABIAYIIHX marax pacuera, °C.

Hanpuwmep, Obl1 mpoBeneH 3KCIIEPUMEHT IJIsL OTPEENIEHNs YASIbHOIO TEIUIOBOTO 3(-
¢exTa (pa3oBOro npeBpameHus 1 CTalu CIeaAyInero cocrasa, mMac. %: 0,05% C; 0,09%
Si; 1,71% Mn; 0,002% S; 0,008% P; 0,03% Cr; 0,23% Ni; 0,11% Cu; 0,030% Al; 0,005%
N; 0,005% V; 0,020% Ti; 0,065% Nb; 0,002% As; 0,188% Mo; 0,0002% B; 0,003% Sn;
octanbHOe Fe, Beigenstomyerocs npu GpopMupoBaHuu Gpepputo-0eHHUTHON CTPYKTYPHI C
mMaccoBol noneit 6efinurta ~50%.

st mpoBeneHus TemopU3NIeCKNX UCCIeIOBAaHUH BBIpe3an o0pasubl ¢ pa3MepamMu
110x27x3,4 mm. Jlanee X yTOHSJIU Ha IUIOCKOULTH(OBAIHLHOM CTaHKE U JTJAOOPaTOPHOM
crane no TommuH: 2; 1,1; 0,5; 0,25 u 0,1 mm. [TonoOHbIe pa3Mepsl 00pa3oB 00eCIeYNBAIOT

OTHOMEPHBIN TETIOO0OMEH.
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3aTeM B My(enbHON mevyu, OCHALIEHHON MEXaHU3MOM H3BJIe4YeHHUs U Ppukcanun obpas-
1IOB, OJIOKOM U3MEpPEHUS TEMIEPATYPhl, Y3JIOM BO3IYILIHOTO OXJIAKAEHUS C THEBMATHYE-
CKOW CHCTEMOH U y3JIOM YIPaBJIEHUS U PErucTpauuu nHGopMaiuu, odpasLbl HarpeBail 10
990°C u BrigepxxuBanu 40 MUH NIpu yKazaHHOUN TeMmmepartype. g yMeHbIIeHUs OKHUCIEeHUs
00pa31oB B Meub NPOU3BOAMIICS MOAAYB apTOHA.

Hanee oOpasubl moAgBepraiu oOIyBy MIOCKHM MOTOKOM BO3ayxa nmoxa yriioM 15-30°
obpasuy ¢ nasnenuem 1, 2 unu 4 atm. OOIyB OCYIIECTBISIICS HAa CIIENHAIbHON THEBMATH-
YeCKOH YCTaHOBKE, BKJIOUAKOIIEil B ceOst OJIOK comes, KOMIIPECCOp ¢ PECHBEPOM, PEIYKTOP,
3JIEKTPOMArHUTHBIN KJIallaH U CEHCOPBI U1 H3MEPEHUs AaBJeHUs. Y Ka3aHHAs YCTaHOBKA
no3BoJinIa 00eCneYnTh MOAAEPIKAHNE CTAOUIBPHOTO JABJICHHUS B MATUCTPANIAX B TEUEHUE
BCETO L[UKJIa 00yBa OJHOPOIAHBIM IO TEMIIEPATYPE U CKOPOCTH MEPEMEIIEHUS TETUIOHOCH-
TeJeM.

B npouecce obnyBa TemmnepaTypa B TOUKE MOBEPXHOCTH 0OpPa3LOB KOHTPOJIUPOBAJIACh U
¢$uKcupoBagach IBYXpEKUMHBIMH MUPOMETPAMHU ONIMKHETO HH(PPAKPACHOTO CIEKTPA,
UMermuMe auana3on mMmepenus 550-1100°C, a Takke ObICTPOAESHCTBYIOIINUM MHPOMET-
pom, paboTarmuM B cpeHel YacTH HHPAKPACHOTO CIEKTPA, C AMATIA30HOM U3MEPSEeMbIX
temneparyp 50-775°C. Ha ocHoBaHNH (PUKCUPYEMBIX 3HAUEHUH CTPOMIINCH 3aBUCUMOCTH
TEMIIEPATYPbI OT BPEMEHH OXJIAKICHMUS.

ATTeCTalMio CTPYKTYPHOTO COCTOSIHUS 0OPa31OB MMOCIE HArpeBa - OXJIAKAECHHS TPOBO-
WU TIO TPeM I aM, COOTBETCTBYIOIIUM CEYEHHUSM 110 TPEM IUIOCKOCTsIM. MeTanorpa-
¢uyeckue uccieqoBaHus MPOBOAMIN HA CTPYKTYPHOM aHAJIM3ATOPE, BKIIOYAIOIIEM B ce0s
CBETOBOH MHBEPTHPOBAHHBIA MeTaIorpadMuecKiuii MEKPOCKOT, LU POBYIO Kamepy U Mmpo-
rpaMMHO-aNNapaTHbIH KOMILJIEKC.

B pesynbrare MeTamnorpaduuecKkux UCCAEAOBAHUN BBISIBHIIH, YTO opMupoBanue dep-
puTO-0ETHUTHON CTPYKTYPBI C MAacCOBOH poseit OeitHuTa 46% MPOUCXOANIO MPU OXJIAXK]IE-
HUU 00pa3loB TONMMUHON 1,1 MM MJIOCKUM MOTOKOM BO31yxa moj yriioMm 15-30° k obpasuy
¢ naBineHueM 4 atm. [ mocnenyromero pacueTHOro aHaIn3a BRIOUPAd COOTBETCTBYIO-
IIYI0 YKa3aHHOMY PE€KHUMY TPAEKTOPHUIO OXJIaXAEHHUs.

B pesynbraTe uncneHHOH 00pabOTKH YCTAHOBUIIHN, YTO YYACTKHU HKCIIEPUMEHTAIBbHON
KPUBOH, B TEMITEPATYPHBIX HHTEPBaJaX (BPICOKOTEMIIEPATYPHOM M HU3KOTEMIIEPATYPHOM),
B KOTOPBIX OTCYTCTBYET (pa30BOE MPEBpPAILECHHUE, XOPOILIO AMMPOKCHMHUPYIOTCS CIEAYIOIU-

MU 5KCIIOHCHIIMAJIBHBIMH q)YHKL[I/IﬂMI/II

T, = 899,1 exp( — 0,1097) + 22,°C (3)
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Ta = 1420.5 exp( — 0,11957) + 22, °C (4}

Hanoxenue peanbHON Tpa€KTOPUU OXJIaKIEHHS U KPUBBIX, MOCTPOEHHBIX MO AKCIIOHEH-
LHaJTbHBIM 3aBUCUMOCTSIM, TIO3BOJIIET OMpPEAe/IUTh TeMIepaTyphbl 1 BpeMeHa Hauajla U KOH-
na gazosoro npeBpameHus (T, Tu, Tx, Tx)-

Ty=668°C, 1t:=2,9 c;

T«=380°C, t=12,2 c.

JAnuTeIpHOCTh TpeBpaLleHus Tnp=9,3 C.

JAnuTeIpHOCTh TpeBpaLleHus Tnp=9,3 C.

Jlanee BbIYUCIUTENIbHAS TIPOLIENYPa OMPEAesIeHUs yaeapbHOro Termiosoro 3¢dexra daso-
BOTO MpeBpalneHus °Qup OpraHU30BLIBAIACH CIEIYIOIIUM 00pa3oMm.

[IpeBpamenue HaunHaaoch npu 1=0. Pacyer npou3BOAMIU C LIATOM MO BPEMEHH
A1=0.01 c. Ypenpnyto TennoeMkocTs (C), corjacHo cripaBOYHUKY [5], monaydanu U3 Bbipa-

JKEHUA
£ =0,1202- T+ 514,5 (5)

Ha mepBoMm 1mare pacuera TeMiepaTypa U3MEHSIETCsl COTJIACHO OINpeIesIeHHOH BbIlIe

SKCIIOHEHIIMAJbHOU 3aBUCUMOCTH (3).
To=Toexp(— 031097+ AT)) + T, (B}
AT onpenensiiu U3 BoIpAKEHUS:
ATy = AT, —T,. {7}

Y nenbHbIN TernoBoH 3¢ dekT (ha3zoBOro MpeBpaiieHus sl MepBOro mara pacuyeTa Bbi-

HucJsAajnachb Kak:

4Q; =&, - AT {8}
Jnst i-ro mara pacueTHOM MPOLENYPbI:
T, = (Tp_ — T exp(—0,109-47) + Ty, (9)

ATy =T, ~T, (10}
aAQ; = C; - AT, (11}

Brrauciaenus npogoJIKaJIu 10 MOMEHTA BPEMCHU T=Tk.

CyMmMapHBIii yenbpHbIH TeruoBoi 3¢ dexT npespamerus (Qup) OMpeaessian Kak:

Qnp = 4Q; + Xi-14Q; (12)
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= 119
B pesysibTaTe peanusaiii pacye€THON MPOLENYPhI TOJYUHIN Qop = 118°

Pacuer MaccoBbIX OJeH CTPYKTYPHBIX COCTaBJIAIOIINX OCYIIECTBISETCS KOHEUHO-
Pa3HOCTHOM CXEMOM pelleHus 3aaul TelJIONPOBOAHOCTH AJIsl Cpebl C BHYTPEHHUMH HC-
TOYHUKAMH TEIJIOBBIACICHUH C BUPTYaIbHbIM pa30UeHNEM TOJLINHBI TPOKATA HA CJIOU C
UCIOJIb30BaHNEM 32 MKCUPOBAHHBIX MPH MPOKATE KOHKPETHOTO €102 TEXHOJIOTUYECKUX
napamerpos. Hanpumep:

KonuuecTBo cioe=mm (500);

ITar mo Bpemenu, cexk=tau (0,00002);

Tommunaa aucra, M=L (0,0275);

Bpewms cTapra BomHOTO OXJaXkaeHus, cex=tstart (1);

Bpewms xoHua pacuera, cex=tend (80);

Temnepatypa nosepxHoctu aucrta, K=T01 (1180);

Temnepatypa cepenunsl aucta, K=T00 (1200);

Tennoemkoctb, Jlx/(krxK)=Cv (625);

Tennonposonuocts, BT/(MmxK)=Hi (30);

Koadpdunuent remoodmena, 1/m=k (600);

Temneparypa BHemHel cpeabl, K=Tr (373);

IMocrosinnas Credana-bonbiimana, Bt/(M*xK*H=Si (0,0000000567);

Kos¢ddpuuuent uepnorsi=eps (0,7);

[InoTHOCTH cTanu, Kkr/m>=ro (7600);

IlepexonHelil nepuoa npu nojause BojnoM, cek=tperl (0,5);

Bpewmst mpoxona depe3 popcyHky, cexk=t2 (3);

IlepexonHelii mepuoa BO BpeMsl UCMapeHus BOAbl, cek=t3 (3);

Bpewms no cnenyromiel GopCcyHKH ociae uenapeHus Boabl, cex=t4 (5);

HauanpHbill nepexonneiii nepuoa, cek=period (0,1).

[Ipouenypy pacdeTra OCYIECTBISIOT CAECAYIOIUM 00pa3oM.

Obe3pa3smepuBaHUe U pacyeT UCIIONb3YEMbIX KOHCTAHT:

1. PaccunTsiBaeM NoCTOSAHHYIO h o dpopmyae:

h=1/(mm-1);

2. CoxpaHsieM NOJIydY€HHOE YUCJIEHHOE 3HaUeHu¢;

3. PaccuuTbiBaeM k03P GUIMEHT TeMIepaTypoOnpOBOAHOCTH (aa) o GopmyJie:

aa=Hi/(Cv*ro);
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4. CoxpaHsieM NOoJIydeHHOE YUCJIEHHOE 3HaUeHue;

5. PaccuutsiBaeM k03¢ HUIMEHTHI TOTOKA HA rpaHULE Npu oxyuaxaeHnu no Credany-
Bonpimany (A) o popmyie:

A=Si*eps*Tr’*L/Hi;

6. CoxpaHsieM NMOJlydueHHOE YUCIEHHOE 3HaUeHue;

7. PaccunTtsiBaeM K03(h(HUIIMEHTHI MOTOKA HA IPaHULE MPU BOJHOM OXJaxaeHuu (B) mo
bopmyne:

B=L*k;

8. CoxpaHsieM MOJyuYeHHOE YUCJIEHHOE 3HaUEeHUE;

9. PaccuuThiBaeM Bpems tper2 mo popmylie:

tper2=tperl+t2;

10. CoxpaHsieM NMOJy4eHHOE YUCIEHHOE 3HaUEeHUE;

11. PaccuutbhiBaem Bpems tper3 mo ¢opmyiie:

tper3=tper2+t3;

12. CoxpaHsieM NMOJy4eHHOE YUCIEHHOE 3HaUeHHE;

13. PaccuutbhiBaeM Bpems tperd mo ¢opmyie:

tperd=tper3+t4;

14. CoxpaHsieM NMOJy4eHHOE YHCJIEHHOE 3HaUeHHE;

15. PaccuuThiBaeM Oe3pa3MepHBIN ar no BpeMeHH (taul):

tau2=tau*aa/L?;

16. CoxpaHsieM NMOJy4eHHOE YUCIEHHOE 3HaUeHHE;

17. OnpenenseM cyMMapHOe BpeMsl Kak viem U MPUCBaNBaeM €My UYHMCJIEHHOE 3HaueHue:

vrem=0.

Koopnunartsl cnoes:

JlucT o ceuenuto pazdbuBaercs Ha cnou. KonnuecTso cnoeB=mm. Kaxxnomy cioro mpu-
cBaMBaeTCst HOMeD (1). 1 IBNsIETCS LEeJbIM YHCIOM OT 1 0 mm.

1. Jlns Ka)Xaoro CJIost paCCUMTBIBAEM €ro KOOPIAMHATY B AuanaszoHe ot -1 1o 1 mo ¢op-
MyJie:

xi=-1+2*(i-1)*h;

2. CoxpaHsieM NOJIy4€HHble YUCIOBbIE 3HAUEHUS X; JJIsI KaXKA0TO CIIOS.

Pacuer HavaNbHBIX TEMIIEPATYP CIOEB

1. s KaXa0ro CJI0s pACCUMTBHIBAEM €ro HAa4aIbHYI0 O€3pa3MEepHYI0 TeMIepaTypy

(To(1)) mo popmyune:
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To(i)=(TO1+(T00-TO1)*(1-x2))/Tr;

2. CoxpaHsieM MOJy4eHHbIE YUCIOBbIe 3HAUCHUS To(1) IJIs1 KAXKIOTO CJOS;

3. PaccuuThiBaeM HadaibHBIE TEMIEPATYPHI CIOEB C PA3MEPHOCTHIO 1O GopMyIte:

TO(i)realzTO(i)*Tr;

4. CoxpansieM nosydeHHble 3Ha4eHUsT To(1)real.

Pacuer rpaHMYHBIX YCJIOBUN UCXO/s U3 HAYAJbHOTO paclpeneieHus TeMIepaTyp:

1. IIpousBoaum BeauCIeHUe YucieHHOro 3HaueHuss dTdx0 mo popmyne:

dTdx0=(To(2)-To(1))/h,

rne To(1) - HauanbHas Oe3pa3MepHas TeMIepaTypa nmepBoro (KpaifHero)

CJ10s1;

To(2) - HauanbHas Oe3pa3MepHasi TeMIepaTypa BTOPOTO CJIOS;

2. CoxpaHsieM NOJIy4YeHHOe 3HaYeHUe.

ITocne 3TOro HauMHaeM ClIeAyIOLYIO OCIE0BAaTEIbHOCTh PACUETHBIX Npouenyp. Pac-
4eT TeMIlepaTyp BHYTPEHHUX CJIOEB Ha CJIEAYIOLIeM Ilare.

Jns kaxaoro ciaosi KpoMe KpalHuX, T.€. Ui 1 B Juana3one oT 2 1o (mm-1), pacCUuThI-
BaeTCs ero 0e3pasMepHasi TeMIepaTypa Ha CIEAYIOLIEM LIare o BPeMEHH, T.€. OCYIIECTB-
asieTcs pacuer o0e3pa3MepeHHON TeMIepaTypsl CJIO0s Yepe3 BpeMs paBHOE tau.

1. O603HauuM Oe3pa3MepHYIO TEMIEPATYPy CJIOsI HA CIEAYIOIeM [Iare o BpeMeHU Kak
T1(1).

2. PaccuuTsiBaeM ducieHHble 3HaueHus T1(i) mo ¢popmye:

T1()=To()+tau2*(To(i+1)+To(i-1)-2%To(i))/h?,

rne To(i) - HadanpHast Oe3pa3MepHas TeMIepaTypa Cjaosi, IJisl KOTOPOTO MPOU3BOIHUTCS
pacuer;

To(i+1) u To(i-1) - HawabHBIE Oe3pa3MepHbBIC TEMIIEPATYPhl COCETHUX CIIOEB;

3. CoxpaHsieM noJlyueHHble YucieHHble 3HaueHus T1(1) A KaXaoro cios (KpoMme Kpaii-
HUX);

4. Ilpunaem pa3MepHOCTb 3HaueHHUsIM T1(i), MONy4YeHHBIM B 1I. 2, 10 popmye:

T1(D)rear=T1(i)*Tr;

5. CoxpaHsieM noJyueHHbIe 3HAUEHUS T1(1)real I KAXKIOTO CJIOSA.

Pacuer Temmneparyp kpaliHUX CJIO€B Ha CIEAYIOILIEM Liare.

st kpalinux cioeB (i=1 1 i=mm) cienyeT NpOU3BECTH pacdyeT Oe3pa3MepHbIX TeMIepa-
TYp Ha CIEAYIOIIEM IIare o BpeMeHH, T.€. OCYIIEeCTBUTh pacueT 0e3pa3MepHbBIX TeMIlepa-

Typ CJIO€B 4Yepe3 BpeMs paBHOE tau.
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1. IlepeonpenensieM cyMMapHOe BpeMsl vrem:

vrem=vrem-tau;

2. IlpoBepsieM, He MpeBBILIAET JU CYMMapHOE BpeMsl HadaJbHbIH MepexXOo Hbli nepuoa:

vrem<period;

3. Ecnu ycnoBue B 1. 2 BbINOJHSAETCS, TO cileayeT nepeitu k n. 4. Ecnu ycnosue B 1. 2
HE BBIMOJIHAETCS, TO CJIENYeT NePenuTH K . 7;

4. PaccuuThiBaeM noTok Ha rpanuie (Jh) mo popmyne:

Jh=A*(To(1)*-(300/Tr)%),

rne To(1) - HauanbHas Oe3pa3MepHas TeMIepaTypa mepBoro (KpaifHero) crosi;

5. PaccuutnsiBaem Oe3paszmeprbie Temnepatypbl kpaHux (T1(1) u Ti(mm)) cnoes Ha
cienyromem mare no GopmyiJe:

T1(1)= T1(mm)=T1(2)-h*(dTdx0+(Jh-dTdx0)*vrem/period),

rane T1(2) - paccuuTaHHas paHee TEMIEpaTypa BTOPOTO CJIOs MOCJIE 1Iara rno BpeMeHH;

6. [lepexonum B . 17;

7. IlposepsieMm, He PEBBILIAET JIU CYMMapHOE BpeMsi (vrem) BpeMs CTapTa BOJHOTO
oXJIaXKIeHus (tstart):

vrem<tstart;

8. Ecnu ycnosue B 1. 7 BhINONHAETCS, TO epexoauM B 1. 9. Eciu jxe OHO He BBIMOJHSA-
€TCsl, TO epexXonuM B 1. 12;

9. PaccunThiBaem noTok Ha rpanwuile (Jh) mo ¢popmye:

JTh=A*(To(1)*-(300/Tr)"),

rae To(1) - HauanbHas Oe3pa3MepHas TeMIepaTypa mepBoro (KpaifHero) crosi;

10. PaccuuthiBaeM Oe3pasmepHbie Temneparypbl kpaiHux (T1(1) u Ti(mm)) cnoes Ha
cienyromem mare no GopmyiJe:

T1(1)=T1(mm)=T1(2)-h*Jh,

rane T1(2) - paccuuTaHHas paHee TEMIEpaTypa BTOPOTO CJIOs MOCJIE 1Iara rno BpeMeHH;

11. Ilepexonum B 1. 17;

12. Onpenensem vrem 1:

vrem1=vrem-tstart:

13. Onpenensem tt:

tt=vrem1-int(vrem1/tper4)*tper4,

rae int(vrem1/tperd) - nenas 4acTh pe3ynabrara neneHus: vreml Ha tperd (4uciao Ao 3arms-

TOM);
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14. OnpenensieM, B KAKOM YHUCJICHHOM JUANa30He HAXOAUTCA tt, U B COOTBETCTBUU C

5THUM paccuuThiBaeM 3HaueHue C:

Ecnu tt<tperl, To paccuutsiBaem C o ¢popmyie:

C=tt/tperl;

Ecnu tperl<tt<tper2, To
C=1;

Ecnu tper2<tt<tper3, To paccuntreiBaeM C no ¢opmyie:

C=1-(tt-tper2)/(tper3-tper2);

Ecnu tper3<tt<tper4, To
C=0;
15. PaccuutbiBaem noTok Ha rpanuile (Jh) mo ¢popmye:
JTh=A*(To(1)*-(300/Tr)H+C*B*(To(1)-1),
rne To(1) - HauanbHast Oe3pasMepHast TeMIepaTypa nmepBoro (KpaHero) ciaos
16. PaccuutbiBaeM Oe3pasmepHbie Temneparypbl kpaiHux (T1(1) u Ti(mm)) cnoes Ha
ciaenyromem mare no Gopmyre:
Ti1(1)=T1(mm)= T1(2)-h*Jh,
rane T1(2) - paccuuTaHHas paHee TEMIEpaTypa BTOPOTO CJIOs MOCJIE 1Iara rno BpeMeHH;
17. CoxpaHnsieM nojaydeHHble yncieHnbie 3HaueHus T1(1) u Ti(mm);
18. ITlpunaem pazmepHocTh 3HadeHusM T1(1) u T1(mm), monydeHHbIM B 1. 16, mo dop-
MyJie:
T1(Drear=T1(1)* T3
19. CoxpansieM nonydeHHbie 3HaYEHUS T1(1)real IJ1s1 OOOUX CIIOEB.
Pacuer mapamerpa W/T:
1. JIns cnoes i=1; i=int(mm/2); i=int(mm/4); i=int(mm/8§), rae int(mm/...) - mejgas 4acTh
pe3yJibTara AeseHus, HeOOXOOUMO BEIYUCIUTD 3HaYeHue napamerpa W/T mo popmye:
W/T{@)=((To(1)-T1(1))*Tr*Cv/(tau*(((To(i)-T1(1))*T1/2)-273));
2. INonyuyenHuble 3aaueHnss W/T(i) 0i1st 4eTeIpex c0eB HEOOXOIUMO COXPAHHTD.

Jlns mo0oro MOMeHTa pacraja ayCTeHHTa CPaBeIINBO COOTHOLIEHHUE!

Myi = 1 = Mne;, (13)
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rae My; - Tekymas mMaccoBasi 10Jisl ayCTeHuTa, oT 1 B Hauane npespawmenus a0 0,03 B
KOHIIE MpeBpalleHus;

Mupi - Teky1as MaccoBasi 40JIsl IPOAYKTOB MPEBpallleHuUs:

Mnpi = Mz « my + Meal + Man+ M, (14}

rne Mo+ - TeKyIas MaccoBas 10Js peppuTa U MepauTa;

MsBi - TeKyILasi MaccoBast I0JIsl BEpXHEro OelHuTa;

Msh; - TeKyIIas MaccoBasi 40JiA HIDKHETo OeiHuTa;

Mwmi - Tekylast MaccoBast A0JIsI MAPTEHCUTA.

PaccuutriBaem Ti, koTOpas siBiseTcs TeMIepaTypoi, 10 KOTOPOH OXJIaJuJICs MeTaJjll 3a
At=0,01 cexk.

Ti= To — {Voxm x 0,01 cek ), (15)

rae Voxuii - 3Ha4YeHHUE CKOPOCTHU OXJIAXKACHUSA, COOTBETCTBYHOIICC 3HAYCHUIO TEMIICPATY -

pot To.
Aw
OmnpenensieM napamerp Wi - TEKYLIYyI0 MOLUIHOCTb TENJIOBOIO NMOTOKA, ®rX¢
Wi = Voxp x ¢, {16)

TA€ Ci - TeKyllas yAeJbHas TeII0EMKOCTb:
€ =0122022 x T + 514 5. {17)
OmnpenensieM Texyuiee 3HaueHue napamerpa Wi/Ti, fenst TeKyIy0 MOLIHOCTb TEMJIOBOTO
MOTOKA Ha TEKYUIYIO TEMIIEPATYPY.
OmnpenensieM, B KaKOW U3 UHTEPBAJIOB nomnaJio uncjieHHoe 3nauenne Wi/Ti. Huxke npuse-

ACHBI UHTCPBAJIbI C UX HA3BAHUAMU U PEJICBAHTHBIMU AJIA HUX UHTCPBAJIaMU TEMIICPATYP:

HaseaHwe nHTepBana MHTepBan MHTepBan Temnepartyp
UsoTepmnueckun 0=sWi/Ti<1 525°C-25°C

¢+ 1<Wi/Ti<50 675 °C - 200,01 °C

¢ +M+BB 50=Wi/Ti<60 675 °C — 200,01 °C
BB 60 < Wi/ Ti< 105 700 °C - 200,01 ‘C
BB + BH 105 < Wi/ Ti< 305 700 °C—200,01 °C
BH+M 305 <Wi/Ti<455 700 °C - 200,01 °C

M 455 < Wi/ Ti 200°C-25°C

Maccosas nons oOpa3oBaBIIUXCs eppUTa U MEPIUTA PACCUUTBIBAETCS MO popMmyie:
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AM + i = 0,0000593 x {1 ~ Mo +n— Mss — Men - Mu} = WA /T, (18)

rae Wi, T - 3HaueHus1, B3IThIe U3 COOTBETCTBYIOLIETO PacyeTa;

Mo.11 - cymMMapHasi, oOpa3oBaBIIasicss K JAHHOMY MOMEHTY MaccoBasi 1oJist peppura u
NepiuTa;

M5B - cymmapHasi, o0pa3oBaBiiasics K JAHHOMY MOMEHTY MaccoBasi J0JiI BEPXHETO Oeli-
HUTA;

Msg - cymMapHasi, o0pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBasi IOJIsl HHKHEro Oel-
HUTA;

Mu - cymmapHasi, 00pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBast 10JIsl MAPTEHCHUTA.

ITocne pacuyera oOpa3oBaBIIeiicss HA 3TOM LIare MacCOBOW NOJH deppuTa U NMepIuTa
ClenyeT y4ecTh TeIuioBol 3pdekT npespaiueHus. B HameM ciydae 3TO 3HAYUT: pacuer To-
ro, 10 Kakoi TeMnepaTypbl MeTaJlJl pa3orpecs Mocje OXJaXIeHUs B pe3yJbTaTe NpeBpa-

menust. J{Jist 3TOro pacCYMTHIBAEM TEMIIEPATYPY MOCHE pasorpesa mo Gopmyie:
Toaterp = Ti + {140 % AMy » ny f O1), (19}

rae Ti - 3HaueHue, B3sITOE U3 MPEebIAYIIEro pacyera;

AM(@+11)i - pacCUUTaHHAs HA 3TOM [Iare B . 1 MaccoBas nojs Geppura u nepiauTa;

Ci - paccuuTsiBaemas 1o ¢opmyise (17) ynenpbHast TENIOEMKOCTb.

[TonyueHHYI0 MaCcCOBYIO IO HEOOXOAMMO CYMMHPOBATH € YK€ MOJyYEeHHBIMH MacCO-
BBIMH JOJIIMU (eppuTa U mnepiauta (eciu TakoBble 00pa3oBaiuck) [ToayueHHY0 MacCOBYIO
J0JII0 HEOOXOAUMO CYMMHUPOBATD C YK€ MOJTYYEHHBIMU MacCOBBIMU A0JAMU (eppuTta, mnep-
JauTa, BepXHero OeifHuTa, HUKHero OefiHuTa, MapTeHCUTa (€CIN TaKOBBIE yXKe 00pa3oBa-
JIUCh) U COXPAHUTh 3TO 3HAUEHHUE.

Maccosas nonst 00pa3oBaBIIErocsl BEpXHero OeifHuTa paccUnuThIBaeTCs MO popmyie:
AMee = 0,0000843 = {1 - Mo+ n —Mss — Meu — Mn) x Wi/ T, (20)

rae Wi, T - 3HaueHus1, B3IThIe U3 COOTBETCTBYIOLIETO PacyeTa;

Mo.11 - cymMMapHasi, oOpa3oBaBIIasicss K JAHHOMY MOMEHTY MaccoBasi 1oJist peppura u
MEpJINTA;

Mg - cymmapHasi, 00Opa30oBaBIIasiCs K TaHHOMY MOMEHTY MaccOBast I0JIsI BEpXHeEro Oeii-
HUTA;

Msg - cymMapHasi, o0pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBasi IOJIsl HHKHEro Oel-
HUTA;

Mu - cymmapHasi, 00pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBast 10JIsl MAPTEHCHUTA.
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ITocne pacuera oOpa3oBaBIIeiicss HA TOM LIare MacCOBOW TOJH BEpXHEro OeifHuTa cle-
AYeT y4ecThb TeIIOBOH 3¢ ekT mpeBpauieHus. B HameM ciiydae 3TO 3HAYUT: pacueT TOro,
70 KaKO# TeMIepaTypbl METaJLJI pa30rpesics NOCie OXJIaXAeHUsl B pe3ybTaTe MpeBpalie-

Hus. JIJIst 3TOTO pacCYUTHIBAEM TEMIIEPATypy MOCe pa3orpesa mo Gopmyie:
Tpasorp = Ti + (115 x AMssi / ¢i), (21)

rae Ti - 3HaueHue, B3ATOE U3 NPEeAbIAYIIEH pacueTa;
AMsBi - paccYUTaHHAs Ha 3TOM Iare B 1. 1| MaccoBast I0OJIsl BEpXHEro OeHHuTa;
Ci - paccuuTsiBaemas 1o ¢opmyise (17) ynenpbHast TENIOEMKOCTb.

Maccosas nonst 00pa3oBaBIIErocsl HWXKHEro OeffHuTa paccunuThIBaeTCs o popmye:

AMsHi = 0,0000843 x (1 — Mo +n — Mss — Men — Mm) x Wi/ T, (22)

rae Wi, T - 3HaueHus1, B3IThIe U3 COOTBETCTBYIOLIETO PacyeTa;

Mo.11 - cymMMapHasi, oOpa3oBaBIIasicss K JAHHOMY MOMEHTY MaccoBasi 1oJist peppura u
NepiuTa;

M5B - cymmapHasi, o0pa3oBaBiiasics K JAHHOMY MOMEHTY MaccoBasi J0JiI BEPXHETO Oeli-
HUTA,

Msg - cymMapHasi, o0pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBasi IOJIsl HHKHEro Oel-
HUTA,

Mu - cymmapHasi, 00pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBast 10JIsl MAPTEHCHUTA.

ITocne pacuyera oOpa3oBaBIIeiicss HA 5TOM LIare MacCOBOM JTOJU HUXKHEro OeifHuTa cre-
OyeT y4ecTh TerioBoi 3¢ dext npeppamenus. B HameM ciiydae 3TO 3HAYHT: pacuer TOTo,
710 KaKO! TeMIlepaTypbl MeTaJlJ1 pPa3orpescs nocie OXJaXAeH!s B pe3yJbTaTe IpeBpalle-

HUs. [[J151 3TOTO paccunuThIBaEM TEMIIEPATYpPy MOCie pa3orpesa mno popmyne:

Tpasorp = Ti + (115 x AMsHi / Gi), (23)

rae Ti - 3HadeHue, B3ATOE U3 NPEAbIAYILIEro pacyera;
AM5H; - pacCUMTaHHAsI HA 3TOM LIare B M. 1 MaccoBas J0JIs HIJKHEro OeHHHTA;
Ci - paccuuTsiBaemas 1o ¢opmyise (17) ynenpbHast TENIOEMKOCTb.

MaccoBas 101 00pa3oBaBLIETOCsS MAPTEHCUTA PACCUUTBIBAETCS MO GopmyJie:

AMwi = (1 = Mo +n — Mss ~ MeH — Mwm) x (1 = ((Ti — 25)/270)3), (24)

rae Ti - 3HaueHue, B3sITOE U3 MPEebIAYIIEro pacyera;
Mo.11 - cymMMapHasi, oOpa3oBaBIIasicss K JAHHOMY MOMEHTY MaccoBasi 1oJist peppura u

NEepJINTA;
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M5B - cymmapHasi, o0pa3oBaBiiasics K JAHHOMY MOMEHTY MaccoBasi J0JiI BEPXHETO Oeli-
HUTA,

Msg - cymMapHasi, o0pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBasi IOJIsl HHKHEro Oel-
HUTA,

Mu - cymmapHasi, 00pa3oBaBIIasicss K JAHHOMY MOMEHTY MacCOBast 10JIsl MAPTEHCHUTA.

ITocne pacuera oOpa3oBaBIIeiics HA TOM LIare MacCOBOW JTOJH MAapTEHCUTA CIENYET
ydecThb TeIoBoH 3¢ ekt npespamenus. B Hamem ciay4dae 5TO 3HAYUT: pacyeT TOro, 10 Ka-
KOH TeMIIepaTypbl METAJLI Pa3orpescs Mocae OXJIaKIECHUs B pe3yibTaTe npespaiienus. [ns

3TOTO PACCUHUTBIBAEM TEMIIEPATYPY IMOCe pasorpesa no gopmye:

Tpasorp = Ti + (15 x AMmi / Ci), (25)
rae Ti - 3HaueHue, B3saTOC N3 Npeabiayueit [locneqosarensHocTu 1;
AMMi - paccunTaHHas Ha 3TOM Ilare B I1. 1 MaccoBas 10Jil MapTEHCUTA;
Ci - paccuuTbiBaeMasi o ¢popmyJe (17) yaenabHas TemioeMKocTh. Jloyisi He mpeBpaTuBIIe-

rocda ayCTeHuTa paCCUUTBIBACTCA KaK

Ma = 0,97 = Mo +n — Mss — MsH — Mw, (26)
rne Mo+r - cymMMapHasi, 00pa3oBaBIIasicss MacCoBast N0JisA peppuTa U NEPIIUTA;
Msg - cymMmMapHasi, 00pa3oBaBLIAsiCs MacCOBast 1O BEpXHero OelHuTa;

MsH - cymMMapHasi, 00pa30oBaBIIasiCsi MACCOBAast 0JIsl HUXKHEro OeiiHuTa;

Mw - cymmapHasi, 00pa3oBaBIIasCs 1OJIsI MAPTEHCHUTA.

Ipumep 2. /{5 cTanu XUMHYIECKOTr0 COCTaBa, MpUBEAEHHOro B Tabuuue 1, cHavana 3a-
JaBaJld KHHETUKY (pa30BOTO MPEBPALIEHUs COTIACHO MpUMepPY 1 U SKCIIEPUMEHTAIbHO
onpenensiu TemioBbie 3¢ dexTs! (a30oBbIX MpeBpaIleHHI:

Tabnuua 1. Xumuueckuin coctas OnNbITHOWN nnaeku, mac. %

C|Si| Mn | S P |CriN |Cu] Al | N V | Ti | Nb | As | Mo B Sn
0,07[0,07| 1,75 [0,002[0,005/0,04|0,19]0,15 | 0,03 [0,005]0,002|0,018(0,051|0,001| 0,135 [0,0003|0,003

3arem OCYHCCTBJIAJN ONBITHO-IIPOMBILIJICHHYIO IMPOKATKY HAa CTAHEC r/n ABYX JIUCTOB U3
CTaJI YKa3aHHOTO XUMHYECKOTO cocTaBa. [Ipu 3TOM MpOU3BOAMIM BHPTYaJbHOE MOCIOM-
HOe pa3OueHne mpokaTa Ha 50 cJIoeB IpU TOJIINHE Kakaoro ciost ~0,6 MM u Gukcuposanu

TEXHOJIOTUYECKHE TapaMeTphl IPOU3BOJICTBA, YKa3aHHbIE B TabuIe 2.
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Tabnuua 2. MapameTpbl peXxuma onbITHOW NPOKaTKK

CkopocTb packaTta B
Temnepatypa, kKOHLa TemMnepaTypa NOBEPXHOCTU NK-
nuHum YO,
npokartku, °C cta nocne YO, °C
m/c
840 610 2,0

Pacuer MaccoOBBIX MOJieH CTPYKTYPHBIX COCTABJISIOIINX OCYIIECTBISICS KOHEYHO-
Pa3HOCTHOM CXEMOU pelleHus 3a1auu TEMJIONPOBOAHOCTH ISl CPEIbl C BHYTPEHHUMHU HC-
TOYHHUKAMH TEIUIOBBIIEICHUH ¢ BUPTYaJbHBIM pa3OueHneM TOJIINHBI MPOKATa HA CJIIOU C
UCIIOJIb30BaHUEM 3a(pUKCHPOBAHHBIX MPU MPOKATE KOHKPETHOTO CIs10a TEXHOJIOTUY €CKHUX
napaMeTPOB MO U3JIOKEHHOU BBIIIE METOIUKE.

B pesynbTaTe pacuera 1o U3MEpeHHBIM TEXHOJOTHYECKUM apamMeTpaM ObLIO Oompenee-
HO CJIENYIOIeE CTPYKTYPHOE COCTOSIHUE B MAaCCOBBIX AOJIAX CTPYKTYPHBIX COCTABIISIOLINX
o ToJNIuHE packara: ~50% Oetinura, ~50% ¢eppura u nepaura.

JIJ1s1 OLIeHKU HAJAEKHOCTH MPOTHO3a MOCJIe MPOKATKH BIOJb OCEBbIX JIMHUH JINCTOB BbI-
pe3anock o 10 00pa3noB st CTPYKTYPHBIX UCClenoBaHMi. [lo3unium pe3ku pacupenensiu
PaBHOMEPHO MO UIMHE MPOKaTa. ATTECTAIMIO CTPYKTYPHOTO COCTOSIHUS MPOBOIHIIH TIO
TpeMm Iudpam, COOTBETCTBYIOIINM CEYEHUSAM IO TPEM IIOCKOCTsIM. MeTaiorpadgudeckue
UCCIIEIOBAHUS TIPOBOJUIIN HA CTPYKTYPHOM aHAJIU3aTOPe, BKIIOYAIOIEM B ce0st CBETOBOM
WHBEPTUPOBAHHBIN MeTajuiorpaguyeckuii MUKPOCKOII, HU(PPOBYIO KaMepy U MPOrpaMMHO-
anmnapaTHbIA KOMILIEKC.

B pesynbrare MeTamnorpaduuecKux UCCIEAOBAHUN BBISIBHIIM, YTO B YCPEIHEHHBIX JaH-
HBIX B P€3yJIbTATE peabHOW MPOKATKHU MO YKa3aHHOMY pekuMy Oblia chOopMHUpOBaHa
CTPYKTypa ¢ gouseit 6etinnta ~48%. 310 roBOpUT 00 aIeKBATHOCTH MCIOJb30BAHUS pac-
YETHOTO METOJ1a ONPEAENIEHUS] CTPYKTYPHOTO COCTOSIHUS B MPOIIECCe pealiu3auu crnocoda

NMPOU3BOACTBA CTAJIBHOI'O MpPOKaTa.

Hpumep 3. JIns cranu XUMHYECKOTO COCTaBa, MPUBEIEHHOrO B TadnuLe 3, CHavaa 3a-
JaBaJld KHHETUKY (pa30BOTO MPEBPALIEHUs COTIACHO MpUMepPY 1 U SKCIIEPUMEHTAIbHO

onpenensiu TemioBbie 3¢ dexTs! (a30oBbIX MpeBpaIleHHI:

Tabnuua 3. Xumuyyecknin coctaB onbITHOW nnaeBkn, mac. %

C|Si| Mn S P | Cr| Ni | Cul Al N \Y) Ti Nb | As | Mo B Sn
0,050,07| 1,5 (0,003(0,003|0,04/0,15/0,12 0,03 |0,005/0,004(0,022{0,051/0,001| 0,191 |0,00030,003
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3arem OCYHCCTBJIAJN ONBITHO-IIPOMBILIJICHHYIO IMPOKATKY HAa CTAHEC r/n ABYX JIUCTOB U3
CTaJI YKa3aHHOTO XUMHYECKOTO cocTaBa. [Ipu 3TOM MpOU3BOAMIM BHPTYaJbHOE MOCIOM-
HOe pa3OueHne mpokaTa Ha 50 cJIoeB U TOJIIUHE Kaxkaoro ciost ~0,4 MM u Gukcuposanu

TCXHOJIOTUYECKHE MMapaMETPhbl MPOU3BOACTBA, YKA3aHHBIC B Ta6m/1ue 4.

Tabnvua 4. NapamMeTpbl pexuma onbITHOW NPOKaTKu

CkopocTb packaTta B
Temnepartypa, KoHUa TeMnepaTypa NOBEPXHOCTU NK-
nuHvu YO,
npokatkn, °C cta nocne YO, °C
m/c
840 530 1.1

PacueT MaccoBBIX HOJIeH CTPYKTYPHBIX COCTABIISIFOLINX OCYLIECTBIISIICS KOHEUHO-
Pa3HOCTHOM CXEMOH peleHus 3a1a4u TeTUIONPOBOIHOCTH I CPENbl C BHYTPEHHUMH HUC-
TOYHUKAMH TEIJIOBBIACICHUH C BUPTYaIbHbIM pa30UeHNEM TOJLINHBI TPOKATA HA CJIOU C
UCIOJIb30BaHNEM 32 MKCUPOBAHHBIX MPH MPOKATE KOHKPETHOTO €102 TEXHOJIOTUYECKUX
napaMeTpoB MO U3JIOKEHHOHN BBIIIE METOAMKE.

B pesynbTaTe pacuera 1o npuBEIEHHOMY pPeXUMY OBLIO ONPENENICHO CIeNyIolee CTPYK-
TYPHOE COCTOSIHHE B MAaCCOBBIX JOJSIX CTPYKTYPHBIX COCTABJISIOMINX IO TOJIIMHE pacKara:
~25% BepxHero, ~70% HkHEro O€HHHUTAa U OCTATOYHBIH ayCTEHHT.

Jlist OLIeHKH HaeKHOCTH MPOTHO3a MMOCIe MPOKATKH BIOJIb OCEBBIX JIMHHUI JTUCTOB BbI-
pe3anock o 10 00pa3noB st CTPYKTYPHBIX UCClenoBaHMi. [lo3unium pe3ku pacupenensiu
PAaBHOMEPHO I10 JUTMHE MPOKaTa. ATTECTALUIO CTPYKTYPHOTO COCTOSIHUS TPOBOAIIIH TIO
TpeM HuTh(aM, COOTBETCTBYIOLIUM CEUEHHSIM IO TPEM IIIOCKOCTAM. MeTajuorpadudeckue
UCCIIEIOBAHUS TIPOBOJUIIN HA CTPYKTYPHOM aHAJIU3aTOPe, BKIIOYAIOIEM B ce0st CBETOBOM
WHBEPTUPOBAHHBIA MeTaIOrpapuIecKiii MUKPOCKOT, HU(PPOBYIO KaMepy U MPOrpaMMHO-
anmnapaTHbIA KOMILIEKC.

B pesynbpraTe Metamnorpadguueckux UCCIENOBAHUI BbISIBUJIN, YTO B YCPEAHEHHBIX 1aH-
HBIX B pe3yJIbTaTe PeajibHON MPOKATKH M0 YKAa3aHHOMY peXuMy Oblia chopMupoBaHa
CTPYKTypa ¢ pojel BepxHero OefinuTta ~22% u HkHero OeliHuTa ~72%, ocTanbHOE Kap-
Ounel U HUTPUABI, MA-COCTaBJISIFOIIAS] U OCTATOYHBIN ayCTeHUT ~6%. DTO TOBOPUT 00
aJ€KBAaTHOCTH HCIIOJIb30BAHUS PACUETHOIO METO/A ONMPENEICHHUs CTPYKTYPHOI'O COCTOSIHUS
B IIPOIIECCE pealn3aluu crnocoba Mpou3BOACTBA CTAIBHOIO MPOKATA MPH YCIOBHH IIpeBa-

PUTEIBHOIO MOMYUYCHUSA SKCICPUMEHTAJIbHBIM MYTEM HUCIIOJIb3YCMbIX IPHU PACUETC JaHHDbIX.
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®opmysia uzoOpereHust

1. Cnoco® mpou3BOACTBA MPOKATA U3 CTAJH, BKIIOUYAIINN BBITUIABKY CTAIH TpeOyeMoro
XUMHYECKOTO COCTaBa, €€ MPOKATKY C (PUKCcAlUe TEXHOJOTHUECKUX MMapaMeTpPOB U
omnpeaeaeHre CTPYKTYPHOTO COCTOSIHUS TOJIy4€HHOr O NMPOKaTa B 3aBUCUMOCTH OT
pealn30BaHHBIX TEXHOJOTMYECKUX MapaMeTPOB, IPU 3TOM TeMIepPaTyphl CI0EB CTAJIbHOTO
MpOKaTa U MacCoBble A0JU NPOAYKTOB pacnaza ayCTeHHUTA B CJIOSAX ONpPeNessIloT pacyeTHO,
HCXOAs U3 U3MEPEHHOH TeMIlepaTypbl IOBEPXHOCTH MpPOKaTa 10 Havajla OXJIAKJIEeHUs, ero
TOJILIMHBI U PEaM30BaHHOIO pPeXXHMMa OTBOJA TeIJla C MOBEPXHOCTU MPOKATA, UCIIOIb3Ys
METOJl KOHEUHbIX Pa3HOCTEN [l pelIeHUsl 3a/1aui TeIJIONPOBOJHOCTH AJISl CPelbl C
BHYTPEHHUMH HCTOUYHHKAMH TEIUIOBBIAEIECHUN C BUPTYaJIbHBIM pa30ueHNEM TOJIIHBI
MIpOKaTa Ha CJOU, IPU 3TOM 32 UCTOYHUKH TEIIOBBIIEIEHUH NIPUHUMAIOTCS CJIOU NPOKaTa,
B KOTOPBIX COTJIACHO PacueTy MPOUCXOIAT MPOLECCHl pacnana ayCTeHUTa MO XOTS Obl
OIHOMY U3 TUTNIOB: pepputraomy (®), peppurto-nepauraomy (P+I1), nepauraomy (I1),
oeifitnutHOMY (b), MapTercuTHOMY (M), THII pacraia ONpenesoT, UCXOA U3 TEMIIEPaTypPhI
CJI0s1 U/UJIN CKOPOCTH OXJIaXKAE€HUsl, /UM YJIeJIbHONH MOILIHOCTH OTBOJA TeIa OT CJIos,
MPUPOCT MACCOBOM JIOJIU MPOAYKTOB pacnana aycteHuta (OM/0T) onpenensiroT UCXOIsl U3
TeMIIepaTypbl U/WIN CKOPOCTH OXJIaXKAE€HUsl, U/UIIH yJeNbHONH MOIIHOCTH OTBOJA Temja OT
CJIOSI, BETMYNHY TEIJIOBBIIECICHHS PACCYUTBIBAIOT 1O ypaBHEHNIO 0Q=0MxQpi, rne 0Q -
TEIIOTA, BBIACIUBIIASACS B PE3YJbTATE pacnana ayCTeHUTA IO KaKOoMy-JIu00 tumy, kKJXK,
Qpi - yAeNBbHBINH TeToBOH 3¢ eKT pacnaga ayCTeHUTA 1O i-My THIY, KJDK/KT, TP 3TOM 10
Havaja MpoKaTKH Ha 00pasiax CTajid UAEHTUYHOI0 XUMHYECKOI0 COCTaBa
SKCIEPUMEHTANIBHO ONPEAEISIIOT YIYUThIBAEMbIC MPU pacyeTe yAeIbHbIE TEIIOBbIE 3P ¢ EKThI
U ypaBHEHHUs] KWHETUKHU pacnaja ayCTeHUTa AJsl pPeallu3yoLUUXCs B CTall JaHHOTO

XUMHUUYECCKOro coCrtaBa TUMOB pacliaaa ayCTCHUTA.

2. Cnocob 1o m. 1, OTAUYAIIMUICS TEM, YTO THATIA30HBI TEMIIEPATYP U CKOPOCTEH
OXJIAXKJCHUS, COOTBETCTBYIOLIHNE PA3JUUHBIM TUIIAM Paclaja ayCTEHUTA, ONPEIESIOT
SKCIEePUMEHTABHO MyTEeM BapbUPOBAHUS CKOPOCTEH OXJIAXKICHUST 00pa3I0B CTaTu

UACHTHYHOTO XUMHYECKOTI'0O COCTaBa.

3. Crocob mo n. 1, oTaMYaromuiicss TeM, 4TO MPU ONpeAeIeHNN KHHETHKH pacrana
ayCTEeHUTAa HCTONB3YIOT ypaBHeHUEe OM/O1=k-Ma-(W/T), rne M - mpupocT MaccoBOM
JOJTU IPOAYKTOB pacliafa ayCTeHUTa; 0T - BpeMs, C, kK - aMmnupudeckuii ko3pHuueHr,
SaBI/ICﬂH_[I/Iﬁ OT Tulla pacrnaga ayCTCHHUTa U XUMHUYE€CKOro cocraBa CTajiu, C-Kr, MA -
MaccoBasi I0JI ayCTeHUTa, W - yaeldbHas MOIIHOCTb OTBOJA Tema oT ciosi, KBT/kr, T —

temmneparypa, °C.
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