Ha npaBax pykxonucu

Tpydpanos Anexkcanap HukonaeBuu

TEPMOMEXAHUYECKHE NTPOLUECCHI B CIIEHHIUAJIBHBIX
OIITUYECKUX BOJTOKHAX ITPU UX TPOU3BOJACTBE U
IKCILIYATAIIUU

1.1.8. Mexanuka aedhopMupyeMoro TBEpI0ro Teia

ABTOPE®EPAT
JICCEPTALIMU HA COUCKAHUE YYEHOU CTEIIEHU
NOKTOpA TEXHUYECKUX HAYK

Ilepmb — 2024



Pabora BEIITOJTHEHA B DOI'AOY BO «ITepMckuii HaIlMOHAJILHBIN
UCCIIEI0BATEILCKUN TTOJIMTEXHUUYECKUM YHUBEPCUTET

Hay4HbIil KOHCYIbTAHT: Ilapaakos Urops Hukonaesuy,
n.¢.-M.H., npodeccop, TJIaBHBIII HAyYHBIH COTPYJIHUK
NHcTtuTtyTa MexaHuku ciuomHbix cpex YpO PAH,
r.llepmb

OdunuanbHbie ONMOHEHTHI:

Beaymasi opranuzanus:

2024 1.



OBILIAA XAPAKTEPUCTHUKA PABOTbBI

AKTYaJlbHOCTh H Pa3pa00TaHHOCTb TeMbI MCCIeAO0BaHUs. B mocienHue roasl
3HAYUTEIBHO PACIIUPUIICS CIIEKTP MPUMEHEHHSI CIELUAIBHBIX ONITUYECKUX BOJIOKOH, YTO
B OOJIBIIICH CTEMEHU CBA3AHO C Pa3BUTHEM BOJOKOHHO-ONTHYECKON CEHCOpUKU. Bricokas
TOYHOCTh U YHUKAJIbHBIE JKCIUTyaTallMOHHBIE XapaKTEPUCTHKU BOJOKOHHBIX JATYHMKOB
IPUBOJAT K MOBCEMECTHOMY BHEAPEHUIO HMX B CHUCTEMax HU3MEpeHUs (PU3MdecKux
BEJIMYMH, 111 KOHTPOJISL U MOHUTOPUHT A MHXKEHEPHBIX 00OBEKTOB M COOPYKEHUH U AP.

bonpIIoN Kinace CnenHabHBIX ONTHYECKUX BOJIOKOH COCTABIISIIOT aHU3OTPOITHBIE
CBETOBO/BI, ITOICPKUBAIOIINE TOJIIPU3ALMIO BBEIECHHOIO B HUX CUrHasIa. OHU MIMPOKO
UCIIOJIB3YIOTCSI B KQYECTBE YYBCTBUTEIBHBIX 3JIEMEHTOB COBPEMEHHBIX HABUIALIMOHHBIX
CUCTEM, JJI1 M3rOTOBJIEHHS ManorabapuTHBIX HHTEP(PEPOMETPUUECKUX JATUYUKOB,
NPUMEHSIOTCSI B PAaCHpEENIEHHbIX CHCTEMaX MOHUTOPUHIA, BCTPOCHHBIX B OOBEKTHI
HaOJIO/IeHus], JUIsl CO3JaHUs cMapT-MaTepuanoB W T.1. HaBurarmumonnele mpuOopbl Ha
OCHOBE  BOJIOKOHHO-OIITUYECKHX THPOCKONOB HMMEKT Pl NPEUMYLIECTB  HaJ
TPAJAULIMOHHBIMA ~WMHEPIUOHHBIMUA: MOTYT MPOU3BOJUTHCA METOJAAMH MOTOYHOMU
TEXHOJIOTHH, UMEIOT MEHBIINK pa3Mep U JTyUIlINe 3KCIUTyaTallHOHHbIE KaUeCTBa.

OnTuyeckue XapakTepUCTUKH CBETOBOJOB, MOJACPKUBAIOIIMX MOJISIPU3ALUIO
CUTHaJIa, 00YCJIOBJIEHBI HABEJEHHON ONTHYECKON aHU30TPOIUENH Marepuaia BbI3BaHHON
¢doToynpyrumu 3¢d@PextaMu, KOTOpbI€ CBSI3aHHBI C MOJISIMM BHYTPEHHHMX HAIPSKEHUU.
[locnennue GopMUpPYIOTCS TpPU  BBICOKOTEMIEPATYPHOW BBITSKKE Ha OJHOM U3
3AKIIOYUTENBHBIX ATANIOB MMPOU3BOACTBA ONTOBOJIOKHA. [ MOCTHKEHHSI HEOOXOAUMOTO
HanpspkeHHo-1IedopMupoBaHHoro coctosiHus (HAC) B KOHCTPYKIMIO TaKMX BOJIOKOH,
M3rOTaBIMBAEMBIX M3 BBICOKOYHMCTOIO KBAapILIEBOIO CTEKJIA, BBOIAT HampsAraromue (Wi
CHJIOBBIE) 3JIEMEHTBI C BBICOKOW CTEeIeHbIo JernpoBanus. /Jo0aBineHue B coctaB cTekia
OKCHJIOB 00pa, hocdopa U APyrux KOMIIOHEHTOB IMO3BOISET MOAUGMUIIMPOBATEH (PU3HKO-
MEXaHUYECKUE CBOMCTBA MaTepraia. B 4aCTHOCTH, B CHUJIOBBIE 3JIEMEHTHI aHU30TPOITHBIX
BOJIOKOH JIETMPYIOTCSl JUIsl yBeJIWYeHHUs Kod(d(duiMeHTa JUHEHHOro TeMIepaTypHOTro
pacumpenust (KJITP), uro Takyke 3HaYMTENBHO BIIMSET HAa TEMIIEpaTypy CTEKIOBAHMS,
BSI3KOCTb M MHOTHME Jpyrue CcBoMcCTBa. B pesynbrare HampsHKEHHOE COCTOSIHUE
AHU30TPOITHOTO BOJIOKHA MOCJE BBITSKKH OMNPENESeTCSs COBOKYMHOCTBIO (DAKTOpOB,
CBA3aHHBIX CO CBOWCTBAMHU MATE€pPUAJOB U YCIOBHMSIMHU TEXHOJIOTMYECKHX MPOLECCOB
npous3BoAcTBa. K HUM OTHOCATCA: HEOJHOPOAHOCTh TEMIIEPATYpHBIX TMOJEH mnpu
OXJIQXK/IEHUH, HECOBMECTHOCTh TEMIEpaTypHbIX JAepopMaldii U pellaKkCaluOHHbIE
IIPOLIECCHI, TPOTEKAIOIINE C PA3TUYHON MHTEHCHUBHOCTBIO B CJIEACTBUE HEOAHOPOIHOTO
JIETUPOBAHUs U MOJIEW TEMIIEpaTyp.

B nmpouecce BBITS)KKM Ha ONTHYECKOE BOJIOKHO HAHOCST 3aIUUTHO-YIPOYHSIOINE
nokpbITus (3YII) u3 nonumepHsIX MaTepranoB. Takue NOKPBITHS, MPU3BAHHBIEC B IEPBYIO
ouepe/lb 00ECIEUNTh 3alIUTY BOJOKHA OT BHEIIHUX CHUJIOBBIX BO3JICHCTBUH, B YCIOBHUSAX
JKCIUTyaTalliM MOTYT OKa3bIBaTh CyllecTBeHHOe BimsHue Ha HJIC cBeroBoma u ero
ONTHYECKHE XAPAKTEPUCTHUKH, & CIEAOBATEIBHO, U HA TOYHOCTh PEAIM30BAHHBIX HA MX
OCHOBE JIaTYMKOB U MPUOOPOB. B CBA3M C 3TUM HEOOXOJUMO YUUTHIBaTh, UTO CBOICTBA
MOJIUMEPOB CYIIECTBEHHO 3aBUCAT OT TEMIEPATyphl, 4 B IIUPOKOM HKCILTyaTalIHIOHHOM
auanazoHe Ttemneparyp B nomumepax 3YII MOryT mnpoucXoauTh peslakCallMOHHBIE
[EPEXOABbI, KOTOPBIE CYLIECTBEHHO BIIUAIOT HA UX TEPMOMEXaHUYECKUE XapPAKTEPUCTHUKHU.

TakuM o00pa3zoMm, 1OJIs HANpsDKEHUH B CBETONPOBOISALICH >KUIIE ONPEIENISIOT
OCHOBHBIE IOTPEOUTENBCKUE KauyeCcTBA KOHEUHBIX M3JAEIUN: C OJHOW CTOPOHBI,
HEOOXOAUMO, YTOOBI MOJI HANpsHKEHUM OBLIM BBICOKOTO YpPOBHS JUIsI 0O€CIIEYEHMs
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COOTBETCTBYIOIIUX ONTHYECKUX XAPAKTEPUCTHK CBETOBOJA, C APYrol — HE JOJHKHBI
HapylaTh MPOYHOCTh BOJOKHA M €ro 3aroTOBOK Ha BCEX 3Tamax MPOU3BOJCTBEHHOIO
nporecca. 3YII nomkHo obecrieunBaTh 3alIUTy ONTOBOJIOKHA, IPY ATOM BO3JICHCTBUE €T0O
Ha XapaKTEPUCTUKU KOHCYHBIX W3MIETUN JTOJDKHO OBITH MPOTHO3UPYEMBIM, YTOOBI MpHU
HEOOXOJIMMOCTH YYUTHIBATh U KOMIIEHCUPOBATH BO3MOKHOE HETaTUBHOE BIIUSIHUE.

Matematnyeckue Moenu, onuckiBatomue GopmupoBanue HJIC B crexmyronuxcs
MaTepualiax B YCIOBHUSAX TEPMOPEIAKCAIMOHHOTO NEPEX0/1a, MPEICTABICHBI B JOCTATOYHO
Oompiiom konmmuectBe pabor: M.L.Williams, I".M.bapreneBa, B.JI. Ungen6oma, b.bomn,
E.H.Lee, A.A . Nnbtommna, B.B.Mocksutuna, 1.1.byrakosa, L.D.Coxon, B.B.bonoTtuna,
O.}O.CmerannukoBa, H.A.Tpydanosa, W.H.lllapnakoa, B.Il.MarBeenko u ap.
N3BecTHO, YTO palMOHAIBHBIM TMOAXOJOM JUJIS OIKUCAaHUS TEPMOMEXAHUYECKOTO
NOBEACHUS MMOAOOHBIX MaTepUaJiOB  SABJISIETCS  WCIOJB30BAHUE  OIPEACIISIONINX
COOTHOIICHUM TEOPUU BI3KOYNPYrOCTH, B KOTOPBIX BIHUSHHUE TEMIIEpAaTypbl Ha
nedOpMaIIMOHHBI OTKJIMK OIpPEACNSIeTCs] TeMIEPaTypHbIMU 3aBUCUMOCTSIMA BpEMEH
penakcauu. BbIOOp KOHKPETHOrO BHUAA (PU3MYECKUX COOTHOUIEHUM OJKEH OBITh
(heHOMEHOJIOTMYECKH 0OOCHOBAH, C JJOCTATOYHOW TOYHOCTBIO OMUCHIBATH HAOJI0/1aEMbIC
TEPMOMEXAHUYECKUE 3¢ exTsl, TpeOOBaTh MHUHHMAaJIbHOTO KOJINYECTBA
AKCIIEPUMEHTAJIbHBIX HCCIEIOBAHUM ISl OMNPENENICHUS] MAaTepUATIbHBIX KOHCTaHT,
obecrnieunBaTh MPOCTOTY YUCICHHON peaanu3aluu.

AHaJIM3 JIMTEPATYPHBIX HMCTOYHUKOB MOKAa3aJl, YTO B 3ajJadyax TEXHOJIOIMYECKOU
MEXaHHUKH ONTHYECKUX BOJOKOH PEOHOMHBIC MOJEIN MPAKTUYECKH HE UCTOJB3YIOTCA, a
HauOoJIbIlIee PaCIPOCTPAaHEHUE TMONYUIIIM CTaHAAPTHBIE TEPMOYIPYTHE MOCTAHOBKU C
BapualMsAMH B BBIOOpE TeMIlepaTypbl Hauajga OTcCUeTa TEPMHUYECKHX AehOpMaIlHii.
Hampumep, B pabotax, mocBsiieHHbIX MojaenupoBanuto cBs3anHbix ¢ HIC addexron B
ONTUYECKUX BOJIOKHAX, B KAYECTBE HayaJla OTCUYETa BHIOPAHBI TEMIIEPATYPHI:

e pazorpeBa 3arotoBku mpH BeITsDKKE (R.Guan, 2005; M.Ji, 2017, 2019; M.Li, 2019,
2021; H.Yan, 2017; S.A.Siddiqui, 2011);

e crekioBanus matepuana BosiokHa (W.Eickhoff, 1982; T.Gong, 2008; D.A.Krohn,
1970; Y.Liu, 1995; K.-H.Tsai, 1991; M.H.Aly, 1998, 2000);

® CTCKJIOBaHMs JIeTUpOBaHHOW dactu BonokHa (J.Liu, 2020; P.L.Chu, 1984;
S.C.Rashleigh, 1983; K.Okamoto, 1981; I.P.Kaminow, 1979, 1981; E.M./luanos,
1978);

e TeMmIepaTypa, Ipu KOTOPOou cTekIIo ctaHOBUTCS yripyrum TesnoM (Feng W., 2020);

e (QukTUBHAs TeMmIieparypa, cooTBeTcTBytomas, mo A.Q.Tool, mosBIeHHIO ynpyrux
cpoiicte! (M.Varnham, 1983; V.Bernat, 1992; P.L.Chu, 1982; K.Okamoto, 2022;
Wong D., 1991).

BrI3bIBaeT BOMpoCckl 000CHOBAaHHOCTH BEIOOPA KOHKPETHBIX 3HAYECHUH TeMITepaTyphl
orcuera aedopmanmii. Tak, TemmepaTypa CTEKJIOBaHHUS HE SBJISICTCS KOHCTAaHTOW W
3aBUCHUT, HANpPUMEP, OT CKOPOCTH OXJaxJaeHus. B psae pabor sta TeMmmeparypa He
KOHKPETHU3UPOBAHA, TUOO HE MPUBOIUTCS 000CHOBaHUE clieIaHHOro Beibopa (M.S.Alam,
2010; K.Brugger, 1970; J.-1.Sakai, 1982). B Takom cinyudae Temmneparypa oTcueTa MOKET
BBICTYIIATh B KQUECTBE «IOJTOHOYHOI0Y» MapaMeTpa Mo SKCIIEPUMEHTAIbHBIC TaHHBIC, a
MOJieNIb He OyJeT crnocoOHa OMHUChIBaTh MOBEICHHE M3ACIUNA IMPU HHBIX YCIOBUIX
TEXHOJIOTMYECKOI0 MpoIiecca WK dKCILTyaTaluu.

"' Tool A.Q. Relation between inelastic deformability and thermal expansion of glass in its annealing range // Journal of the
American Ceramic society. 1946. Ne 9 (29). P. 240-253.
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IIpuMeHneHune Takoro poaa CKIEpOHOMHBIX MOJEIECH, HEYYBCTBUTEIIBHBIX K PEXKUMY
OXJKICHUS CTEKIYIOIIUXCS M3AEIUN, MOXKET ObITh ONPABIAHHO TOJIBKO B KayeCTBE
NEePBOro MPUOIMKEHNUs, OCTABIISSA 32 pAMKaMHU PAaCCMOTPEHHSI BasKHbIE J1ehOpMalliOHHbIE
MEXaHM3MBbI, CBSI3aHHBIE C PEJAKCAlMOHHBIMU IIEpEXOAaMU, KOTOpPBIE MOTYT
CYLIECTBEHHBIM 00pa3oM TMOBJIMITh Ha 3aKOHOMEPHOCTH (POPMHUPOBAHUS TMOJEH
OCTaTOYHBIX HAIPSKECHUM.

CrnenyeTr OTMETUTB, YTO JIETHPOBAHHUE KBAPLIEBOI'O CTEKJIA B BOJIOKHE HEOJHOPOIHO
U MOXET UMETh JOCTATOYHO CJIOKHBIA MpOoQuiib, a 3HAYUT, (PU3UKO-MEXAHUUECKUE
CBOMCTBa MaTepuaioB HEOOXOIUMO pacCMaTpUBaTh KaK (hyHKIMOHAJIBHBIE 3aBUCUMOCTH
OT KOOpAMHAT M TeMIEPaTypbl. AHAJIN3 JINTEPATyPHBIX MCTOYHUKOB IOKAa3bIBAET, YTO
OOJIBIIMHCTBO  aBTOPOB  HCIIOJIb3YIOT  CBOMICTBAa MAaTepUalioB, IIOCTOSHHBIE B
paccMaTpuBacMOM JMaIla30HE TEMIIEpaTyp, HE YYUTBHIBAs, YTO OHU MOIYT JOCTATOYHO
CIJIBHO OT Hee 3aBUCETh. [IpakTHUecKH HUKOIZla HE yUUTHIBAETCS PEeabHBIM Npouib
JIETUPOBAHUsA, UCIIOJIB3YIOTCA YCPEAHEHHbIC 3HAYCHUS UM KOHCTAHTHI.

Paznuunbie BUABI OIITHYCCKHUX BOJIOKOH,
. IQI °l- ;

COXpaHSIONIMX  MOJsipu3aiuio:  bow-tie,
Elliptic core A Elliptic core B PZ fiber Tiger 80 um Tiger 125 um

elliptical, pseudo-rectangle, elliptical core,
panda’ u nmpyrue (pucyHok 1) oTimuarorcs
reoMeTpruell KOHCTPYKTHBHBIX 3JIEMEHTOB,
(dbopMa KOTOpBIX B OOJBIIMHCTBE OMYyOJUKO-

BAHHBIX PA0OT MPUHUMAETCS UACATBHOM, TIPO-  (#umenieA  iz5un bonies  Bounbonic A 80 Soviec B S
€KTHOM, XOTs Ha NPAKTUKE T'OTOBBIC U3CIIHS |

MOTYT HMMETh CYIIECTBEHHBIE OTKJIOHEHUS, -
00yCJIOBJIEHHbIE HECOBEPILIEHCTBOM TEXHOJIO- " ot Pt OO P R o o Paca

THYECKOI0 Mpollecca UX H3roTOBIEHMS. OT-  Pucynok 1 —HpHMepI;OI;%fII(cOTIfZYKHHﬁ AHM30TPOITHBIX
KJIIOHEHHSI TEOMETPHUYECKHUX MapaMeTpoB B

JUTEPATYPHBIX MCTOYHHKAX PACCMATPUBAIOTCS JIMIL B paMKax BbIOOpa palliOHAIbHBIX
BAPUAHTOB KOHCTPYKIIMM C BapualMedl HEKOTOphIX €€ 3yeMeHTOB. Heyuér Ttakux
OTKJIOHEHUW MOKET MPUBOJIUTH K 3HAYUTEIBHBIM IMOTPEIIHOCTSIM TPHU ONpEACICHUU
ONTUYECKUX XaPAKTEPUCTHUK CIICIMATBHBIX ONTUYECKUX BOJIOKOH M TATUUKOB U3 HUX.

Ha pasnuuHbIX 3Tamax MpOU3BOACTBA AHU3OTPOIHOTO OMNTHYECKOTO BOJIOKHA,
npedOopMbI JJIsI €r0 BBITSKKU M OTJEIbHBIX KOHCTPYKTHUBHBIX 3JIEMEHTOB MPOUCXOJUT
TepMOOOpadoTKa M3JeIUi, B TOM 4YHUCIE OTXKHUI, KOTOPBIM, KaK H3BECTHO, CHUKAET
YPOBEHb OCTATOYHBIX HANpPsHKEHUM, YTO OOYCJIOBJICHO AaKTHUBHO IPOTEKAKOIUMU
pelaKcalMOHHBIMKM  TPOIIECCAaMU B Marepuaje TMpu TeMmIepaTrypax, OJU3KHUX K
TeMIepaType CTEKJIOBaHUs. Pe3ylnbTaThl HATYpHBIX HCCIEIOBAHHUI peIaKCAllMOHHBIX
3¢ (}PEeKTOB B CTEKIaX MPU BHICOKUX TeMIIEpaTypax JHOCTATOYHO IMIUPOKO MPE/ICTABICHBI B
JUTEPATYPHBIX UCTOYHUKAX, OJTHAKO, KaK MPABUJIO, AaBTOPHI HE CBSI3BIBAIOT 3TU MPOLECCHI
C peaTM3YIOMUMCS B BOJIOKHE HAIMpPSHKEHHO-AE(POPMUPOBAHHBIM COCTOSTHUEM. Moenb
dbopmupoBanuss HIAC B onTHYeCKWX BOJOKHAX TaKKe JOJHKHA TMO3BOJSTH OIMKCHIBATH
MPOUCXOJAIIME B  HUX  peJlaKCallMOHHBIE  MPOLECChl, YTO I  Haubojee
pacnpoOCTPAHEHHBIX B JINTEPATYPE TEPMOYIIPYTUX MOCTAHOBOK 3a7aya HE TPUBHUAJIbHASL.

Bo MHOrMX mnpuKiIagHBIX 3aJadax TEXHOJIOTHYECKOW MEXaHUKH CIEeIHAIbHBIX
ONTHUYECKUX BOJIOKOH KIIOYEBYIO POJIb UIPAECT IMOJIUMEPHOE 3aIUTHO-YNPOYHSIOIIEE
NOKpbITHE. B GONBIIMHCTBE MPEACTAaBICHHBIX B OTKPBHITOM neyaTu uccienoBaHuit 3YI1

2 Zheng W. Fourier Analysis Method for Asymmetric Polarization-Maintaining Fiber Alignment/ W. Zheng, H. Sugawara,
B. Malinsky // National Fiber Optic Engineers Conference. — Washington, D.C.: OSA, 2012. — P.1-3.
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UCKJIIOYAETCS U3 PACCMOTPEHNS, U BIUSHUE €TI0 Ha ONITUYECKOE BOJIOKHO HE YUYUTHIBACTCS
aMb0 paccMaTpUBAETCS B TEPMOYNPYTOM MOCTAHOBKE CO CBOMCTBAMM, 3aBUCSILHMMU OT
TeMnepaTrypbl. Takou IMoAX01 HE MO3BOJIIET aI€KBATHO ONKCHIBATH TEPMOMEXAHUIECKOE
MOBEJEHUE OOBEKTAa, YYWUTBHIBAs, YTO MpPH SKCIUlyaTauuu B Mmarepuanax 3YII moryr
IIPOMCXOJIUTh  pEJIAKCAllMOHHBbIE  nepexonapl. lcmonp3oBaHme — gaxe  IPOCTBIX
BS3KOYIPYIMX MOJENel B TakuMX 337adyax I103BOJUT O00Jiee€ TOYHO OIKCHIBATH
HaOmolaeMbple Ha TMpakTuke 3((EeKThl, OIHAKO B OTKPHITBIX HCTOYHUKAX B TaKOM
IIOCTAHOBKE UCCJICNOBAHUM HE HAWICHO.

TakuM o00pa3oM, NpencTaBisIeTCsd AakKTyaJlbHOM MpoOieMa CO3AaHHUS MOJEIH
TEPMOMEXaHUUECKOT 0 TIOBEJICHUS KBAPLIEBBIX CTEKOJI, KOTOpPask 03BOJIsIa Obl YUUTHIBATh
JIBa OCHOBHBIX ()aKTOpa BO3HUKHOBEHUS TEXHOJOTHYECKUX M OCTATOYHBIX HAIPSHKEHUU.
Bo-niepBbIX, HECOBMECTHOCTb TEMIIEPAaTYpHBIX JepopMaluil u3-3a  pa3nU4UA
KO3(Q(UIMEHTOB  TEMIEpPATypHOTO  PACUIMPEHHUS  BCJIEACTBUE  HEOJHOPOJHOCTH
MaTepuanoB. Bo-BTOpBIX, peanu3aluio OpH OXJIaXICHUHA NPOCTPAHCTBEHHO-BPEMEHHOU
HEOJHOPOJHOCTH TEMIIEPATYPHBIX MOJIEW B U3JIECJIMM B YCIOBHUAX IIPOTEKAaHMS Ipolecca
CTEKJIOBaHUS, YTO BEAET K POPMUPOBAHUIO B PA3HBIX TOUKAX CEUEHUS PA3IMYHON HCTOPUU
neopMHUpPOBaHUA W TMOSABICHUIO BHYTPEHHUX HamnpsbkeHud. Co3gaHue Takol MOJAENnd
MO3BOJISIET TOCTaBUTh 3aJlayy pa3pabOTKM YHUCJIEHHBIX METOJMK IPOTHO3UPOBAHUS
HaIpSOKEHHOTO  COCTOSIHUSL M CBSI3AHHBIX C HUM  ONTHYECKUX  XapaKTEPUCTHK
AQHU30TPOITHBIX ONTHYECKUX BOJIOKOH.

Takke akTyaJIbHOU SIBJISIETCS 3a7ada pa3paOOTKU MOJENIEH TePMOMEXAHHUYECKOTO
IIOBEJCHUS B IIHPOKOM TEMIEPATYpHOM JIMANA30HE IOJMMEPHBIX ITOKPBITHM,
UCIIOJIB3YEMBIX TIPU  IIPOU3BOJACTBE CHELHUAIBHBIX ONTHYECKUX BOJIOKOH, JUIA
ucciaenoBanus BiMsgHMSA 3YII Ha TEXHOJIOIMYECKHME M OCTAaTOYHBIE HAIPSOKEHUS B
AHU30TPOITHBIX ONTUYECKUX BOJIOKHAX B YCIOBHSAX IKCIUTyaTallUU.

3ajaya MOCTPOEHUS TAKHWX MOJIENEH BKIIOYAET OLICHKY IPOYHOCTH OTEJIBHBIX
KOHCTPYKTUBHBIX 3JIEMEHTOB, pa3pabOTKy METOIUK U OlpeaeseHUe (PYHKIHMOHAIbHbBIX
3aBUCUMOCTEN  (PU3MKO-MEXaHUYECKHX CBOMCTB pacCMaTPUBAEMBIX CTEKIYIOIIUXCS
MaTepUAJIOB.

[TocTpoeHHBIE MOAENH MTO3BOJIAT COBEPUIEHCTBOBATH KOHCTPYKIUIO U TEXHOJIOTHIO
ITPOU3BOJICTBA CIIELMAIBHBIX ONTUYECKUX BOJIOKOH, MOBBIIIATH TOYHOCTH JATYHUKOB 3a
CYET MATEMATUYECKOTO anmapaTra, THTEPIPETUPYIOIIETO MOIYyYaEMbIN C CEHCOPOB CUTHAJ
C YYETOM O0COOEHHOCTEW TEPMOMEXAHUYECKOTO MOBEICHUS UCTIOIb3YEMbIX MATEPUATIOB.

Heapr  auccepraunMoHHOW  padOTBLI:  YyCTAHOBJEHHWE  3aKOHOMEPHOCTEH
dbopMUpOBaHUS  HANPSHKEHHO-Ie(OPMUPOBAHHOTO  COCTOSIHMSI B CTEKIIYIOIIUXCS
Marepuanax Mpu MPOU3BOACTBE U 3KCIUTyaTallMd aHU30TPOMHBIX ONTHYECKUX BOJIOKOH,
JUTSL pa3BUTHUSA MOAXOJ0B K MPOEKTUPOBAHUIO HOBBIX U PAllMOHAIHM3ALUHU CYIIECTBYIOIINX
ONTOBOJOKOHHBIX U3IEIIHMN.

JUJ1s1 JOCTHKEHMS LeJIM PA00ThI HE00X0AMMO PEIIUTH CJeAYIOIHe 3aJa4M:

1. BpImoJHUTE aHANU3 OCHOBHBIX ATAIlOB IMPOM3BOJCTBA CIIEIUAIBHOTO BOJIOKHA THUIA
«ITanma» W ANd  KaXIOro U3 HHUX ONpPENeIuTh Haubojee 3HAYUMbIE
TEPMOMEXAaHUYECKHE SIBIICHUS W TNapaMmeTpbl, BiusAromme Ha xapakrep HIC wu
CBSI3aHHBIE C HUM ONTHYECKNE XapaKTEPUCTUKH U3EIIHS.

2. VYCTaHOBUTh Ha OCHOBE aHanu3a (AKTUYECKOM TIE€OMETPUM pPEAIbHbIX HW3IEIUN
3aKOHOMEPHOCTH paCIpeeIeHNs TEOMETPUUECKUX ITAPAMETPOB U UX OTKIOHEHUM OT
IIPOEKTHBIX 3HAYEHUM.

3. IlocTpouTh MaTeMaTHYECKHME MOJENHM Ha OCHOBE ONPEIENSAIOIUX COOTHOIICHHUM
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JUHEHMHONW TEOpUU BA3KOYIPYTOCTH, IMO3BOJIAIOIINE OIUCHIBaTh (HOPMHUPOBAHHE
TEXHOJIOTUYECKUX HAIPSHKEHUM B M3JAEINAX M3 CTEKIYIOIIMXCS MAaTepHaIOB Ha
OCHOBHBIX 3Tallax IpoLEecca U3rOTOBJIECHMS CIEUAIBHOIO BOJIOKHA ThIa «llanma».
YcTaHOBUTh  (PYHKIIMOHAJNBHBIE 3aBUCUMOCTH  (U3MKO-MEXaHMUYECKHUX CBOWMCTB
CWJIMKATHBIX cTeKosl W nonuMmepoB 3VYII oT Temmeparypsl M KOHUEHTpALMH
JETUPYIOIUX KOMIIOHEHTOB. ONpenenuTs MaTeprualbHble KOHCTAHTHI U BBIIIOJIHUTH
BepuUKaLKIo (PU3NIECKHX COOTHOLICHU.

Pa3pabGoTaTe anropuTMbl YHUCIEHHON pean3alMi MOCTPOEHHBIX MaTeMaTHYECKUX
MOJENIE W pealn30BaTh HMX B CHCTEMAaX HWHKEHEPHBIX pPACYETOB U KOHEYHO-
AJIEMEHTHOTO aHAJIU3A.

BpInosHATE MHOTONApaMETPUUYECKUN YMCIEHHBIM aHAIN3 C LENbI0 YCTAHOBJICHUS
3aKOHOMEPHOCTEN (OPMHUPOBAHMS TIOJEH OCTATOUYHBIX M  TEXHOJIOTUYECKUX
HaIpsHKEHUH U 00YCIIOBJIEHHBIX MU ONTHYECKUX XapaKTEPUCTHUK CBETOBOOB.
CdopMynnpoBaTh METOIUKH HCCIIEIOBAHUS U3ACIIUNA U3 CTEKIIYIOLIUXCS MAaTEPUAJIOB
Ha KJIOUEBBIX JTalax H3TOTOBJIEHUS CIIELUAIBHOIO ONTHUYECKOIO BOJIOKHA IS
IIPOEKTUPOBAHUS HOBBIX BUIOB KOHCTPYKIMM M COBEPLICHCTBOBAHMS TEXHOJOTHH
IIPOU3BOJICTBA, 1aTh IPAKTUYECKUE PEKOMEHAALMH U1 PAOHATIN3aUN TEXHOJIOTUH
IIPOU3BOJICTBA BOJIOKHA TUIa «Ilanna».

HayuyHnasi HOBM3HA JUCCEPTALIMOHHON paOOThI 3aKJIFOYAETCS B CIETYIOIIEM:
[IpennoxkeHpl HOBBIE NPUKIATHBIE MaTEeMaTHUYECKUE MOJEIN (POPMHUPOBAHUS
OCTaTOYHBIX U TEXHOJIOTMYECKUX HANPSKECHUN B HEOJNHOPOAHBIX KOHCTPYKLMAX W3
CTEKJIYIOIIMXCSl MaTEpUajoB Ha OCHOBE OINPEHEIAIONIMX COOTHOUICHUN JIMHEHHOU
TEOPUH BI3KOYIIPYIOCTH, MO3BOJAIOIIMX C JOCTATOYHOM TOYHOCTBIO OIMCHIBATH
TEPMOMEXAHUUYECKOE TOBEIAEHUE CIIELUAIbHBIX ONTHUYECKUX BOJIOKOH B IIUPOKOM
JMAIla30He TEMIIEPATYP, BKIIOUYAIOIIEM PEIAKCALUOHHBIE IIEPEXOBI.

Ha ocHoBe anHanmu3a QakTUYeCcKOW TE€OMETPUU pEAIbHBIX W3JACNIUNA BIIEpPBbHIE
YCTaHOBJICHBI 3aKOHOMEPHOCTH PACIpPEIEIEHNS FEOMETPUUYECKUX MapaMeTPOB U UX
OTKJIOHEHWH OT MPOEKTHBIX 3HAYEHUM JJIsI 3arOTOBOK CHJIOBBIX CTEpKHEH U
IIONIEPEYHOT0 CEYEHNUS CIENUAIBHOIO ONITUYECKOr0 BOIOKHA «llaHmax.

MerogaMu  YMCIEHHOTO  aHaAM3a  BIEPBBIE  IOJYYEHBl  3aKOHOMEPHOCTHU
(GOpMHpOBaHMA OCTAaTOYHBIX HANPSOKEHUH B  3aroTOBKaxX W3 HEOJHOPOIHO
JIETUPOBAaHHOI'O KBAapLEBOIO CTEKJIA HAa BCEX KIIOYEBBIX JTalax W3rOTOBJICHUSA
CIIELIMAJIBHOTO ONTUYECKOIo BOJIOKHA THna «Ilanga.

[TomyueHbl HOBblE JaHHBIE O BIUSHUU HAOJIIOAAEMBIX B H3JEIHSIX OTKJIOHEHHI
reOMETPUH OT MPOEKTHBIX 3HaueHUH Ha 3Boronnio HJIC B 3aroToBkax v ONTHYECKUE
XapaKTEPUCTUKNA F'OTOBOT'O BOJIOKHA.

Pa3paborana HOBasi METOAMKAa OINpPEENCHUSI TMPOYHOCTHBIX XapaKTEpPUCTUK Ha
OCHOBAaHWM HATYPHBIX W BBIYHMCIHUTEIBHBIX DJKCIIEPUMEHTOB M Uil OJHOTO W3
BAPUAHTOB KOHCTPYKLHMH CHUJIOBOTO CTEPXHS BIEPBBIE ONPENEICHbBl 3HAYECHUS
KPUTEPUAIIBHBIX XapPAKTEPUCTUK KOHCTPYKIIMOHHOM MPOYHOCTH.

MeronamMu HATypHOTO 3KCHEpPUMEHTa BIIEPBbIE YCTAaHOBJIEH (DAKT YaCTHUYHOMN
KPUCTAJUIM3AllMM CUJIOBOTO CTEPXKHS IIPU OTKUTE€ U POJIb ITOrO SIBJICHUSA B
YIPOYHEHUH U3IEITHA.

BelInonHeHa NOCTaHOBKA 3a4a4X ONTHMU3ALUU U BIEPBBIE ONPEEIICH ONITUMAJIBHBIN
npodunab JETUPOBAHUS CHUJIOBOTO CTEPXKHS, pEANM3yIOIUH MaKCUMAaJIbHYIO
TEMIEPATYPHYIO Ae(pOopMaIIiO MPU COOMIOACHUN YCIOBHI MPOUYHOCTH.

Bnepsbie 1oaydeHsl JaHHBIE O 3aKOHOMEPHOCTSX BIMSHUS 3ALIUTHO-YyIPOYHIIOIINX
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MOKPBITHUI HA ONTHUYECKHE XAPAKTEPUCTUKHU CIEIUAIBHOTO ONTHYECKOrO0 BOJIOKHA
tuna «llanma» B pa3IUuuHbIX YCIOBUSIX TEPMOCUIIOBOTO BO3ACHCTBUA.

9. Ha ocHOBaHMM HATYpHBIX UCIIBITAHUN BIIEPBBIC YCTAHOBJICHO, YTO JA€(POPMAIIMOHHBIN
OTKJIMK ITOJMMEPOB CYIIECTBEHHO 3aBHUCHT HE TOJIBKO OT TEMIIEPATYPHI, HO U OT
CKOPOCTH €€ U3MECHEHUS.

10. ChopmynupoBana HOBas METOAMKA HATYPHBIX WCIBITAHUN ISl  OTpPEISICHUS
¢yukiuonansHoi 3aBucuMocTH KJITP muieHouHBIX 00pasloB OT TemmepaTypsl U
CKOPOCTH €€ M3MEHEHUS W I PAJa IOJIMMEPOB BIIEPBBIE YCTAHOBJICHBI TAKHE
TeMIIEpaTypHbIC 3aBUCUMOCTH.

Teopernuyeckasi 3HAYMMOCTb PadOTHI 3aKIIOYAETCS B Pa3BUTUH MAaTEMaTUYECKUX
MOJIeJIe MEXaHHUKHU CIUIOIIHBIX CPeJI C IEIIbI0 yueTa pa3InuHbIX (PAaKTOPOB, BIUSIONIUX HA
sposionuio HJIC B u3nenusix u3 CTEKIYIOIIMXCS MAaTEpUAIOB.

[ToyueHHBIE HOBBIE KCIIEPUMEHTAIBHBIC PE3yJIbTaThl Ae(hOPMAIIMOHHOTO OTKIIMKA
MIOJIMMEPOB B 3aBUCUMOCTH OT TEMIIEPATYPhl U CKOPOCTH €€ M3MEHEHHS CIIOCOOCTBYIOT
Oosiee TIIyOOKOMY TMOHMMAHHUIO MEXaHU3MOB (OPMHUPOBAHUS OCTAaTOYHBIX U
TEXHOJIOTUYECKUX HAMPSHKEHUN B CTEKIIYIOUIUXCS MaTepuasnax, Mo3BOJISIIOT 00Jiee TOUHO
VUUTHIBATH W MOJACIHMPOBATH TEpPMOMEXaHUYEeCKHe A(PPEKThl, CBSI3aHHBIE C
MPOM3BOJCTBOM U AKCILUTyaTallMeN U3ETIUNA U3 HUX.

[Tomy4yeHHBIE TaHHBIE O PEATTBHON T€OMETPUU AHU30TPOITHBIX ONTUYECKHUX BOJIOKOH
tuna «[lanma» OTKpHIBAIOT HOBBIE BO3MOXHOCTH JIJI aHaJIM3a Ha0I01aeMbIX 3((HEKTOB B
M3ICNUSIX U3 HUX, KOTOPbIE OOYCJIOBJIEHBI TEPMOMEXAHUYECKUMHU BO3JICUCTBUAMHU TIPU
MPOM3BOJICTBE U DKCILTyaTall1H.

B COBOKYIHOCTH TMOJIydE€HHBIE PE3yJIbTaThl TMO3BOJISIIOT YTOYHUTH MOJICIIH
WHTEPIPETALNN PETUCTPUPYEMBIX MAPaMETPOB C ONTOBOJOKOHHBIX JATUYUKOB C IIEJIbIO
MMOBBIIICHUS UX TOUHOCTH.

IIpakTHyeckasi 3HAYMMOCTHL PaGOTHI 3aKIIOYaeTCs B pa3pabOTKE HOBBIX
(heHOMEHOJIOTHYECKH OOOCHOBAaHHBIX MAaTEMAaTHUYECKHUX MOJICNICH, HE TPeOYHOIUX
UJeHTUPUKAIIMU OOJIBIIIOTO YHCJIa MAaTEPUATIBHBIX KOHCTAHT, MPU STOM IO3BOJISIFOLIUX
aJICKBAaTHO OINHCHIBATh TEPMOMEXAHUUECKOE MTOBEAECHNUE CTEKITYIOIIMNXCS MAaTEPUAJIOB U C
BBICOKOM TOYHOCTBIO MPOTHO3UPOBATH (DOPMHUPOBAHUE U DBOJIIOIUIO TEXHOJOTHUUECKUX
HaNpsDKEHUM B TMPOLECCE M3TOTOBJIEHUS M SKCIUIyaTallMd CHEHHATbHBIX ONTHUYECKHUX
BOJIOKOH. [IpensioxkeHHble B paboTe MOIXOAbl M METOJUKHU SIBISIOTCS OCHOBOM ISt
pa3pabOTKU MPUKIAIHBIX MOJEIEH W aJIrOPUTMOB HX YHCJICHHOW peanu3aiuu, s
aHAJIN3a OCTAaTOYHBIX, TEXHOJOTMYECKMX U HJKCIUTYyaTallMOHHBIX HAaNpsHKEHUU B
CIICIIMAJIbHBIX ONTUYECKUX BOJIOKHAX U CBSI3aHHBIX C HUMM ONTHYECKUX XapaKTEPHUCTHK,
B TOM YHCJIE C IEIBI0 ONTUMHU3ALNUH IKCIUTYaTAIIMOHHBIX XapAKTEPUCTUK U3 U3 HUX.

Pe3ynbraThl, TOJy4EHHbIE B paMKax JUCCEPTAlMOHHOTO HCCIIEIOBAHMS,
pa3paboTaHHBIC METOJMKHA HACHTU(DHKAIIMK MATepHAIBHBIX KOHCTAaHT, MOJCIH U
pealn30BaHHbIC HA X OCHOBE aJITOPUTMbI U BBIUYHMCIUTEIbHBIC ITPOrPaMMBbI TI€pe/IaHbl B
I[TAO «lIlepmckasi Hay4YHO-TIPOM3BOJICTBEHHAs] MPUOOPOCTPOUTENFHAS KOMIIAHUS» IS
MPAKTUYECKOrO0 MPUMEHEHUS B HCCIICAOBAHUSAX, NMPHU MPOCKTUPOBAHUN AHU3OTPOIHBIX
ONTUYECKUX BOJOKOH THIa «IlaHa», BOJIOKOHHO-ONTUYECKUX JAaTYNKOB Ha UX OCHOBE B
LIEJISIX COBEPIICHCTBOBAHUSI TE€XHOJOTHM H3TOTOBJEHHUS M PA3BUTHS MATEMATHYECKUX
METO/I0B MHTEPIIPETAIIMN CUTHAJIOB ONTOBOJOKOHHBIX CEHCOPHBIX CUCTEM.

[IpennoxxenHass U anpoOUpOBaHHAsT  HOBas  METOJIMKA  ONpeeCHUs
dbyukimonansHoM 3aBUcUMOCTH KJITP oT TemmnepaTypbl 1 CKOPOCTH €€ U3BMEHEHHUS MOKET
OBITh UCTIOJIb30BaHa KakK 3P (EKTUBHBIM HHCTPYMEHT ISl UICHTU(UKAIIMYA MaTepUaIbHBIX
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XapaKTEPUCTHK JIFOOBIX MIEHOYHBIX 00Pa31IoB.

Ha ocHOBaHMM NPOBENEHHBIX UCCIIEIOBAHUIA:

e cdopMynupOBaHbl peKOMEHIAIMH K BbIOOpY moumepoB 3YII B paMmkax peanuzanuu
IIpOrpaMMbl HMIIOPTO3aMELIEHUS;

e pa3pabOTaHbl METOJMKA U aJITOPUTM pacyeTa MOJIEH OCTATOYHBIX U TEXHOJOTUYECKHUX
HalpsDKEHW B CHEHHAIBHBIX ONTHYECKUX BOJIOKHAX MW CBSA3AaHHBIX C HUMU
ONTHUYECKHX  XApPaKTEPUCTHUK,  TMO3BOJSAIONIAS  NPUHUMATh  PAlMOHAJIBHBIC
KOHCTPYKTHBHBIE PEIICHUS MIPU TPOCKTUPOBAHUY U3JIETINN;

e pazpaboTaHa METOJMKA ONPEACICHHS ONTUMAIBHOTO MPOMUIIS IETUPOBAHUS CUITOBBIX
CTEp>KHEH, U JaHbl PEKOMEHAAIMHU 110 OPTaHU3ALUHA TEXHOJIOTHYECKOTrO MPOLECCa UX
M3TrOTOBJICHHUS], TIO3BOJMBILINE 3HAYUTEILHO CHU3UTh OpPaK;

e pa3paboTaHa METOAMKA OMNpPENENECHUS PAlUOHAIBHBIX PEXKUMOB OTKHUIa CHUIIOBBIX
CTEp KHEHN ISl aHU30TPONHOTO BOJOKHA Tuna «Ilanga», U JaHbl pEKOMEHIALNU J1JIs
HEKOTOPBIX BAPUAHTOB KOHCTPYKIHMHU C YU4ETOM NMPO(UIIS JIETUPOBAHUS.

MeTomoiorussi W MeTOAbLI HCCIeA0BaHHMA. MeToI0JIOTHUECKO — 0a3oi

BBINIOJHAEMBIX B JIUCCEPTALIMOHHOW  pabOTe  aHAIMTUYECKUX, YHCIEHHBIX H

DKCIIEPUMEHTAJIBHBIX HCCIEAOBAHUM, IPU IOCTPOECHUU MOJEIEH U ONPEACIIIOMIMNX

COOTHOLICHUM SIBJISIOTCA MOAXOAbl M TEOPETUYECKHE pa3pabOTKHM OTEUYECTBEHHBIX U

3apyOeXKHBIX HCCIeAoBaTelIe B 00JaCTH MEXaHUKHU AehOpMUPYEMOTO TBEPIOIrO Tea.

[Ipy mOCTaHOBKE M PEIICHUH KPAeBbIX 3a/1a4 TEXHOJOTUYECKON MEXaHUKH U3rOTOBIIECHUS

CHEUUATbHBIX ONTHYECKHX BOJIOKOH HCIHONB3YIOTCA METOAbl TEOPUU JIMHEHMHOU

YOPYTOCTH U BSI3KOYNPYTOCTH, HECTAIMOHAPHOM TEIJIONPOBOJIHOCTH, METO/BI PEIICHHUS

cucteM au(pdepeHIMaNbHBIX YPaBHEHUW, B TOM YHUCJIE YMCICHHBIE METOAbl KOHEUYHBIX

DJIEMEHTOB M KOHEUYHBIX pa3HOCTEN. B 3amadax ONTHUMU3ALMU HMCHOJIB3YETCS METOX

Hennepa-Muna. Jlns oOpabGoTKM AaHHBIX HATYPHBIX SKCIEPUMEHTOB MPUMEHSIOTCA

METO/Ibl CTAaTAHAIIN3a, a JJIs1 U3YUYEHHUsI CIIy4YalHbIX nporeccoB meroa Mounrte-Kapiio.

OKCIEpUMEHTAIBHBIE ~ pE3YyJIbTaThl, MPEACTABICHHBIE B JHCCEPTALMOHHOM

HCCJIEIOBAaHUH, TIOJYUYEHbl HA COBPEMEHHOM OOOPYIOBAaHMU IO aBTOPCKHUM METOJMKaM

WJIM B COOTBETCTBUHU CO cTaHIapTHhIMH mporieaypamu uzmepenuit ([OCT, ISO, ASTM).

HaTypHbie 3KCiepuMEeHTBI, TOCBALEHHBIE ONPEAEICHUIO (PU3UKO-MEXaHUYECKUX CBOICTB

MOJIMMEPOB, ObUIM BBINOJIHEHbBl HA JUHAMMYECKOM MEXaHW4YecKoM aHamuzatope TA

Instruments DMA Q800, muddepennmnansHom ckanupyromeMm kainopumerpe Q2000 B

«Jlaboparopun mnactmacc» ITHUITY; wucciaenoBanust oOpa3loB Ha PEHTTEHOBCKOM

mudpakromerpe Shimadzu XRD-7000, ckanupytoieM 35ekTpoHHOM Mukpockone Hitachi

S-3400N, cunxpoHHoMm TepmuueckoMm ananuzatope Netsch STA449 F1 Jupiter Oblam

BbimosiHeHbl B LIKII «lleHTp HaykOeMKHX XHUMHYECKHUX TEXHOJOTMH H (PU3UKO-

xumuyeckux wuccienosanuin» ITHUITY; npoyHOCTH CHIIOBBIX CTEPKHEH IO CXEME

TPEXTOYEHHOTO 3rubda MpOBOAMIINCH Ha pa3pbiBHOM MammHe Instron 8801 B LIKIT «IlenTp

JKCIepuMeHTAIbHON Mexanukn» [ITHUIIY; reomerpus rpaHun JIETHPOBAaHHBIX 30H

CHJIOBBIX CTEp)KHEH HCCieloBalach Ha aHAIM3aTope Npouilsd MoKa3aTels NpeIoMICHUS

B 3arotoBkax BoyiokHa Photon Kinetics PK 2600, a reomeTpusi momnepeyHoro ceueHus

aHU30TPONMHOro BoJOKHa «IlaHma» Ha mM3MepuTene NMpopuiIs MoKa3aTesls NPeIOMIICHUS

ontryeckoro BosiokHa Photon Kinetics S-14 «MucTuTyTa JOTOHUKN U ONITOJIEKTPOHHOTO
npudopoctpoerus» [THUITY.
IHonoxkeHus1, BBIHOCUMBbIE HA 3aIIIUTY:

I. Maremartnueckue MOJEIA TEPMO-BA3ZKOYNPYTOCTH, MO3BOJSIONIME  OIKCHIBATh

(dbopMHpOBaHKE OCTATOYHOTO HAMPSYKEHHOTO COCTOSIHUSA B U3JIETUSAX U3 HEOJHOPOIHO
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JIETUPOBAHHBIX KBAapLEBbIX CTEKOJA M TMOJHUMEPOB, C YYETOM MPOCTPAHCTBEHHO
HEOAHOPOJHO PACIPENIEICHHOIO PEIAKCAIMOHHOTO MEpExXoa.

2. JlaHHBIE YHCIIEHHOTO aHalln3a o 3akoHOMepHocTAx (hopmupoBanus HAC B uznenmsx
Y3 HEOJHOPOAHBIX CTEKIYIOIIMXCS MAaTepUaioB HAa BCEX KIIOYEBBIX J3Tamnax
M3TOTOBJICHHUSI CIIENUAIIBHOIO ONTUYECKOTO BOJIOKHA Thna «[langay.

3. Pesynbprarhl aHaiM3a 3aBHCHUMOCTEW HAIPSKEHHO-I€(POPMUPOBAHHOIO COCTOSHUS
W3JCIMM B TNPOLECCE NPOM3BOJACTBA CIEHMAIBHOIO BOJOKHA THna «llamma» ot
OTKJIOHEHHUU B UX T€OMETPUHU.

4. MareMaTnuyeckue MOJIETM TEPMOBS3KOYIIPYTOCTH, OIHKCHIBAIOIINE IOBEICHUE
MOJIMMEPOB 3AIIUTHO-YITPOUHSIOMIETO MOKPBITUS ONTHUYECKOTO BOJIOKHA B YCIIOBHSIX
pEeNaKCalMOHHOTO MEePEXoa.

5. Meroauka onpenenenust GpyHKIMOHaIbHOU 3aBUcuMocTH KJITP oT TemnepaTypsl aiis
MJICHOYHBIX 00pa3IloB.

6. Meronuka M pe3ynbTaThl HCCICAOBAaHUN KOHCTPYKLMOHHOW IPOYHOCTH CHIIOBBIX
CTEp KHEH JUIsl CIEHUAIIBHOTO BOJIOKHA Tuma «[lanmay.

7. Meroauka onpeaeneHus: ONTUMAIBHOTO MPOQUIIS IETUPOBAHMS CUIIOBBIX CTEPKHEM.

8. PexoMeHIannu no COBEPIICHCTBOBAHUIO TEXHOJIOTMYECKOTO MPOLIECCa MPONU3BOACTBA
AHU30TPOITHOT'O ONTHYECKOTO BOJIOKHA.

JIOCTOBEPHOCTh W O0OCHOBAHHOCTH Pe3yJbTATOB H3MEpEHUs: (HU3NYECKUX
BEJIMYMH  OOECHEeYMBAIOTCS  HCIOJIb30BAHUEM  MPOLENYpP,  COOTBETCTBYIOIIMX
MEXIYHAPOJHBIM U TOCYAApCTBEHHBIM CTAHIApPTaM, BBIIOJHEHbI Ha COBPEMEHHOM
HCCIIEIOBATEIbCKOM  00OpYJIOBaHUH. KOppekTHOCT ~ TOJyYEHHBIX  JIAHHBIX
MTOATBEP/KAAETCS TAKKE BOCIHPOU3BOAUMOCTBIO PE3YJITaTOB. ABTOPCKHE METOAUKU
BEpUPUIIMPOBAHBI pe3yJIbTaTaMU HAaTypHBIX SKCIIEPUMEHTOB Ha 00pa3liax ¢ U3BECTHBIMU
XapaKTEPUCTHKAMU, a TAKXKE IMOATBEPKIAIOTCS JAHHBIMU, ITPEACTABICHHBIMU B OTKPBITON
neyaTu. Pe3ynbpTaThl YMCIEHHBIX PACYETOB YAOBJIETBOPUTEIBLHO COOTBETCTBYIOT IaHHBIM
HATypPHBIX 3KCIIEPUMEHTOB U JINTEPATYPHBIX UCTOYHHUKOB.

Jluunblid BKJIAA aBTopa. [IpeacraBieHHble B AUCCEPTAIIMOHHOM HCCIIEIOBAaHUU
pe3ynbTaThl, MOAEIA M METOJWKH TMOJYyYEHbl HEMOCPEICTBEHHO aBTOPOM WM NpH
HETIOCPEACTBEHHOM €ro y4acTUH. ABTOPOM BBINOJHEH aHajJW3 OCHOBHBIX JTallOB
TEXHOJOTUYECKOT0 MPOLIECCa N3TOTOBIICHHUS CIIEIIUAIBHOTO BOJIOKHA THHNA «[lanma», ¢ ero
HEIMOCPE/ICTBEHHBIM YYaCTHEM BBIIOJIHEHbI MOCTAHOBKHU KPAEBbIX 3a/1ay U OINpPEIEIICHbI
OCHOBHbIE  (DAaKTOpBI, BIMSIOUIME HA KOHEYHBbIE  XAPAKTEPUCTHUKUA  U3JETUS.
HenocpenctBeHHO aBTOpoM pa3zpaboTaHa MeETOAMKa ompeneiaeHus: (yHKIMOHATbHBIX
3apucuMocteit KJITP monuMepoB 3aliMTHO-YIPOYHSIOIIMX HOKPBITUNA OT TEMIIEPATYPhI U
CKOPOCTH €€ M3MEHEHUS, a TAK)KE MOCTPOEHBI I HUX ONPEAEISIONUE COOTHOIUEHUS,
BBIIIOJIHEHA NTOCTAHOBKA M ITPOBEJICHA CEPUS SKCIEPUMEHTOB, IO3BOJIMBIIAS YCTAHOBUTH
MaTepuajgbHble KOHCTAHThl U  BepuUUUPOBATH MOJENIb. ABTOp IPUHUMAT
HEIMOCPEACTBEHHOE YyYacTHEe B pa3pabOTKe aJrOpUTMOB YHCIEHHOM peanu3aiuu
IIOCTPOEHHBIX MAaTEMaTUYECKUX MOJENE W TOCIEAYIOIIEM YHUCIECHHOM aHaIU3E;
BBITIOJIHST IOCTAHOBKY Y MPUHUMAJI YYaCTHE B PEAM3alMU HATYPHBIX IKCIIEPUMEHTOB C
CUJIOBBIMU CTEPKHSAMU; NPUHUMAJ HEMOCPEACTBEHHOE YYaCTHE B aHAJIM3E PE3yJIbTATOB
BBIYMCIIUTENbHBIX HKCIIEPUMEHTOB, 00pabOTKe, aHAIN3€ U UHTEPIPETALMH PE3YIbTaTOB,
MOJITOTOBKE CTaTEeHl U IOKJIA0B MO TEME AUCCEPTALMOHHON pabOTHI.

Hccnenoanre [1] BBINOJHEHO W NOATOTOBJIEHO K TN€YaTH HEMOCPEICTBEHHO
aBTopoM. B cratee [2] aBTOpY mpuHAIIeKUT pazpadboTka metoauku usmepenuid KIITP,
MOCTAHOBKA U MPOBEJCHUE HATYPHBIX IKCIIEPUMEHTOB, 00pabOTKa U aHAIIU3 Pe3yJbTaTOB;
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UHTEPHOPETALNS PE3YJIBTATOB MPOBOAWIACH HEMOCPEICTBEHHO ABTOPOM IpU Y4YacTHH
coasropa M.H. Illapnakosa. B pabdotax [3, 4] aBTOpYy npuHaJIe)KaT MOCTAHOBKA 3a7a4d U
YUCJIEHHAsT  peanu3aluus  MOJEJNE;  cTaTucTUYecKkas  o0paboTKa  OTKIIOHEHHHU
F€OMETPUUYECKUX MapaMeTpoOB  ONTHYECKOTO BOJIOKHA «llaHma» W BBIYUCIUTENIBHBIC
AKCIIEPUMEHTHI BBINOJIHEHBl aBTOPOM coBMecTHO ¢ coaBTopoM H.B. CemeHOBbIM,
WHTEpIIpETAIysl Pe3yabTaTOB M TIOJATOTOBKA MAaTEpPHAIOB K ITyOJMKAITMM BBHITIOJHEHA
COBMECTHO C coaBTopamH. B crartbsx [5, 6] aBTop npHHHMMal y4acTHE€ B IHOCTaHOBKE
KpaeBbIX 3aJ]1a4, YUCIIEHHAs peaju3alusi U pacyeTbl OCYIIECTBISUINCh HEMOCPEACTBEHHO
apropoM npu ydactun coaBTopa O.}O. CmeTaHHMKOBA, MHTEpPIpPETAUXs W MOJArOTOBKA
CTaTbU BBIMOJIHEHBI COBMECTHO C coaBTopamu. B myOmukanusix [7-9] HemocpeacTBEHHO
aBTOPOM OCYILIECTBJICHBl TIOCTAHOBKM 3aJad M YHUCJICHHAas pealu3alus MOJIENEH;
BBIYHCIIUTEIILHBIE JKCIEPUMEHTBHI BBINIOJIHEHBl ABTOPOM TMPU Y4YacTUU COABTOpa
H.B. CemeHoBa, uHTEpHpeTaIUs pe3yIbTaTOB U UX MOATOTOBKA K ITyOJMKAIIMK BHITIOJTHEHA
COBMECTHO C CoaBTOpaMu pabot. B cratwe [10] aBTOpOM peann3oBaHa MOCTaHOBKA 3aauu
Y YUCIIEHHAsl pealin3alys MOJENEH, B TOM YHCIIE OCYIIECTBIIEHA OpraHU3alus POLEIypbl
MOMCKa ONTUMAIBHOTO Ipoduis erupoBanust metogom Hennepa-Munaa B Buje ckpunra
APDL nmsa koHedHo-35eMeHTHOro mnakera ANSYS; wuHTeprperanus pe3ysbTaToB U
MOJTOTOBKA MaTepuajga HCCIAEIOBaHUA K MyOJMKAallMK BBINOJIHEHBI COBMECTHO C
coaBropamu. B uccnenoBanuu [11] aBTopoM pazpaboTaHa mporpaMma 3KCIEPUMEHTOB,
OCYIIECTBIISIIOCH PYKOBOJICTBO M IPUHUMAJIOCh HEMOCPEACTBEHHOE YYaCTUE B IPOBEICHUN
HATypPHBIX UCIBITAHUM, BBHIMOJHEHA MOCTAHOBKA KPAEBbIX 3a/1ay; YMCJICHHAs pean3aius
MaTeMaTHYeCKOM MOJIETH, BBITIOJIHEHHWE YHMCIEHHBIX pacyeToB, oOpabOTKa, aHAIU3 U
MHTEPOpPETALMsT PE3YJIbTATOB BBINOJHEHB HEMOCPEACTBEHHO aBTOPOM MpPU Y4YacCTUU
coapropa FO.M. JlecHWKOBO#; TOJArOTOBKA MaTEepHAIOB CTaThbl K MyOJMKalUU
OCYIIIECTBIISIIach ¢ coaBTopamu. B padote [12] aBTOpOM BBINOJHEHA TOCTAaHOBKA 3a1a4H;
YUCJIEHHAs pealu3alusi MOJEIN U BbIYUCIUTEIbHBIE SKCIEPUMEHTBI BBINOJTHEHbI
HETOCPEACTBEHHO aBTOPOM Ipu yuactuu coaBTopa O.FO. CMeTaHHUKOBA, UHTEPIIPETALIUS
pe3yNbTaTOB M MOJrOTOBKA MaTepuaina Ul MyOJMKalWy BBINOJHEHA C coaBTopamu. B
uccinenoBanusx [13—15] aBTOpoM BBINOJHEHBI TMOCTAHOBKU 3aJay, pPEali30BaHbI
npoueaypbl UICHTU(PUKAIMA U BepUPUKAIUU (PU3HMUECKUX COOTHOUICHUM, aHAIU3 M
MHTEPIIPETALMs Pe3yJIbTATOB BBINOJHEHBI aBTOPOM COBMECTHO € coaBTopom [O.M.
JlecHukOBOM, MaTepuabl sl MyOJIMKAMK OATOTOBJIEHBI COBMECTHO C coaBTOopaMu. B
pabote [16] aBTOPOM BBINOJIHEHA TIOCTAHOBKA 3aJaud, PEaTU30BaHbl MNPOLEAYPHI
UICHTUPUKAIIUU W BepUPUKAIIMU  ONPEACISIIONIUX COOTHOIICHUM, COBMECTHO C
COaBTOPaMHU BBIMIOJIHEHBI UHTEPIIPETALIUS PE3YIBTATOB U MOJATOTOBKA MATEPUAJIOB CTAThHU.

Anpobauust padoTel. OCHOBHBIC TIOJIOKEHHUS pabOThl JOKIAABIBAINCH U
oOCyXIanuch Ha CIAEAYIOMUX KOHGEPEHIUSIX pPa3IudHOro YpOBHA W cemuHapax: Il
Bceepoccuiickuit cemunap «MexaHnka MUKPOHEOJHOPOIHBIX MATEPUATIOB U Pa3pyLICHHUEY
(r.ITepmsb, 2000 r.); 8-i1, 12-i1 Bcepoccuiickuii che3n Mo GpyHIaMEeHTAIbHBIM MpobieMaM
TeopeTnuecko W mpukiagHo ™exanuku (r.Ilepms, 2001 1., 1.¥Yda, 2019 r1.);
Bcepoccuiickas HayyHO-TexHUYecKas KoH(pepeHUus «AdpOKOCMHUYECKash TEXHUKA U
BbicOkMe TexHosioruu — 2001» (r.Ilepmb, 2001 r.); 1-1 xoHbepeHIMs MOIb30BaTENCH
nporpammHoro obecnieuenuss CAD-FEM  GmbH (r.Mockra, 2001 r.); XI
MexayHaponHass KOH(GEpEHIUsI IO BBIYUCIUTEIbHON MEXaHUKE M COBPEMEHHBIM
NPUKIAIHBIM TporpaMMHbIM cuctemam (MockBa-HMctpa, 2001 r.); koHbepeHIus
MOJIOZABIX YueHbIX «HepaBHOBeCHBIE Mpoliecchl B CIUIOMHBIX cpeaax» (r.Ilepmsp, 2002 1.);
13-1, 19-51, 20-51, 21-51, 22-51 3UMHSIS IKOJIA 0 MeXaHUKe CIUTOMHBIX cpe (T.I1lepms, 2003,
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2015, 2017, 2019, 2021 rr.); 9-a, 11-a, 21-s1, 22-1, 25-1, 31-a Bcepoccuiickas
KOH(pepeHnss MOJIOABIX YUYEHBIX "Maremarnueckoe MOJAEIMPOBAHUE B €CTECTBEHHBIX
Haykax" (r.Ilepmb, 2000, 2002, 2012, 2013, 2016, 2022 rr.); 10-ii MexayHapoaHbIi
konrpecc 10th World Congress on Computational Mechanics (r.Can [laymy, bpazunus,
2012 r.); 19-1, 20-4, 21-g, 22-9 MexnyHapoaHass KOH(PEPEHLHS MO BBIYUCIUTEIBHON
MEXaHUKE W COBPEMEHHBIM MPUKIAAHBIM MporpaMMHbiM cuctemam (BMCIIIIC)
(r.Anymrra, 2015, 2017, 2019, 2021 rr.); Bcepoccuiickas HaydHas KOH(pEpEeHIIHS
«IIpobnembl nehopMUPOBAHUS U Pa3pyIICHUsT MaTepPHaOB U KOHCTpYKimit» (r.Ilepmb,
2015 r.); mexnmyHaponHas koHdepeHnus International Conference on Mechanical
Engineering, Automation and Control Systems 2016 (r.Tomck, 2016 r.); 6-s1, 8-1
Bcepoccuiickas HayuyHas KOH(epeHLHs C MEXIyHapoJIHbIM yyacTueM «MexaHuka
KOMITO3UIIMOHHBIX MaTEpPHATIOB U KOHCTPYKIIMM, CIOKHBIX U T€TEPOTEHHBIX CpEI» HUM.
N.®. O6paszuosa u KO.I'. SInoBckoro (r.Mocksa, 2016, 2018 rr.); 12-1 MexayHapogHas
KOH(EepeHIUsl 10 MPUKIAAHON MaTeMaTUKe U MEXaHHKE B a3pOKOCMHUYECKON OTpaciu
(NPNJ2018) (r.Anymra, 2018 1.); Beepoccuiickas koHpEpeHIHMS MOJOABIX YUEHBIX-
MexaHuKoB, Y&M-2018, YSM-2021 (r.Coun, 2018, 2021 rr.); MexayHapoaHas] HAYyYHas
KoH(pepeHus «Y pumckas oceHHsis MaTeMarudeckas mkosa — 2021, 2022» (r.Yda, 2021,
2022 rr.); Hay4yHbIi cemMuHap Kadeapbl BBIYUCIUTENBHOW MATEMAaTHKH, MEXaHUKUA U
ounomexanuku [THUITY (r.Ilepmb, 2022 1., 3aBenyromuii kapeapoit BMMB — n.1.H., ipod.
B.}O. Cton160B), Hay4HbI cemuHap kadeapbl MaTEMAaTUUECKOTO MOACIUPOBAHUS CUCTEM
u npoueccoB [THUITY (r.Ilepmsb, 2022 1., 3aBenyromuii kageapoit — a.¢.-M.H., Ipod.
[1.B. TpycoB), HayuHblii cemunap WHctuTyra MexaHuku crutomHbix cpen YpO PAH
(r.ITepmb, 2022 r., nupektop — akagemuk PAH, n1.1.H., npod. B.I1. MaTBeenko).

CBs3b nccie0BaHMil ¢ HAYYHBIMM NporpaMmamu. VcciienoBanus 1o teMaTuke
JIUCCEPTAIMOHHON paboThl, nmpoBoauMbie Ha kadeape BMMb TTHUITY c¢ 2000 rona B
LEJSIX Pa3BUTUS TEXHOJOTHMHM M3TOTOBJICHUS CIIELUATIbHBIX ONTHYECKUX BOJOKOH, ObLIN
nojaaepxkaibl MuHoOpHayku Poccrun B pamkax cleQyloIuX NporpaMM M MPOEKTOB:
«HayuHnble ucciaenoBanusi BbICHIEH HIKOJIbI MO MPUOPUTETHBIM HANPABJICHUSIM HAyKH U
TexHUKn», MnpoekT 202 «Co3gaHue BbHICOKOAIP(EKTUBHON TEXHOJOTUU H3TOTOBIEHUS
ONTHYECKUX BOJIOKOH, BOJIOKOHHO-ONTUYECKUX THUPOCKONOB M HHTETPUPOBAHHBIX
HaBUTAIMOHHBIX CUCTEM HOBOTO TOKOJEHUs Ha ux ocHoBe» (2001-2002 rr.); rpaHT
koHKypca 2002 r. MHAMBHAYAJIbHBIX IMPOEKTOB CTYACHTOB, ACHUPAHTOB M MOJOJBIX
yueHbix HOLL «HepaBHoBecHbIE Tepexoibl B CIUIOMHBIX cpenax» mpoekT Ne 02-011-030a
«Pa3paboTka u peanuzaius B KOHEUHO-3JeMeHTHOM nakeTe ANSY'S unciennoit Mmoaenu
DBOJIFOLMM  TEXHOJIOTMYECKUX HANOpPSDKEHWM TOpPU  W3FOTOBJIEHWH AaHU30TPOITHOTO
KBapLEBOTO ONTHYECKOTO BOJIOKHA»; (efiepaibHOM 1eJeBoi mporpammsel «MHTerpaus»
(2002-2003 1.), mpoekrta Ne 1M10573/1343 (YHK «Pudeit») «MccnenoBanue B3auMOCBSI3U
SBOJIIOLMM  TEPMOMEXAHUYECKOTO  IOBEJIEHUS  MOJUMEPHBIX M BOJOKHHUCTBIX
KOMIIO3UIIMOHHBIX ~MaTepHajioB C mpouneccamMu (a3oBbIX (KpUCTAUIM3AIM) U
peNaKkCcalMOHHBIX (CTEKJIOBAHUE) MEPEXOA0B»; MporpamMM nojaiaepkku PODU (nmpoekTs
07-01-97609; 08-08-12084; 10-01-96032; 13-08-96036; 14-08-31530; 16-48-590660; 20-
48-596009), a Takxke (PUHAHCUPOBAIUCH B paMKaxX XO3JIOTOBOPHBIX HAYYHO-
uccinenoBarenbekux pabor ¢ IIAO IIHIITIK: nmorosopa Ne 2015/305 «Co3manue
MaTEMaTUYECKOM MOJENM  HANpsDKEHHOTO  COCTOSIHUSL BOJIOKHA TIPU  CHJIOBBIX
BO3JICCTBUAX U MpU JIercTBUU TemnepaTypb»; Ne 2017/290 «UccnenoBanue CBOWCTB
aKpUJIATHBIX TOJMMEPHBIX MOKPBITUM [JIs ONTUYECKUX BOJOKOH METOJOM JIUHAMO-
MexaHuueckoro ananauza»; Ne 2018/212 «Onpenenenre 3aBUCUMOCTEN OT TeMIEPaTyphl
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MOJYJIS yIPYTOCTH, MOAYJISI MEXaHUYECKUX ITOTEPh, TAHT€HCA YIJIa MEXAaHUYECKUX IOTEPh
nu KJITP B mnueHkax W3 akpWIATHBIX, CWJIMKOHOBBIX M 3IOKCHUAHBIX IIOJHMEPOB,
HCIIOJIb3YEMBIX B KAUYECTBE 3aLIUTHO-YIIPOYHSAIOIINX TOKPBITUH 111 ONTUYECKUX BOJIOKOH
U TMPH HAMOTKE BOJIOKOHHBIX KOHTYpoB»; No 2019/140, Ne 2020/388, Ne 2021/077
«HMccnenoBanne CBOMCTB 3aIMTHO-YIIPOYHSIOIIETO MOKPBITUA Uil ONTUYECKUX BOJIOKOH
METOJIaMU TEPMOTPABUMETPUYECKOTO aHamM3a U JAUPQPepeHInanbHON CKaHUPYIOIIeH
KQJIOPUMETPUH U TMHAMO-MEXAHUYECKOTO aHATU3A).

Iyonukanuu. Ilo Teme nucceprannoHHONW pabOThl ObUIO omyOnHKOBaHO 64
neJatHele paboThl, B TOM uyMcie 16 craTeil B peLEeH3UpPYyEMbIX HAYYHBIX H3AHMSX,
BXOJSIIMX B IE€pPEUYEHb, yCTaHOBJIEHHbIH MuHOOpHayku Poccum nns mpencraBieHMs
pe3yNbTaTOB JOKTOPCKMX JUCCepTalui, U3 HHUX 9 nyOnukanuii B JKypHaiax,
MH/IEKCUPYEMBIX B MEXJIyHApoaHbIX Oa3ax mutupoBanus Web of Science um Scopus;
MOJIYYEHO 2 CBUJETENBCTBA O rocyaapcTBeHHOM peructparuu [10 nns 9BM.

Crpykrypa n 06beM auccepranmu. JuccepranronHas padoTa usnoxena Ha 377
CTpaHulax, coaepkuT 219 pucyHkoB u 27 TalOmull, COCTOUT U3 BBEJCHUS, CEMU TIJIaB,
3aKJIFOUYCHUS U CIIMCKA UCIIOJIB30BaHHOM JIMTEPATYPHI, COEPKAIEro 375 UCTOUHUKOB.

OCHOBHOE COAEPXAHUME PABOTHBI

Bo BBemeHMm 00OCHOBaHa aKTYaJbHOCTb TEMBI MCCIIEOBAaHUSA, PACCMOTPEHA
CTENEHb €€ pa3pab0TaHHOCTH, CHOPMYITHPOBAHBI LEIb U 33]1a4l UCCIIEI0BAHUS, HAyUHAas
HOBU3HA, TEOpEeTHYECKass W  MpaKTUYecKass  3HAYUMOCTb  palbOThl,  METOAbI
JUCCEPTALIMOHHOIO UCCIIEI0BAHUS, IIPEICTABIICHBI MMOJOKEHUS, BRIHOCUMbIE Ha 3alIUTY,
olnucaHa anpodanys pe3yabTaToB U HH(OPMALIUS O CTPYKTYpE paObOTHI.

B nepBoii riaBe H3JI0KEHbI OCHOBHBIE CBEACHHUS O CIIELMAIBHBIX ONTHYECKUX
BOJIOKHAX, OMKCAHbBI BUJIBI CBETOBOJIOB, COXPAHAIOIIMX MOJSPU3ALNIO BBEJCHHOIO B HUX
curHajga. PaccMOTpeHbl OCOOEHHOCTH TEXHOJIOIMYECKOTO Ipolecca HW3rOTOBJICHUS
aHu30TporHOro  BojokHa tuma «llamma». OnpeneneHbl  OCHOBHBIE — 3aJaud
TEXHOJIOTHYECKOW MEXaHUKH CHELHUAIbHBIX BOJIOKOH «llaHma», cooTBeTCTByrOIIHE
KJIFOUEBBIM dTarlaM €ro Mpou3BOCTBA.

Bo BTOpoii riaaBe paccMOTpPeHbl OCOOCHHOCTH TEPMOMEXAHMYECKOIO OTKJIMKA
CTEKITYIOIINXCSI MAaTepUaJioB, HCIOIb3YEMBIX B CIIEIIMAIBHBIX ONTUYECKUX BOJIOKHAX.

B n.2.1 npuBeaeH 0030p Mojieniell TEpPMOMEXaHUYECKOTO MOBEICHUS MOJUMEPHBIX
MaTepHUaoB U KBAPLEBBIX CTEKOJI B YCIOBUSX PEIAKCALIMOHHOTO MEPEX0/1a, BBIIOJHEH UX
aHaJIMu3, ¥ 1aHa OLIEHKA CJI0KHOCTHU pEeaM3alK U MOJTHOTHI OMIMCAHUS CBOMCTB.

B 1n.2.2 BbInoHeH 0030p JIUTEpaTypHBIX HCTOYHUKOB, M 0000111eHa MH(POpMALIHS TTO
(UBUKO-MEXaHMYECKMM  CBOMCTBAM  JICTUPOBAHHBIX  KBApPIEBBIX CTEKOI U HX
3aBHCHUMOCTSIM OT TeMIeparypbl U cocTaBa. OmnpeneneHa HEOOXOAUMOCTh MOCTPOSHUS
(YHKIMOHATBHBIX 3aBUCHUMOCTEH MaTEpUANbHBIX XapAaKTEPUCTUK OT TEMIEpaTyphl U
CTEIIEHU JIETUPOBaHUs. PacCMOTpEHbI JaHHBIE TPOU3BOAUTEIICH O CBOMCTBAX MTOJIMMEPOB
3VII, u ycraHoBiI€eHa HEOOXOAMMOCTh B YTOUHEHNUH HEJAOCTAIOIIMX JTAHHBIX.

B Tperbeii riaBe omnpeneneHbl OCHOBHBIE 3aBHCHUMOCTH (PU3UKO-MEXaHHUUYECKUX
CBOMCTB KBapLEBBIX CTEKOJ OT TEMIIEpaTyphl U KOHIIEHTPALUMN JETUPYIOIINX A00aBOK.
BbllonHEeH MOMCK JaHHBIX O CBOMCTBaX JIETUPOBAHHBIX KBApLEBBIX CTEKOJ,
UCIIOIBb3YEMBIX B  CHEUHUAIBHBIX ONTUYECKMX BOJIOKHAaX. YCTAaHOBIIEHO, 4YTO
NpEeICTaBlICHHbIE B JIMTEPAType U B CIEHHUATM3UPOBAaHHBIX 0Oazax naHHBIX (SciGlass,
Interglad) »kcnepuMeHTanbHbIE JaHHBIE MO3BOJSIOT YCTAHOBUTH (DYHKIHOHAIbHBIC
3aBUCHUMOCTH BSA3KOCTH, YINPYTHMX XapaKTEPUCTUK M APYTMX CBOWCTB CTEKOJ OT
TEeMIIepaTypbl M KOHIIEHTPALUU JETUpYyroHMX 100aBoK. [lomydeHHble aHAIUTUYECKHE
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3aBUCUMOCTHU IIO3BOJISIFOT PEAIU30BATh ONMCAHUE TEPMOMEXAHUUYECKOrO ITOBEIACHUS
CTEKOJI C TIOMOIIBIO OITPEIEIIAOIINX COOTHOLIEHUN MAaKCBEJJIOBCKOI'O TUIIA C BA3KOCTBIO,
3aBHUCSIEH OT TeMIlepaTypbl M KOHIEHTPALMU JIETUPYIOLIEH M00aBKH L TIO 3aKOHY

Appennyca: lg(n(7,w)) =k, (1) + k,(n)/T . Ha ocHOBaHHHM SKCIIEPUMEHTAIBHBIX JaHHBIX

IOCTPOEHbl AHAJIUTUYECKHE 3aBUCUMOCTH TEPMOMEXAHMYECKUX MU TEIUIOPU3HYECKUX
CBOMCTB pacCMaTpUBaEMbIX MaTEPUAJIOB.

B yerBepToOii riIaBe M3JI0)KEHBI OCHOBHBIE CBEACHMS O 3AIMTHO-YIPOUYHSIOLUINX
MOKPBITHSIX CHENUATbHBIX ONTUYECKHUX BOJOKOH. MEeTOoJaMH HaTypHOIO 3KCIIEPUMEHTA
MOJIy4YeHbl HOBBIC JAaHHbIE W YTOUYHEHAa HMH(OpPMAIUS JTUTEPATypHBIX HCTOYHHUKOB O
MaTepualbHbIX  Xapakrepuctukax mnoinumepoB  3YIL.  VYcraHoBineHo, d4ro B
DKCIUIyaTallMOHHOM [JUana3oHe TeMIIEpaTyp
ot —60 1o 60 °C B nonmumepax 3VYII npoxoasar
peJlaKCallMuOHHBIE TEpPeXoabl (PUCYHOK 2).
Taxum oOpa3om, 175 aIeKBaTHOTO ONUCAHUS
TEPMOMEXAHUYECKOTO  IOBEJICHUS  TaKUX
MaTEpHUaJIOB HEOOXOAMMO HCIOJIb30BaHUE 11
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E'E", MNa

BS3KOYIPYIMX (PU3UYECKUX COOTHOUIEHUH U 01 1 : o oo
uJeHTUPUKAIUS COOTBETCTBYKOILIUX . TR .l 1P
-110 %0 -70 -50 -30 -10 10 30 50 70 [0 110 130
MaTCpI/IaJ'IBHBIX KOHCTAHT METOAaMU 1°C
E' E" ————f =———-F" tan & tan &
HaTYpHOI'O SKCIICpUMCHTA. P C3yJIbTAThl Pucynok 2 — 3aBUCUMOCTh KOMIUIEKCHOT'O MOZYJISA
YETBEPTOM TJIaBbl MPEICTABIECHBI B CTATHAX nonumepos 3VII oT remneparypel. (MyHKTHP —

BHVTDEHHMIH. CILJIOIIHBIE — BHEIIHUMN CJ'IOI/I)
[2, 16] 1 B 1pyruX Hay4HBIX paboTax aBTOpa’.

B n.4.1 ormucanbl 0COOEHHOCTH MPOOOMOATOTOBKA M TTOCTAHOBKH AKCIICPHUMEHTOB
IUIA  pacCMaTpUBAEMbIX TMOJUMEpoB. Ha oOCHOBaHMM JaHHBIX IPOU3BOJAUTEIIS,
JINTEPATYPHBIX UCTOYHUKOB M HATYPHBIX MCIBITAHUM, BBIIOJIHEHHBIX HAa MaTepUaAIbHON
6aze «JlabopaTopun mactMace» u LIKIT «lleHTp HayKOEMKHX XUMHUYECKUX TEXHOJOTHM
n ¢usuko-xumuueckux wucciaenoBanuity ITHUITY, monydensl maHHBIE O CBOMCTBax
HCIIOJIBb3YEMBIX MATEPUAIOB. Y CTAHOBJICHO, YTO B PSJ€ MOJIUMEPOB, MCIOJB3YEMBIX B
ONTHUYECKUX MPUIOKECHUIX, HAOMIOMAIOTCA 25 _
SBEKTH PUIMIECKOTO CTAPEHHS, KOTOPBIE oo
npu ONpPEAECIECHHBIX YCIIOBHSIX \
JKCIUTyaTallid MOTYT BJMSATH Ha paboTy
BOJIOKOHHO-ONTUYECKUX JTaTYHMKOB.

B 11.4.2 ontncana HoBast METOOMKA N3- _ 05
Mepennst KJITP mmeHouHbIX oOpasmoB Ha
OCHOBAHWM HATYPHBIX HCHOBITAHUM HA g5

1.5

1.0

heating

y=3.639-10"x'+7.989-10"-x+4.046-10"

JUHAMHYCCKOM MEXaHNUYCCKOM 10 - ol

- ’, ,/ ——— DeSolite 3471-1-152A
aHaim3arope. Jnsg  pspa  MOJIMMEPHBIX #0e" ---- DesoteDs201s

—1 5 ‘:‘f"’ —_— Polynom!alapprux!mat!ﬂﬂ (DeSo\}teS471-l-152A)
MaTepHaJIOB MOJTy4YeHbl (YHKIIMOHATIHHBIC - Folnomial approximation (Desolte DS-2015)

) -2.0
3aBUCUMOCTH TEpMHUYECKOU nedopManuu 100 50 0 50 100 150
(pucynok 3) u KJITP ot Temmneparypsl u Temperature (°C)
CKOpOCTH ee u3MeHeHus. HarypHble Pucynox 3 — 3apucumocts Aedopmamy o
Temneparypsl 1yt noiauMepoB 3YIT (myHkTHp —

WCOBITAHMSA Ha IUICHOYHBIX 00pa3uax BHYTPEHHUIA, CIUIONIHBIE — BHEUIHHUI CIION)

3 Tpyharos A.H. UnenTudukanus onpeaeNnsromuX COOTHOIEHHIH MOIMMEPHBIX MATEPUATIOB B LIMPOKOM TEMIEPATYPHOM
nuanasone // Matepuansl X X1 MexayHapoaHoW KOH(QEPEHIMH 110 BEIYUCIUTEIILHON MEXaHUKE U COBPEMEHHBIM
IpUKIaAHBIM OporpaMMHusiM cuctemam (BMCIITIC'2019). 2019. 355-358 c.
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MO3BOJIUJIN YCTAaHOBUTh, YTO Je(hOPMAIMOHHBIN OTKJIMK MTOJIMMEPOB 3aBUCUT HE TOJIBKO OT
TEMIIEPATYpPbl, HO U OT CKOPOCTU €€ M3MEHEHUs. {51 MOATBEpKACHHUS dTOW THUIIOTE3BI
OBLITN BBITTOTHEHBI HATYPHBIC SKCTIEPUMEHTHI TI0 TIPOrpamMMe, MPUBEICHHOMN Ha PUCYHKE 4.
3aBUCHMOCTH Je(hOpMAaITIH OT TEMIIEPATYPHI (PUCYHOK 5), IEMOHCTPUPYET, YTO YEM BBIIIIC
aOCONIOTHBIE 3HAUEHUS CKOPOCTH HAarpeBa M OXJAXKICHHs, TEeM CHJIbHEE Pa3HECEHBI
COOTBETCTBYIOIIME WM KpHBBIE MO ocu adciucc. MccnemoBanue obpasnoB Ha DSC
MOATBEPINIIO, YTO B TONMMEpPE HE HAOMIOMAaeTCs TepMoauHAMUYecKux 3¢ (HEeKToB,
CBSI3aHHBIX C (ha30BBIMU MTEPEXOAMHU.
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PucyHok 5 — 3aBUCHUMOCTH JieopMariuu oopasiia us
BHewHero 3YII ot Temneparypsl Ipu pasHbIX
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PucyHnok 4 — 3aBUCUMOCTD NEpEMEILEHUI OT BPEMEHH, AJIs
o6pasma u3 BHemHero 3YII TommuHoit 42 MKM

Pa3Hblii Je(popMalIMOHHBIN OTKIMK HA HarpeB U OXJAXICHHE MOKET MPHUBOJUTH K
HAKOIJIEHUIO OCTaTOYHOU Jedopmanuu B YCIOBUSX TepMOUUKIA. (s mpoBepKu 3TOH
TUNOTE3bl ObLI BBIMOJIHEH 3KCHEPUMEHT Ha UWIMHAPUYECKOM oOpaslie Mo Mporpamme,
MPUBEJAECHHON Ha pUCYHKE 6. AHanu3 pe3yJbTaToOB (PUCYHOK 7) IMOKa3bIBa€T, YTO Ha
Ka)KIOM payH/JI€ HarpeB-OXJIaKIEHUE B 00pa3Lie HaKaIJIMBAETCs OCTaTOYHAas AeopManusl.
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Pucynox 7 — Temneparypnast nedopmanust
LHWIIMHAPUYecKoro oOpasia n3 nepsuuno 3YII B

YCJIOBUAX TCPMOLIMKIIA

190 150 200 250 300 350 400 450 40 45 50 75

Time (min)
Pucynox 6 — TemneparypHnas nedopmanus cxaroro
LUIHHIPUYEcKoro oOpasia n3 nepsudHo 3YII B
YCIIOBHSX TEPMOIIMKIIA

0 50

B mn.4.3 npencraBnena mporeaypa HUASHTU(UKAIIMKA MaTepUaTbHBIX KOHCTaHT
¢u3ndeckux cooTHomeHud s mosmuMepoB 3YII Ha 0a3e HATYpPHBIX HCIBITAHWA Ha
JUHAMUYECKOM MEXaHUYECKOM aHalM3aTOpe C IUIEHOYHBIMU OOpasliaMu Mpu pa3HOU
TeMrneparype W 4Yactore Bo3feucTBus. [lolydeHHbIE NHCKpPETHBIE  3HAYCHHS
KOMIUIEKCHOTO MOJyJIsl NPHUBEAEHbI Ha PHUCYHKE 8. [[1ns aHaIMTH4YECKOro ONMUCAHUS
TEPMOMEXAHUYECKOTO noBeAeHus mnonumepoB 3YII  ucnonb3oBanack JUHEWHAs
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BsI3KOYIIpyras Mojieib (1) ¢ aapom penakcauy B BUAE CyMMbI SKCIIOHEHT (2):

t de
c=| 2G(t—t)—dt+1B6; 1
J,26(1=7)—- ()
G=G,[al+Y! afe | 2

Marepuanbl TEpMOPEOJOTHYECKH TIPOCThIC, MOITOMY OBUT HCIIOJNB30BaH MPUHIIUT
TeMIIepaTypHO-BpeMeHHo aHanoruu (3) u pyHknus casura Bunbsmca-Jlannemna-deppu
(4). Metomom Hennepa-Mwuna, MUHUMU3HPYS 3HAYCHHUE KBAAPATUIHON HEBSI3KH MEXITY
pacueTHbIMA JaHHBIMH ¥ HaTYPHBIM OSKCIIEPUMEHTOM, TIOJIYYCHBI pEIIeHUS 3a/1ad
MHOTOMApaMETPUYECKON ONTUMU3AIMU, W omnpeaenensl o; n, C;, C,, T, Ilpumep
MOJIYYCHHBIX TAKUM 00pa30M anmpoKCHMAIHi MPUBEIEH Ha PUCYHKE 8, B.

(a) (6)
Pucynok 8 — JIuckpeTHbIe 3aBUCIMOCTH MOTyJiel HakoIUieHus (a) u noreps (0) BHemHero 3YII ot TemnepaTypsl
1 9acCTOTHI, M alIIPOKCUMAITHSI JAaHHBIX HATYPHOTO 3KCIIEPUMEHTA (B)

£
50°C, 0.04H, paca
40°C, 0.04H, pacs

30°°C, 0.04H, pacy |

y p O T O
G'=>  ——. (6)

Pucynok 9 — ITon3yuects 00pasna u3 BHyTpernero 3VII
I[J'ISI BepI/I(bI/IKaHI/II/I IMOJIYUYCHHBIX (1)1/1- IIPY Pa3HbIX TEMIIEpaTypax MpHU OCTOSHHON HAarpy3Ke

3MYECKUX COOTHOIICHUH OblIa BBIMOJIHEHA  (PKCTICPHMCHT — TOUKM, PAcuer - IMHHU C MapKepami)
cepusi HaTYPHBIX DKCIIEPUMEHTOB Ha MOJ3YYECTh MPU MOCTOSHHON HArpy3Ke M pa3HbIX
3HAUEHUAX Temneparypbl. JlaHHbIE BBIYHUCIHMTEIBHBIX U HATYPHBIX KCIIEPHUMEHTOB Ha
MOJI3y4EeCTh COBNAAAIOT YIOBICTBOPUTEIHHO, YTO TOBOPUT 00 aJI€KBATHOCTH MOTYYEHHBIX
ONPEIEISIONINX COOTHOIIEHUH (PUCYHOK 9).

B nsiTo#i riaBe mpejcTaBiIeH aHAW3 MaTEMaTUYECKUX Mojeneil GpopmMupoBaHus
OCTaTOYHBIX HANpPSHKEHUM B ONTHYECKMX BOJIOKHAX. DBpINMonHEHa I1OCTaHOBKa, W
PacCMOTPEHBI MOJIETIBHBIC 3a/1a4u. Pe3ynbTaThl ATOM I1aBbl OIyOJIUKOBAaHBI B paboTe [5]
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¥ B IPYTUX HAy4YHBIX CTAThIX aBTOpa’.

B n.5.1 BbINOJHEH aHAJIN3 ONMMCAHHBIX B JIUTEPATYPHBIX UCTOYHUKAX MOJIXOJIOB K
MIPOTHO3UPOBAHUIO ONTHUYECKUX XapaKTEPUCTHK CBETOBOJIOB HAa OCHOBE pacuera Mojiei
OCTaTOYHBIX HampspkeHUH. B monapistonieM OOJIBIIMHCTBE OMHUCAHHBIX MOJENeH
UCIIONB3YIOTCS TepMmoympyrue cootHomeHus (R.Guan, 2005; M.Ji, 2017, 2019; M.Li,
2019, 2021; H.Yan, 2017; S.A.Siddiqui, 2011; W.Eickhoff, 1982; T.Gong, 2008;
D.A . Krohn, 1970; Y.Liu, 1995; K.-H.Tsai, 1991; M.H.Aly, 1998, 2000; J.Liu, 2020;
P.L.Chu, 1984; S.C.Rashleigh, 1983; K.Okamoto, 1981; I.P.Kaminow, 1979, 1981;
E.M.luanos, 1978; Feng W., 2020; M. Varnham, 1983; Bernat V., 1992; Chu P.L., 1982;
Okamoto K., 2022; Wong D., 1991), yto He oTpaxaeT peajbHOE MOBEICHHUE MOA0OHBIX
15631 (0505 8

B n.5.2 onucaHa mareMaTu4eckasl MOCTAaHOBKA KPAE€BbIX 3a/1a4 TEXHOJOTHYECKOMN
MEXaHHUKHW MPOU3BOJACTBA CIEUUAIBHBIX ONTUYECKUX BOJOKOH. [IppyHMMasi BO BHUMaHHUE,
YTO TMPAKTUYECKHM Ha BCEX JTamax TEXHOJOTWYECKOTO Mpolecca IMPOUCXOMIST
teMriepatypuslie gedopmanmu, a KJITP kBapieBbIX cTekos Mall, Obla IPUHSATA TUIOTE3a
Maibix aedopmanuii. 3BeCTHO, UTO pelakcallMOHHBIE MEPEXO0/bl HE COMPOBOXKIAIOTCS
BBIJICJICHUEM WJIM TIOTJIONIEHUEM TeIula, II0OATOMY, YUYWTBIBAas, YTO BHYTPEHHUX
HMCTOYHUKOB TEILIa HET, JUCCUMIATUBHOE TEIUIOBBIJICTICHNE B BUAY MaJOCTH aedopmariuii
MpeHeOpeKUMO Majo, — MOXHO pa3leliuTh KpaeBylO0 3ajadyy HeCTallMOHAPHOMN
TETUIONPOBOAHOCTH U KpaeByIo 3anady tepmomexanuku o HJIC, koTopeie B OnMCaHHBIX
YCIOBUSIX SIBJISIIOTCS  HECBSI3aHHBIMU. Torjga KpaeByro 3ajady HECTallMOHApHOU
TEIUIOMPOBOJAHOCTH C YYE€TOM KOHBEKTHBHOI'O TEIUIONEPEHOCA W W3IYUYEHHUS IO 3aKOHY
Credana-bonbiiMana MOXKHO 3aMucaTh B CIACAYIONMIEM BHJIE:

p(x)c(x,T)aé—];:diV(X(X,T)grad(T)), xeV; (7)
~Mx.T)grad(T)-n=h(T)- (T, - T) +eo, (T, - T*), xes; (8)
T(x,O) =T,(x), xeV. 9)
U cOOTBETCTBEHHO KPAEBYIO 3a/1auy TEPMOMEXAHHUKH:
dive=0, &= %(Vu +(Vu)h), (10)
A n T
6= 4C(u(x)) (E—8 —&y),  &r(x1)= Ej a(x,T(x,t))dT, (11)
T
G €, = j%dt (x,T)= (X)eRl;E:’)’) xeV (12)
ot _n(x,T)’ B_Oﬁt ’ TS = T ’ ’
u="U, xe§,, 6-n=P, xeS_, (13)
YI(S 4@( p(x)) — TEH30p YETBEPTOrO paHra yMNPYrdX KOHCTAHT 3aCTEKJIOBAHHOTO

MaTepHalia ¢ y4eToM 3aBHCHMOCTH CBOICTB MaTepHaaa OT KOHIEHTPAIUH JIETUPYIONINX
snementoB p(x); & (X,0)=&(x,7)—&, (x,#)—£,(x,f) - Tensop ynpyrux nedopmaumui,

é(x,t) - TEH30p MOJHBIX AehOopManuii; €, (x,t) — TEH30p TEeMIIepaTypPHBIX JePOpMalInii;

4 Tpydanos, A.H. O Momensax GOpMHPOBAHHS HAMPSKEHHOTO COCTOSHUSA B AHU30TPOIHBIX ONTHYECKUX BOJOKHAX / A.H.
Tpydanos, H.A. Tpydanos // [Ipuknaguas ¢poronuka. 2014. T. 1. Ne 1. C. 97-111.

5 Tpydanos, A.H. O Moziesu TEPMOMEXAHHIECKOTO MOBEACHHS KBAPLEBBIX CTEKOI M KOHCTPYKuui u3 uux / A.H. Tpydanos,
W.T". Haiimymns // BectHuk [Iepmckoro rocyaapcTBeHHOTO TeXHUUECKOTo yHuBepeureTa. Mexanuka. 2010. Ne 3. C. 85-99.
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€ (X,t) - TeH3op Bs3kuX naedopmaruit; M(x,7), a(x,7) — BI3KOCTh U KOADPUIIUEHT
TEMIEPaTypHOTO pACIIMPECHHUS MaTepuala, 3aBUCIIIME OT TEMIEPaTyphl M OT
HEOJHOPOJHO PACNpPEIENIEHHBIX 110 00beMY Tella JIETUPYIOIUX 100aBoK; T — HavanbHas
TeMIlepaTypa, Mpyu KOTOPOU MpeAnoaaraeTcs OTCyTCTBUE B Telle HAUallbHBIX HAMPSHKEHUH,
nedopmalii ¥ uX IPOU3BOIHBIX MO BPEMEHH (TUIIOTE3a O €CTECTBEHHOM HEHANPSX)KEHHOM
U Helne(pOPMUPOBAHHOM COCTOSHUM); S (x,t) = 6(x,t) - G(x,t)E — JIeBHATOp TEH30pa
HaIpsHKEHUI; c(x,t) =1/30,, — cpentee HanpsoKeHne; E — eMHAYHBIA TEH30p BTOPOTO
panra; R — yHHBepcallbHasl ra3oBas mnocrosiHHas; U ( u(x)) — DHEprusl aKkTUBAIUU.

JleBratop TeH3opa Bsi3koii gedopmauuu &, (X,t)==&,(x,t)—1/36, (x,t)E B CHJIy TOTO,
YTO B PACIUIABIIEHHOM COCTOSIHUM MaTepHall MPEAIO0JIaraeTcsl HECHKUMAEMOM KUIKOCTHIO
(OB = O) , PaBeH TeH30py BsBKUX nedopmammii e, =¢,; 0, = €y~ — OOBEeMHas
nedopmanusi.

B n.5.3 npuBeneH anropuTM YHCICHHOW peanu3auuy Monenu. [[ns 4uciaeHHoro
pelieHus 3aaa4u TeronpoBoAHOCTH (7)—(9) ucnoap30BaH METO KOHEUHBIX 3JIEMEHTOB
B TPAJUIIMOHHON peanuzanmu. YuciaeHHoe peiieHue 3agaun tepmomexanuku (10)—(13)
MIPOU3BOANIIOCH MOIIArOBBIM METOIOM. C 3TOM LI€NbI0 BBOAWIACH CETKA 10 BPEMEHH, YTO
ITO3BOJISIET MIOCTPOUTH TUCKPETHBIN 110 BPEMEHHU Pa3HOCTHBIN aHAJIOT KPAEBOM 3aJ1a4u, TIe
Ha KaXJIOM I[Iare MO0 BpPEMEHH WTEpPAlMOHHBIM METOJOM pEIIaeTcs 3ajada
TEPMOYIIPYTOCTH C YTOYHEHHMEM Ha KaXJOW HUTepaluu BSA3KOM nepopmanuu, 4TO
COOTBETCTBYET HEABHOU CXEME OTHICKAHUSI HEM3BECTHBIX HA BPEMEHHOM CJIO€ 71

T
div 6" =0, & = %(Vu"’(k) + (Vum(k)) ) (14)
. '\m(k) __am-l Am(k—l)
&) =0 (8 gy ), B B S 15)
tm - tmfl T](X, 7:;1 )

T, u

& =E [a(x,T)dT, n(x,T,)=n,e"", xeV; (16)
Ty

' =U" xes, 5" .n=P", xe8.. (17)

Onucanneiit anroput™ (14)—(17) Obu1 peanuzoBan B makete ANSYS. [ns sTtoro Obuia
MCIIONIb30BaHa MoieIb AHaHa®, KOTOpas IIPU ONPENEIEHHOM BEIOOPE KOHCTAHT CBOIUTCS
K onpeaensomum cootTHomeHusm (11)—(12).

B n.5.4 ©Ha MOmenpHBIX 3amadax pPacCMOTPEHBI OCHOBHBIE MEXaHH3MBbI
(dbopMHUpOBaHUsI, SBOIIONMNA U PEJIAKCAIIUM OCTATOYHBIX HAMPSDKCHUA B JIETUPOBAHHBIX
KBapIeBbix crekinax. Ha pucynke 10 mpuBeneHbl pe3yabTaThl MOACIUPOBAHUS HArpeBa
3aIl[EMJICHHBIX C 00EMX CTOPOH CTEp)KHEH C pa3sHON CTEMEHBI0 JITUPOBAHUS OKCHUIAOM
6opa. Jlerupyromas no6aska cymectsenHo ypenuunBaeT KJITP crexma, HO cHuXaet ero
BSI3KOCTh. B UMCJICHHOM DKCHEPUMEHTE MPOUCXOIMI HarpeB C TMOCTOSHHONW CKOPOCTHIO,
3aTeM OXJXKICHHE W TOBTOPHBIA HarpeB o0pasmnoB. [lomydeHHbIE pe3yabTaThl
JEMOHCTPHUPYIOT, YTO YeM BHIIIe KOHIIEHTpAIMs OKCHAA, TeM OOJbIIEe yroj HaKJIOHA
KpuBoi (pucyHok 10), u TemM OoJibllle CKUMAIOIIUE HANPSHKEHUs, YTO OOYCIOBJICHO
6onpmuM KJITP, mpu 5TOM, YeM BbIIIE CTETIEHb JISTUPOBAHUS, TEM PaHBIIE MPOUCXOTUT

¢ Brown S.B. An internal variable constitutive model for hot working of metals / S.B.Brown, K.H.Kim, L.Anand //
International Journal of Plasticity. 1989. Vol. 5. Ne 2. P. 95-130.
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penakcanusi HanpsbKeHU, 4To 00yCIIOBIIEHO CHMDKEHHMEM BSI3KOCTH B Takux crekiax. Ha
pucynke 11 mpuBeneHbl pe3ylnbTaThl peHIeHUus MOJEIbHOM 3ajadu, B KOTOPOM
3aIlEMJIEHHBII ¢ 000MX CTOPOH CTEPKEHb M3 YHMCTOTO KBAPLEBOI'O CTEKJIA HArpeBaI C
pPa3HBIMU CKOPOCTAMH. BHIHO, 4YTO penakcauusi HalpsyKEHUH, COOTBETCTBYIOLIAS
JOCTHDKEHHIO ~ TEMIIEpaTypbl  CTEKJIOBAaHMS, 3aBHCHT OT CKOPOCTH HM3MEHEHUs
temneparypsl. Ha pucynkax 12—13 npuBeneHbl pe3ysibTraTbl MOACIBHOM 3a7aun 00 OTKUTe
3aIEMJICHHBIX CTEPKHEN M3 YUCTOrO KBAPLEBOI0 cTeKNa U aeruposanHoro 10% B,Os npu
temneparypax 950, 1050, 1150 °C. Ananuz pe3ynbraroB MOKa3bIBACT, UTO pelaKcarus
HaANpsDKEHUA TPU OIMHAKOBBIX TEMIIeparypax B JISTUPOBAHHBIX CTEPKHSAX MPOUCXOIUT
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Pucynok 12 — DBonronust HanpsHKEHUH B 3alEMIEHHOM
CTEP>KHE U3 YUCTOr0 KBapLEBOIO CTEKJIA B PEXKUMAX:
Harpes - BBIJIEPKKA - OXJIAKICHUE

200

0 50 100 150 200

t, cex

250

300

350

B DEXHUMaX: HArv€B - BBIACDIKKA - OXJIAXKICHUC

Pucynok 13 — DBoutorus HapspKEHUH B 3aIIEMIEHHOM
cTepkHe U3 geruposanHoro 10% B2O; kBapreBoro crexna

CymcCTBCHHO 6BICTpee, a TaKXC 3aBUCHUT OT TCMIICpATypbl: 4Y€M OHa BbBIIIC, TEM
HHTCHCHUBHCC CHMIKAIOTCA HAIIPSXKCHUA, YTO COOTBETCTBYCT Ha6JIIO)IaCMBIM Ha ITPAKTHUKE

SIBJICHUSIM.

B mecToii riiaBe pacCMOTPEHBI 3a/1a41 TEXHOJIOTHYECKOM MEXaHUKHU, COOTBETCTBY-
IOIME dTanaM MPOU3BOJICTBA CHUJIOBOTO JJIEMEHTA MJis CIEHHAIBHOIO ONTHYECKOTO

BosiokHa Tuna «llanma». Pesynbrarel mectoun
TJIaBbl OMMyOJIMKOBaHbI B padoTax [1, 6-11].

B  m.6.1  BBINOJHEHO  YHCIEHHOE
MOJIETUPOBAHUE ABOJIIOLINHU nosei
TEXHOJOTUYECKUX HAMNPSHKEHUHM B CHUJIOBBIX
cTepkHsAX. KOHCTPYKIIMIO CHJIOBOTO CTEpXKHS
(pucyHOK 14) MOXHO YCIOBHO pa3JeiauTh Ha 1Ba
cios, mpu R <r<R, — YHCTOE KBaplEBOE
CTEKJIO, r<R -

Ipu KBapucBoc€ CTCKIIO,
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Pucynok 14 — Cxema monepeyHoro ce4eHus

CHJIOBOTO CTEpKHS (YETBEPTh) M 3aBUCUMOCTD OT

paanyca CTCIICHU JICTUPOBAHUS



JITUPOBAHHOE OKCHJIOM 00pa CO CTEMEHHOM 3aBUCHMOCTBIO KOHIIEHTPAIlUK BUAA

1) = e (1= (7/R)') (18)
Yem Oompie mapameTp #, TeM ONMKe paclpeneleHHe K CTYNeHYaToMy BHUAY (CM.
pUCyHOK 14).

C ydJeToM CHMMETPHH, 3aJada 00 DBOJIONUU TEXHOJOTUYECKUX HAMPSHKCHUMA
pelieHa B 0CeCUMMETPUIHON MocTaHoBKe. [lomydeHo penienre 3a1aqi HecTalnoHapHOM
TETUTONPOBOAHOCTH (PUCYHOK 15), 1 Ha OCHOBaHHMH yCTAHOBJICHHBIX IOJICH TEMIIEpATyp
pemena 3agada o HJIC. Ha pucynke 16 npuBeneHsl rpaduKu 3BOTIOIMHA HHTEHCUBHOCTH
HaIpsHKEHUH B IIEHTPE CHJIOBOTO CTEPIKHS, HA TPAHUIIC JIETHPOBAHHOW 30HBI U HA €r0
MOBEPXHOCTU. BUAHO, 9TO B MEpPBYIO OdYEpeab MPOUCXOAUT CTEKIOBAHHE YHCTOTO
KBapIIEBOTO CTEKJIAa W HAIMPSHKEHUS HAYMHAIOT PACTH B COOTBETCTBYIONIUX CIIOSIX, MPHU
JaNbHEHIIEM  OXJIAXACHUM  MPOUCXOTUT  CTCKJIOBAaHHWE  JISTUPOBAHHOW  30HBI,
WHTEHCHUBHOCTh PEJIaKCAIIMOHHBIX TPOIECCOB CHWKAETCSA, YTO TPHUBOJUT K POCTY
HaIpsHKEHUH BCJIE 32 CHIDKEHHEM TeMIIEPaTyphl.
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Pucynok 15 — 3aBuCHUMOCTB TeMIIEpaTypsl CHIIOBOTO PucyHok 16 — DBonIOIMS MHTEHCUBHOCTH HAIIPSLDKEHUN B
CTEPKHsI OT BPEMEHH IIPU €TI0 OXJIAXIECHUU 110CTIe CHJIOBOM CTEpXHE IIPH OXJIaKAEeHUH. B neHTpe, Ha
KOHCONMMauuu. 1 — B IEHTpe, 2 — Ha HOBEPXHOCTH TpaHHUIE JIETMPOBAaHHON 30HBI M Ha IOBEPXHOCTH (n=06)

B n.6.1.1 npuBeneHsl pe- A(n=2) B (n=2)
7 7
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3HAYEHUM CTEIICHHOTrO rapa- Pucynok 17 — Dniopbl 0OCTaTOUHBIX HANPSKEHUH B CUIIOBOM CTEPIKHE,

nerupoBaHHoM B,O3 (n=2 — (4, B), n=20 — (C, D)) mocne oxJaxIeHus

MCTpa n=2 n n=20. YcTaHoB- (4. C) 1 moclie cTpaBiIuBaHUs CJIOEB YUCTOIO KBapLeBoro crekia (B, D)

JIEHO, YTO C IMO3ULMHN IIPOYHO-

CTH HauOoJiee OMACHBIMU SIBISIOTCS PACTATMBAIOIINE HAINPSDKEHUS Gy, MAKCHUMAaJIbHBIE
3HAYEHUS KOTOPBIX JIOKAIM3YIOTCS B JIETMPOBAHHOM 30HE M HMHTEHCUBHOCTH TEH30pa
HaIpsDKEHUM — Ha TPAaHMIE 4YKMCTOrO M JIETMPOBAHHOIO KBapleBoro crexia. Ilocie
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yIaJCHHUs] CJIIOEB YHCTOTO KBapIeBOTO
CTEKJIa IPOUCXOUT NepepacipeiesieHUe 1 s000 7, e
CYLIECTBEHHOE CHIXKEHUE YPOBHSI PaCTSTH- 3'5"”: e B ]
v 3.010° r ) B T 1
BAIOIMX HANPSUKEHUH B CUIIOBOM CTEPXKHE. | / 1
AHaJM3 pe3yNbTaToB YHCIEHHBIX IKCIIEpH- 5 | 1
MEHTOB IOKa3ajl, YTO C YBEIMYEHHEM CTE- j:; '1. o]
IICHHOIO TIapamMeTpa 7 YPOBCHb MAaKCH- ol A 00003 o ]
MaJIbHBIX PACTATUBAIOIIUX HAMPSKEHUN B 50105 1 ey~ Sl
JIETUPOBAHHOM  CEPAILIEBUHE  CHUJIOBOTO T 50“'@ 3.5' !
CTCpXHS CHW)XKAeTCsA, a HWHTECHCHUBHOCTH Parameter n

TEH30pa HaNpsLDKCHUM Ha TPAHMIIE JIETHPO-
BaHMS pacTeT (pUCyHOK 18).

B 11.6.1.2 paccMOTpeHO BIUsSHUE OJHOBPEMEHHOTO JIETUPOBAHUS CHJIOBOTO CTEPKHS
okcunamMu 6opa u ¢docdopa. M3BectHO, uro nobasneHue B,0; cHukaer mokasarenib
IIPEJOMIIEHUSI KBapLeBOoro crekna, a P,Os moBeimaer. B HEKOTOPBIX MPUIIOKEHUAX
HeoOxoaumo oOecrieunTh noBbleHHbIM KJITP cunoBoro snemeHTa mpu coxpaHEHUU
MOKa3aTelIs MPeoMIIEHUs OJIM3KOT0 K 3HAYEHUSIM YUCTOTO KBapIEBOro cTekia. B pamkax
YUCJIIEHHOTO AKCIIEPUMEHTA POAEMOHCTPUPOBAHO, UTO IPU COXPAHEHUH JIETUPOBAaHUS Ha
TOM K€ YPOBHE, MAKCUMAJIbHbIE 3HAUEHUS OCTATOYHBIX HANPSKEHUW BO3pPACTAIOT, YTO B
nepByto ouepeab cBsazaHo ¢ oonbmmM KJITP okcnna gpocdopa (pucynok 19). BeimoaHeHo
TaK)K€ MOJICJIMPOBAHUE BIIMSIHUS CHWXKEHUS KOHLEHTpaluu okcujaa ¢ocdopa B LEHTpE
CHJIOBOTO CTEpXHsS mociie KoHcoauaauuu (pucyHok 20). CHHKEHHE JIETUPOBAaHUS B
LEHTPE MPUBOJUT K HE3HAYUTEIBHOMY YMEHBIIEHUIO YPOBHS OCTaTOYHBIX HAMPSKEHUN.

B 1nm.6.1.3 npexncraBieHO HCCIEIOBAaHUE NPUHIUIHUAIBHOW  BO3MOXKHOCTH

44107 33107
27107
2.0107
13107
6.6 10°
0.0 10°

6.6 10°

Pucynox 18 — 3aBucumocts o1 u 6, ipu =0, =0.003
OT CTENEHHOr0 apameTpa n

3.2107

22107

1.1 107

0.0 10°

O}, Oy, O O (N/m2)

11107

2.210" 1
0.002 0.003

r(m)

0 0.001 0.004 0.005

PucyHox 19 — Dnropbl 0CTaTOYHBIX HANPSKCHHH B CUIOBBIX CTEPIKHSX, JierupoBanHbix B,O, u P,O

O, Or, O O (N/m2)

-1.3107
-2.0107
27107

-3.3107 1 1
0 0.001

1 N 1 1 1
0.003 0.004

0.002
r(m)

0.005

n=2, pmaX:O. 1;

275

[0CJIE OXJIAXIeHU (CIeBa); MOCe CTPaBIMBaHus (CIIpaBa).
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Pucynok 20 — Dmmopbl OCTaTOYHBIX HANPSDKEHUH B 3aTOTOBKE KOMIICHCHPOBAHHOTO CHIIOBOTO CTEPIXKHS IS CITydast n=2
C YYETOM IaJIeHHs] KOHIICHTPAIIUH B [IEHTPE CUIOBOTO CTEPIKHSI; & — MOCIIe OXJIAXKACHUSI;, O — [0Cie CTPaBIMBaHUS
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YBEJIMUEHUS AUAMETPA CHIIOBBIX CTEP>KHEN C 1€JIbI0 U3TOTOBJIEHUS 3arOTOBOK OOJIBILIETO
pasMepa JUIsl BBITSDKKM OINTHYECKOro BosiokHa Tuma «llanpga». YcraHoBieHo, 4TO
YBEIMYECHHE pa3Mepa CHIOBOIO CTEpXKHS MPUBOAUT K Ooyiee IMTEIBHOMY €ro
OXJIQXK/ICHUIO, U 3@ CUET PEIAKCALIMOHHBIX IPOLECCOB YPOBEHb OCTATOYHBIX HAIIPSHKEHUI
B CHUJIOBOM CTEp>KHE OOJIBIIETO TUaMeTpa OKa3bIBaeTCs Jake MEeHbIEe (PUCYHOK 21), uem
JUISL CTEp’KHS CTaHIapTHOro pasmepa. llokazaHo, 4TO ¢ TOYKM 3pEHUS MNPOYHOCTHU
YBEJIMYEHHE IMaMETPa CUIIOBBIX CTPEXKHEHN JTOIMYCTHUMO.

6.0e10 T T

6.0e10 T T

4.0e10” 40e10”

2.0e10” 20e10” E-

s, (N/m?)
7
s, (N/m?)

0.0e10°

-2.0e10’

-4.0e10
0 0.001

0.002

0.003

0.004

0.005

s
-20e10” 7
S

] 00e10” N i

-4.0e10”
0

0.002

0.004

0.006

0.008

0.01

r,m

Pucynok 21 — Dm1opbl 0CTaTOYHBIX HANPSIKEHUN B CUIIOBBIX CTEPIKHIX THAMETPOM |1 CM U 2 CM IOCIIE OXJIAXKICHHUS

r,m

B 1n.6.1.4 mnpencraBieHsl pe3ynbTaThl YUCICHHOTO MOJEIMPOBAHMS OTXKUIA
CUJIOBBIX CTEP)KHEW. Y CTaHOBIIEHO, YTO U CTEP)KHEMH, 3aKOH JIETUPOBAHUS B KOTOPBIX
OJIM30K K paBHOMEPHOMY, IpOLieCC OTKUTra sABIseTCS Oojyiee 3((HEKTUBHBIM, YEM Jis
CTEp)KHEW C 3aKOHAMM JIETUPOBAaHMS, OJM3KMMH K mapabonnyeckomy. Jlis
PAaCCMOTPEHHON KOHCTPYKLMHU CHJIOBBIX CTEpXKHEW OTKHr npu temneparype 950 °C
IIPUBOJNT K CHU>KEHUIO HOPMAJIbHBIX HANPSKEHUH B JIETUPOBAHHOM CEPALIEBUHE CTEPHKHS
Ha 17% u noutu Ha 20% CHM)KAET MHTEHCUBHOCTh HANPSKEHUM HA TPAHULIE C YUCTHIM
KkBapiem (pucyHok 22). JlanpHeilee yBenudenue temmepaTtypsl orxkura g0 1050 °C u

1150 °C nmpakTruecky HE MPUBOJIUT K CYLIECTBEHHOMY YMEHBIICHUIO HATIPSKEHUM.
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PucyHoxk 22 — Dniopsl 0CTaTOYHBIX HANPSDKEHUH B CHIIOBOM CTEPIKHE TTOcie oxJiakaeHus (a) u omkura npu 950 °C (0)

B 1. 6.2 npencTaBieHo UCCIIEN0BaHUE R R R
peaIbHOM TEeOMETPUH CHIIOBBIX CTEP)KHEH, a
TaKe MPUBEACHO HCCIeI0BaHHE METOIaMH
MaTEeMaTHYECKOTO MOCINPOBAHUS BIHSHHUS
OTKJIOHCHH TEOMETPUH Ha HaNpPSHKEHHO-
1e(pOpMUPOBAHHOE COCTOSIHUE.

C Uenpr0 ONpeAeNneHus pealbHOU
reOMEeTpPUM HCCIEN0BaHbl Ooiee cra 00-
pPa3lUOB TPEXCIOMHBIX CHUJIOBBIX CTEPIKHEU

0] x

Pucynok 23 — Cxema nonepeuyHoro CeueHus CUI0BOro
CTCPKHA (a), V1 — Si021B203, V2 — Si025B203ZP205, V3 —
Si0,; nnarpaMMa 3aBHCHUMOCTH paanycoB rpanwui [, [,

I'3 or yrimoBoit koopauHats (0)
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(pucynok 23, a) Ha ananuzatope npedopm Photon kinetics PK-2600, ¢ momornipio KO-
TOPOro 3aUKCUPOBaHbI paauychl rpanull [y, Iy, '3, pazaenstonmx Matepuanibl ¢ pasHbIM
roKazaTesieM mpejaomiieHus (pucyHok 23, 6). YcraHoBieHo, uTo TpaHullsl [ u ['s uMeroT
BApUALMIO JIOJM MPOLEHTAa, TOorAa Kak rpaHuua [, MMeeT OTKIOHEHUS OT CpPEIHEro
3HaueHust A0 10%. PesynbraTel m3MepeHuii 10 U mociie 00pabOTKH M caM aJiropuTM
npeoOpa3oBaHus MPUBEICHBI Ha pUCYHKE 24. YCTaHOBIEHO, YTO HamOoJiee BEpOsSTHAsS
re€OMETpUs FPAHMILIBI JIETUPOBAHHOM 30HBI [ 2 B pealIbHBIX 3arOTOBKAaX CHUJIOBBIX CTEPIKHEN
UMEEeT HEKPYTroByi0 (opMmy ¢ Tpems KPHUBOJMHEHHBIMU TpaHSAMU pa3HOM nnuHHBL. Ha
OCHOBAHHMM CTaTUCTHUYECKOW 0OpabOTKH MOJYUYEHHBIX JAHHBIX C MOMOIIBI0 DPMHUTOBOU
MHTEPIOJSAINN ObUIH MOCTPOCHBI aHATTUTUYECKUE 3aBUCUMOCTH, OITUChIBAIOLIUE Hanboiee

1,140
1,04

R.en 2N\

1,105

1,02

0,965 =

0,98

0,93

Py

096 ‘ 0,895

0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 s 20 25 30
Pucynok 24 — 3aBrucuMOCTH paanycoB R((Qx) B paauaibHbIX cedeHus X k=1...30 rpaHutbl I, B CHIIOBBIX CTEPIKHSAX.
Anroput™m 00pabOTKH HaHHBIX (TTocepenune). JlaHasle 10 06paboTKH (ciieBa) U mociie 0opaboTKH (crpaBa)

BEPOSITHBIM 3aKOH M3MEHEHUs R((P) HA IpaHuULe
JerupoBaHHoN 30HBI [  (pucyHok  25).
OTKIIOHEHUSI TE€OMETPUN JIETUPOBAHHOM 30HBI
OT KPYTrOBO# ()OPMBI MOT'YT SIBIISITHCSA IPUUUHON 1,03
HECUMMETPUYHOCTH oJIeH OCTaTOYHBIX
HalpsOKEHUHW W TIOSBIICHUS HEXENATeNbHbIX
KOHLICHTPAaTOPOB HANPSLKEHHWM, YTO MOXKET 1
OTpULATEBbHBIM  O0pa3oM  MOBIUATH  Ha
MIPOYHOCTHBIE XapaKTEPUCTUKHU 3arOTOBKHU.

R,en
1,045 Ve Vs

1,015
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Jns uccnenoBaHusi BIMSHHS PEATBHOM (97 Vs ».rpan
reoMeTprn  30HBI JICTUPOBAHUA  CHJIOBOI'O 0 50 100 150 200 250 300 350
CTEp)KHS Ha MOJISI OCTAaTOYHBIX HaIpPsHKCHUH Prcyiox 25 — Plarepro/smys KyGHIeckum
OBLI HCIIOJIB30BAaH METOJI MOHTG-Kap J10. CrutaiiHaMu HanboJIee BEPOSTHOM 3aBUCHMOCTH

o R(o), onuceiBatoieit rpanuiy I
Beimosnen pacuér 1000 BO3MOKHBIX BapHAHTOB (@) TPanuiLy &2

Ir€OMETPUN JIETUPOBAHHOW 30HBI C pPa3HBIMU 3HAYEHUSMH pPAJAMYCOB B Y3Jax
anMpOKCUMUPYIONIUX MOJMHOMOB (PUCYHOK 25), KOTOPBIE BapbUPOBAIUCH CIyYailHBIM
0o0pa3oM B COOTBETCTBUU C pACIpPEACICHUSIMH, IOJIYYCHHBIMH M3 CTaTHCTUYECKOTO
aHAJIN3a PEAIbHON T€OMETPUH CUIIOBBIX CTEPIKHEM.

AHanu3 pe3ynbTaToB MOKa3al, YTO OTKJIOHEHUE T€OMETPUH JIETUPOBAHHON 30HBI OT
MPOEKTHOU (hOPMBI MPAKTUUECKH HE BIUSAET HA MAaKCUMAJIbHbBIE 3HAUCHUSI PACTITUBAIOLIUX
HaIpsOKEHUN G, B CEPALIEBMHE CHJIOBOTO CTEPKHS, HO MPUBOJUT K CYIIECTBEHHOMY
M3MEHEHUIO 3HAYCHUN MHTEHCUBHOCTM TEH30pa HAINPSDKEHUM G, Ha rpa”uue 1> mexny
YUCTBHIM KBapLEBBIM CTEKJIOM U JIETUPOBAHHOM CepAleBUHON. MaKkcuMalbHble 3HAYCHUS
Gy OIMCBHIBAKOTCA HOPMAJIBHBIM 3aKOHOM PaCIIpENEEHUs, BapbUPYIOTCA OT 6,=69.2 Mlla
10 6,=85.9 Mlla, maremaTnueckoe OXuiaHue cocTaBisier 6,=/5.8 MIla, pa3dpoc
nocturaet 22% (pucyHok 26). Takum 00pa3oM, MaKCUMaJIbHOE 3HAYCHNE HHTCHCUBHOCTH
HaIpSOKEHUI Ha TPaHULE 30HbI JETHUPOBAHUS B PEANBHBIX CHIIOBBIX CTEPXKHSAX BCEr/Aa
BBIIIIE, YEM B CTEPXKHAX C MPOCKTHOM TeoMETpHer. XapaKTepHOE pacIpeaciIiCHUE
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MHTEHCUBHOCTU TE€H30pa HANPSHKEHUN JJIST OJHOTO M3 BO3MOXKHBIX BAPUAHTOB CEUEHUU
MIPUBEJEHO HAa pUCYHKE 27.
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Pucynox 26 — Pacnipeaenenue MakcCUManbHOM Pucynox 27 — PacnipeneneHre HHTEHCUBHOCTH
MHTEHCUBHOCTHU HalpsKEHUH Ha rpanune 1 HaNPSDKEHUN U1 OTHOTO U3 TUIIMYHBIX CEUEHUI
B 1. 6.3 paccMOTpeHBI BOPOCH KOHCTPYKIIMOHHOM MMPOYHOCTH CUIIOBBIX CTEPIKHEN.
I[JI}I IMOBBIIICHUA ABYJIYUYCHPECIOMIICHUA B AHU3OTPOIIHBIX BOJIOKHAX THIIA «ITanma»
HCIIOJIb3YIOT CUJIOBBIE CTEPKHHU C BBICOKMM YpOBHEM JierupoBanus (Beime 20%), mocie
KOHCOJIMAaIUKU W OXJIAXKIACHHA B HHX (1)OpMPIpy}OTCSI IIOJIA OCTAaTOYHBIX HaHpH)KeHHﬁ,
YPOBE€Hb KOTOPBIX AOCTATOYHO BBEICOK (pI/IcyHOK 28), 4TO0 3a49aCTyI0O MOXKET IIPHUBOIUTH K
pa3pyIIeHHIO 3ar0TOBOK (PUCYHOK 29).
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Pucynok 28 — OcTaTouHbIE HATIPSDKEHHS B CUIIOBOM CTEPIKHE, Pucynok 29 — Paspyuienue 1erupoBaHHOIO s1pa
HOCJIE KOHCOJMAALUH () M IOCIIE CTPABIUBAHHMS CIIOEB YUCTOTO CHMJIOBOTO CTEPIKHS, TI0CIIE KOHCOIUAALNH (a) 1
KBap1eBoro crexna (6) rocJie CTpaBiIuBaHus (0)

Baza 45 st

C uenpio onpeneNneHus KpUuTepralbHbIX
XapaKTePUCTUK KOHCTPYKLMOHHOW MPOYHOCTH
ObUIM BBIMIOJIHEHBl HATYpHBIE WCIBITAHUA HA
pa3pylleHHe CHJIOBBIX CTEp)KHEH IO CXeme
«TPEXTOUEYHBIH W3TrM0» Ha pa3HbBIX Oa3zax,
CTEpXHSX pa3HOW JJIMHBI U TE€OMETPUHU
(pucynku 30 u 31). Jlmg Toro 4toObI ONMpe-  w.
JENUTh HaMpsKEHHO-e(OPMUPOBAHHOE CO-

1200

Baza 75 mm

800 - .

Vennne F, H

Basa 90 uu
600 - =

200 1| / o

CTOSIHUE, COOTBETCTBYIOLIEE MOMEHTY pa3py- o
IIEHUS CTEP>KHEH, ObLIT peayiM30BaH BBIYUCIIU- o & B b & I b
TEJIbHBI  DKCHEPUMEHT,  MOJEIUPYIOIIUI 5
Pucynox 30 — Pe3ynbTaTsl HATYPHBIX HCIIBITAHUN Ha
HaTypHbIE UCTIBITaHUS (pUCYHOK 32). PacyeTsl paspylleHHe CHIOBBIX CTOPKHEH 10 CXeMe
BBIMOJIHSIMCH B 2 DJTama: OIpeJesieHUe «TDEXTOHETHBIH H3THO»

OCTATOYHBIX HAIPSKEHUN B CHIIOBBIX CTEPXKHAX (CM. pucyHOK 28) mo moaenu (7)—(13) u
pelIeHne TPEXMEPHOU 3a/1a4i JIMHEMHON TEOPUU YIIPYTOCTH IO CXEME, MPUBEACHHON Ha
pucynke 32. B pesynbraTe OBUIM MOMY4YEHBI TOJs HANpsOKEHUH UM aepopManui
(pucynku 33, 34), no KOTOPHIM OBUIM OIpPEAENICHbl KPUTEPUAIbHBIE XaPaKTEPUCTHKHU.
VYcTaHOBIEHO, YTO HAMMEHBIIEH NPOYHOCTHIO OOJAJAIOT CTEPKHU U3 YUCTOTO
KBaplIeBOro CTEKJIa, MPUMEPHO BABOE MPOYHEE CUIIOBBIE CTEPKHU U ellle 00Jiee BHICOKYIO
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MIPOYHOCTH MOKA3aJIM CUJIOBBIE CTEPKHHU MOCIIe TepMO0OpadoTKH (Tabnauma 1).
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Pucynok 31 — HatypHble ncnsITanus Pucynok 32 — PacuetHas cxema Pucynox 33 — XapaxtepHble U300
Ha pa3pylIeHNE CUIIOBBIX CTEPKHEH 9KCTIEPUMEHTA C YIE€TOM CHMMETPHUH nepBoi r1aBHOH nedopmanuy,
10 CXeME «TPEXTOUYCUHBIH H3TrH0» KOHCTPYKIIUH TIOTy4EHHBIE YUCICHHO
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PucyHok 34 — Dmropsl HaNpsDKEHUH B HEHTPaIbHOM MONEPEYHOM CCUCHHUH B YCIOBUAX HATYPHBIX MCIBITAHHI MO CXeMe
«TPEXTOYCYHBIN H3TUO»: B CTEPIKHE MOCTIEC OXJIAXACHUS (), TpaBieHus (0); SIIOPHI IepBOi TITaBHOH AedopMaIiui
rocie TpaBieHus (B): (a) — octaTtouHas aedopmanus, (b) — B MOMEHT pa3pyILICHHS

Tabnuua 1 — PacueTHble 3HaUEHUS] KpUTEPUATIbHBIX BEJIMUYMH HA MOMEHT pa3pylICHUs
| Glmax, 112 | G max, 112 | Tomax, 112 | € 1max Oimax, I1a | G max, 112 | Tomax, 118 €1max
CrepiKHH U3 YUCTOrO KBapIIEBOro cTekia (4 obpasiia) CuoBsle crepxHH (21 oOpaserr)
X 9,97E+07 1,83E+08 1,05E+08 1,38E-03 2,06E+08 3,11E+08 1,68E-+08 2,85E-03
d 1,40E+07 3,60E+07 | 2,08E+07 1,94E-04 7,81E+06 | 7,11E+07 4,57E+07 1,06E-04
m 14,00% 19,90% 19,84% 14,00% 3,79% 20,44% 14,25% 3,73%
YupouHeHHBIE CHIIOBBIC CTEP)KHU (6 00pa3IoB)

Y | 3,19E+08 | 4,02E+08 | 2,58E+08 | 4,60E-03 |=
— X — cpe/:[Hee 3HA4YCHHC,

d 3,46E+07 1,60E+08 | 7,35E+07 531E-04 |7 _ pa3Max BapHaLuH,
m 10,85% 39,86% 28,46% 11,55% |m — nuneitnsiii koadunueHT Bapuaimu.

Hcxons v3 MomydeHHBIX pe3yJIbTaToB, AJI OIEHKA MPOYHOCTH CHUJIOBBIX CTEP)KHEU ObLI
BBIOpAaH KpUTEPUH MaKCHUMAJIbHBIX TJIaBHBIX JAedopmanuii. YCTaHOBIEHO, YTO
pa3pyllieHHe CHUJIOBBIX CTEpXKHEH MPOUCXOTUT C (HOPMUPOBAHMS MATrUCTPAIbHOU
TPELIMHBI C TPAHULIBI YUCTOI'0 KBAPLEBOTO CTEKJIA U JISTUPOBAHHOW 30HBI.

B 1m.6.5 paccMoTpeHbl BONPOCHI IMOBBI- L0501 6.08-01

T K30

IIEHHOW TPOYHOCTH OTOMXKEHHBIX CHUIIOBBIX
CcTep>xHEe. MoJeIMpoBaHUE OTKUTa CHIJIOBBIX

-3.0E-01 4 r 4.0E-01

-5.0E-01 4 r 2.0E-01

CTEPIKHEH MOKA3aJI0 CHIKEHNE MAKCUMAJIbHBIX &
3HAQYEHUN MEPBBIX TIJIABHBIX HANPSOKEHUNA HA 7 7ok | L 008400

-20° -
15-20%, 4T0 HE NO3BONAET OOBACHUTH YIPOU- | -
HEHHE CUJIOBOTO crepxHa Ha 60%. HatypHbie y
3KCHepHMeHTBI Ha I[CK HOKaSaHH: 4TO B MaTe- e 0 200 400 600 00 1000 1200 1400 150@74 -
puane OTOXKEHHBIX CUJIOBBIX CTEPKHEU IPO- 5rc

Pucynox 35 - PesynsraTs! JJCK-ananuza

HACXOJAT (ba3OBHe HePEXOabl (PHCYHOK 35) (hparMeHTOB CHIIOBHIX cTepkHeH. Harpes —

KpaCHBIM IIBETOM, OXJIAXXKACHHUC — CHHUM
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Taxxe Ha peHTreHorpamMMax oOpasma u3 ¢parMeHTa CHIJIOBOTO CTEPXKHS HET SIPKO
BBIPOKEHHBIX THKOB, YTO CBHUJETEIHCTBYET 00 OTCYTCTBHUH KPHCTAJUIMYECKOH (a3bl B
cyuiecTBeHHOM oObeme. OmHako TpHU MOMOIIM MporpammHoro obecredenust «Dxta
Version 7.00» Oblna ompeneneHa crenenb kpuctammudHoctu 4.33%. UccnenoBanust Ha
AJIIEKTPOHHOM MHUKPOCKOIIE TIOKa3ajdd Hajuuue KPUCTAIUIUTOB HA TOBEPXHOCTHU
(dbparMeHTOB JETHPOBAHHOMN 30HBI CHIIOBBIX CTEp:kKHEH (pHCyHOK 36). B murepaTypHBIX
MCTOYHHMKAX *S ONMCAHBI CIydand KPUCTAUIM3alMK KBAPLEBOTO CTEKNIA B (hOPME KPHUCTO-
OayMTa B OJIM3KWX IO COCTAaBY CTEKJAX MpHU TeMnepaTypax OTKHIA B paHOHe 900 °C.
W3BeCTHO, YTO YaCTHYHAs KPUCTaJ-
JU3aIUsl CyIIECTBEHHO YBEITUYHMBACT
KJITP kBaprieBoro crekia’, a Takxke
npu HEOOJBIIONW CTETNEHH KpPUCTAJI-
JMYHOCTH 3HAYUTEIHFHO YBEITUINBACT
ero mnpounocts”!’. B pesynbrare
YCTaHOBJICHO, YTO B OTOXOKEHHBIX
CUJIOBBIX CTEPKHSIX HAOJII0JaeTCs Ya-
CTUYHAsl KpUCTAUIM3alus CepAle-
BHUHBI B paillOHE TPaHUIIBI MEXIY 30-
HOI1 JITUPOBAHUS U YUCTHIM KBapIie-
BBIM CTEKJIOM, 3a CUET YE€ro U yBEJIU-
YUBAETCSI IPOYHOCTh BCEl KOHCTPYK-

HH. Pucynok 36 — MukpodoTorpaduu GpparMeHTOB OTOAKEHHOTO
B 11.6.6 IIPEACTABIICHBI CHJIOBOTO CTEPIKHS

pe3yNbTaThl PEIICHUs 33/la4yd O BbIOOpPE ONTHUMAJIBHOTO 3aKOHA JIETUPOBAHUSI CHJIOBBIX
cTepkHel. B kauecTBe LieneBoi GyHKINU, XapaKTepU3YIOIIEeH BETMUYMHY TEMITepaTypHOI
nepopMalum, UCIOJb3YETCSI HHTErPaIbHOE OTHOCUTEIBHOE COJIEpKaHue OKCUaa Oopa B

n
AJIEMEHTE CTEPXKHS €IUHUYHOW JIJIMHBI cp( Dyseees pk) =27 j u( Dyseees pk,r)rdr, rjae

napamMerpbl  ONTUMM3ALUU  p,,..., P, ABIAIOTCA  KOd(pPUUUEHTbl (QyHKIuU  W(r),
ONKMCHIBAIOIIIECH 3aKOH pacnpeaesieHus Jierupyromero okcnaa B,0s. 3agaua ontumuszanuu
Oblma chopMyIHpOBaHa CIACAYIOMIUM OO0pa30oM: HAWTH MapaMeTpbl pachpeecHus,
o0OecreunBamIIe MaKCUMalbHOE 3HaueHue (YHKIUH CD( pi) (oGecrneunBatomei
MaKCUMaJIbHYIO TeMIIEpaTypHYIO AehOpMAaIHIO CHIIOBOTO 3JIEMEHTA) MPU OTPAHUYCHUSIX
TUIIA HEPAaBEHCTB (YCJIOBUSA INPOYHOCTH O, (pl,...,pk ) < |:Gp ] , O, (pl,...,pk ) < [Gc ]) u
OTpaHUYCHHS TUIA PaBEHCTB (YpaBHEHHS KPaeBOM 3aJ1auM IO ONPEACIICHUIO OCTaTOYHBIX
HalpsOKCHUH TIPM  M3TOTOBJICHUW CTEPXKHS C 3aKOHOM JerupoBanus p(r)). s

npeoOpa3zoBanus CHOPMYITHMPOBAHHON 3a/ladyd C OTPAHUYEHUSMH THUIIA HEPABEHCTB U
PABEHCTB K 3a/1a4€ MUHUMU3aUK 0€3 OTpaHUYCHHI TUTIA HEPABEHCTB MCIOJIH30BAaH METO/
mTpadHbIX GYHKINNA, 9TO TO3BOJIMIIO 3aMMUCATh IIEJIEBYI0 (DYHKITUIO B CICTYIOIINM BUJIE:

7 Jean J.-H. Crystallization kinetics of binary borosilicate glass composite / J.-H.Jean, T.K.Gupta // Journal of Materials
Research. 1992. Vol. 7, Ne 11. P. 3103-3111.
8 Breneman R.C. Kinetics of cristobalite formation in sintered silica / R.C.Breneman, J.W.Halloran // Journal of the
American Ceramic Society. 2014. Vol. 97, Ne 7. P. 2272-2278.
% Breneman R.C. Effect of cristobalite on the strength of sintered fused silica above and below the cristobalite transformation
/ Breneman R.C., Halloran J.W. // Journal of the American Ceramic Society. 2015. Vol. 98, Ne 5. P. 1611-1617.
19 Fleming J.D. Fused silica manual / J.D. Fleming — Georgia Institute of Technology, 1958. 437p.
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F(p)=-0(p,)+ M ([c.]- 0 (p,)) -(1-sign([o.]- o™ (p,))) +

1, ([0, ]-om () -(1-sien ([, ]~ o7 (5))):

MAaKCUMAJIbHBIC 3HAYCHWA HMHTCHCHUBHOCTHU TCH3O0pa HaprDKeHI/Iﬁ u

X ax

roe o, U o,
MEPBOTrO TJIABHOTO HAMPSKEHHS] B KOHCTPYKLHHU, Aj, A, - BECOBbIe KOA(DOUIIMEHTHI IS
mrpapHelx QyHKuui, [6,]=35 Mlla, [c.]=60 MIla. B pe3ynbrare pemieHus 3anayu
metogoM Hennepa-Muna Obpl1o MOSyd4E€HO ONTHUMAJIBHOE PACIPENEICHUE U MOCTPOEHBI

COOTBETCTBYIOIIHME €EMY 3MIOPBI OCTATOUHBIX HANpsDKEHUH (pucyHku 37, 38).
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Pucynox 37 — M3meHeHne npoguiist JerupoBaHus CUIOBOTO PucyHok 38 — Dnropsl HaNpsKEHUM, peanu3yomuecs
CTEepKH4, B IPOLIECCE PELICHN 3ajauyil ONTUMU3AIUH B CHJIOBOM CTepKHE Ha 241 urepaunu

0

B riaBe ceMb paccMOTpPEHbl  3aJadyd  TEXHOJIOTMYECKOW  MEXAHUKH,
COOTBETCTBYIOIIME 3TallaM MPOU3BOACTBA aHU3OTPOIHOI'O ONTHYECKOTIO BOJIOKHA THIIA
«ITangay». Pe3ynpTathl ceibMoM ri1aBbl OMyOIMKOBaHbI B padboTax [3, 4, 12-16].

B n.7.1 paccMOTpeHbl BOMPOCHI 3BOJIOLNWHA TEXHOJIOTHMYECKUX HANPSHKEHUN B
BoJiokHe Tuna «llaHga»  NpPOEKTHOW  TeOMETpUU.  BBINMOJHEHO  YMCIECHHOE
MPOTHO3UPOBAHUE TIOJIEM OCTATOYHBIX HANPSHKEHUW [JI1  Pa3JIMYHBIX BAapUAHTOB
F€OMETPUYECKHUX MMAPAMETPOB, U PACCMOTPEHO MX BIIMSIHUE HA XapaKTep pacupeacieHus
Y KOJIMYECTBEHHBIE XapakTepucThKu. OnrcaHa METOAUKA MPOTHO3UPOBAHUS ONITHYECKHUX
XapaKTEPUCTUK BOJIOKHA HA OCHOBE MOJYYEHHBIX MOJIEH OCTATOYHBIX HaNpsiKeHUU. (s
pPa3JIMYHBIX BAapUAHTOB TE€OMETPUM TOJYYEHBI TIOJISI HABEICHHOTO HAaIpsKEHUSIMU
MaTepUAIbHOTO  JIBYJIYYEIIPEJIOMJICHHS, M  YCTAHOBJICHbl 3HAYEHUS MOJOBOTO
IByIy4ernpenomiaeHusa. Ha ocHOBaHMM YKMCIIEHHOTO MOZEIUPOBAHUS MOKA3aHO, YTO IS
JOCTUKEHUS MaKCHUMaJIbHOTO 3HAYEHUS MOJIOBOIO JIBYJYYEHPEJIOMIICHUS CHUIIOBOM
CTEp’KeHb HEOOXOJMMO pa3MeliaTh KaKk MOXKHO OJIKE K CBETOMPOBOISIICH Kuie, a
KacaTelIbHbIE, MPOBEICHHBIE K CHIJIOBBIM CTEPXKHSIM YEPE3 LEHTP CBETOMPOBOASALICH
YKWJIBI, JOJKHBI IEPECEKATHCS MO IPSAMBIM YTJIOM.

B n.7.2 npenacraBiaeHo UCCIEAOBAHUE PEATBHON €OMETPUU ONTHUYECKUX BOJIOKOH
tuna «Ilanpa». Paccmorpeno 6Gonee 1400 mukpodororpaduii onTHUECKUX BOJIOKOH
(pucyHok 39), M0 KOTOPBHIM ObLIM YCTAHOBJICHBI paclpeeiieHus OTKIIOHEHU OCHOBHBIX
reOMETPUYECKUX MapaMeTpoB BoJOKHA (pucyHku 40, 41). YCTaHOBIEHO BIMSHUE ATHX
OTKJIOHCHUH Ha peal3yIOIIeecs B aHU30TPOITHOM BOJIOKHE Thna «Ilanga» HanpsiKeHHO-

Pucynok 39 — CxeMbl pacmtonoKeHUs] KOHCTPYKTHBHBIX 3JICMCHTOB, OMMUCHIBAIOIINE TEOMETPHIO PEaIbHBIX BOJOKOH
tuna «Ilarmay, mojryyeHHsle B pe3yasrare 00padboTku MukpodoTorpaduii (mpuMep IPUBEIEH CIIEBA)
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ne(OpMUPOBAHHOE COCTOSIHUE M CBSI3AHHBIE C HHUM OINTUYECKHE XapaKTEPUCTUKH.
[lomy4yeHsl 3aKOHOMEPHOCTH (PUCYHOK 42), ONUCHIBAIOIIME 3aBUCUMOCTH  OT
Ir€OMETPUYECKUX MapaMETPOB BOJOKHA MOJIOBOTO JABYJIYYENPEIOMIICHHS, KOTOPOE C
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Pucynok 40 — I'mcTorpaMMBI TEOMETPHYECKIIX Pucynok 41 — ['mcTorpaMMBI TEOMETPHYECKIIX
[apaMeTpPOB CBETOIIPOBOAAIICH JKHIIIBI - (hOPMa SILTUIIC IapaMeTpOB BOJIOKHA. (&) JMaMETpP CHIIOBOTO CTEPIXKHS
(a) manast ock Demin; (0) OonbIias 0cb Demax D’; (6) paccrosaue L'

H&I?II[E?HHBIMH ITIOJIAMH Hal'lpfl}KeHI/Iﬁ CBA3aHO CIICAYIOIINM COOTHOIICHUCM

021 -1

B=C(x)jj(cx(r,cp)—csy(r,<p))|E(r,(p,V)|2rdrdcpx TﬂE(r,(p,V)rrdrd(p . (19)

Ile Cx U G, — HOPMAJbHbIE HAIIPSDKEHHS B IONEPEYHOM Ce4eHMHM BosokHa; C(A) —
doToynpyrasi MoCTOsIHHasE JUisl JaHHOM JJIMHBI BOJHBL, E(r, @, V) — pacnpeneneHue
WHTEHCHUBHOCTH OCHOBHOM MOJIBI TI0 TIOTIEPEYHOMY CEUEHHUIO CBETOBOJA.
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Pucynox 42 — 3aBUCHMOCTD MOJIOBOTO JIBYJTy4EIIPEIOMIICHHS CBETOBO/IAa OT FTEOMETPHUYECKHX ITapaMeTPOB: JHAMETPOB
CHJIOBBIX CTEpIKHEH (@); pacCTOSHUI OT IIEHTPOB CHIIOBBIX CTEPKHEH /10 LIEHTpa BOJIOKHA (0); SIUIMITHYHOCTH
CBETOINPOBOISIIECH JKMIIBI (B); YIJIa HAKJIOHA CBETOIPOBOISIIEH JKIIIBI (T)

B n.7.3 npencraBieHbl pe3yabTaThl CpaBHE-  ° [ .00
HUSI HATYPHBIX U3MEPEHUN JBYIYUYETIPEIOMIICHUS ]
ONTHYECKOro BOJIOKHA Thma «IlaHma» u paccuu-
TaHHBIX Ha OCHOBAaHUMU YHMCIIEHHOI'O MOJEINPOBA-
HUS C YYETOM PEAIBHOM I'€OMETPUU U BCEro TEX-
HOJIOTMYECKOr0 ITPOLiecca U3rOTOBIIEHUS ONTHYE-
CKHX BOJIOKOH. BbUTH MOJTy4€eHbI MOt OCTaTOYHbIX
HaIpsHKEHUM, ¥ HA OCHOBaHUU COOTHOIIeHUH (19) . s 4 s 6 7 8 o 10
onpeeneHbl 3HauYeHUs MOJOBOrO JBYJIyYerpe- B - PacugTHoe swauenme 5 - Sxcrepuvent
JJOMIJICHHUAI. P€3y.HBTaTBI YUCJIICHHOTO MOACIINPOBa- Pucynok 43 — DkciepIMEHTAIFHO
HUS YAOBIETBOPUTEIBHO COTTIACYIOTCS C JaHHBIMHU 3Hﬁfggz‘ﬁg;f)g;g?}f;g?{gﬁ;g&ﬁﬁi 3
HaTypHBIX BKCHepI/IMeHTOB JJIs1 pa?)HBIX BOJIOKOH, C ONTUYICCKUX BOJIOKOH 1:’1/11'[21 «[Tanga» ¢ yuerom
reoMeTpHEl Kak OIM3KOM K IIPOCKTHBIM 3HAue- X PEAILHOM TEONETRIA
HUSIM, TaK U C CYIIECTBEHHBIMU OTKJIIOHEHUSIMH (pUCYHOK 43). [lomydeHHbIE pe3ynbTaThl
MO3BOJISIFOT  yTBEP)KJATh, YTO MaTeMaTHdecKass MOJElb JIOCTOBEPHO OIKCHIBAET
TEPMOMEXAHMYECKHE MTPOLIECCHI, TPOUCXOASIINE B AHU30TPOIIHBIX ONITUYECKUX BOJIOKHAX.

B n.7.4 npencraBieHbl pe3yibTaThl YUCIEHHOTO MOACIHUPOBAHUS TEXHOJIOTMUECKON
npoObl, UCCIeA0BaHbl OCHOBHBIE MexaHn3Mbl BiusHug Ha H/IC ontudeckoro BosiokHA B
YCJIOBHSIX TEPMOLMKIA, KOHTAKTHOTO B3aUMOJCWUCTBUS C ATFOMHUHUEBOM KaTyLIKOM.
3agaua paccmatpuBaercs ¢ yuetoMm 3YII u TepMopenakCcalMOHHBIX NEPEXO/IOB B HEM B
paccMaTpuBa€MOM JHana3oHe Temneparyp. PacyeTHas cxema U 3aBHCHUMOCTh
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TEMIIEPAaTypbl OT BPEMEHH NpHUBEICHBI Ha puUCyHKax 44, 45. YCTaHOBJICGHO BIIHMSHHE
pa3IMYHBIX TApPaMETPOB TEXHOJIOTHUECKON MpoOBI Ha SBOIOIMIO TIOJICH HANPSHKCHUA U
CBSI3aHHBIX C HUMH ONTHYECKUX XapaKTepucTuk. Ha pucyHke 46 mpuBeaeHa 3BOJIOIHS
KOHTaKTHOTO JIaBJICHUSI U PA3IMYHBIX BApUAHTOB cooTHomeHus TommuH 3YI1. Bunno,
YTO YBEIWYCHUE TOJIIMHBI BHYTPEHHETO TIOKPBITUS TPUBOIUT K TMOSBICHUIO
XapaKTEPHBIX MMUKOB MTPU HArPEeBE U OXJIAKICHUH, KOTOPHIE CBSI3aHbI C PeJIaKCAIMOHHBIMU
mporeccaMy B TOJNMMEpPax TMOKPBITHS. TakkKe pacCMOTPEH BapuaHT peain3aliuu
TEXHOJIOTHUECKOW MPOOBI CO CBOOOMHONW HaMOTKOW (OyXTOW) BOJOKHa B YCIIOBHSAX
TEPMOIIMKJIA, IPUBEJCHHOTO Ha pUCYHKe 47. Y CTaHOBJIEHO, YTO IBOJIIOIUS HAMPSXKEHUN
Oy KoppennpyeT C U3MEHEHUEM SKCTUHKIIHH 1), I/I3M€p€HHOI/I B HATYPHOM DKCIIEPHMEHTE.

: oC /_\

hy | hy h
N \_/ \_/

k 1107, cex
-60 -

Buicmpas oct h /b, 26_575/0_4”25 0 56886 122 17.6 194 23248266284
Pucynok 44 — PacueTHasi cxeMa KOHTaKTHOM 3a/1auu PucyHok 45 — 3aBUCHMOCTH TEMIIEPATYpPHI OT
TEPMOBSI3KOYIPYTOCTH MOAETUPYIOIIasi HAMOTKY BOJIOKHA C BPEMCHH B YCIIOBHSX TEXHOJIOTHICCKOH MTPOOBI

HATATOM Ha aJJFOMHHHEBYIO KaTyIIKy, COOTHOIICHHE TOIIUH
3VII BappupoBaiock B auanazone 0.1:0.9-0.9:0.1

13
) M — W/l =0.1/0.9 T,°c — n/max(n) ——

— Iy, =0,2/0,8 607 1,00 T3

by /hy=0.3/0.7

— hy/h,=0.575/0.425
— I/, =0,8/0,2

0,98
by /by =0,9/0.1 0
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7-10°, cex O\oﬂ e ooy
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PucyHok 46 — DBOMIOIMSI KOHTAKTHOT'O AAaBJIEHUS Ha Pucynok 47 — OBonronyst HanpsHKEHUH Gy B IEHTPE
TpaHHIIe BOJIOKHO-KATYIIKA JJIs1 BOJOKHA C Pa3HOMH CBETONPOBOJISAIIEH KUITBI U H3MEPEHHOH B HATYPHOM
koHpurypamuent 3YI1 3KCIIEPUMEHTE dKCTUHKIIMH IIPU TEXHOJIOTUYECKON IIPoOe

B n.7.5 npeacraBiieHbl pe3yJbTaThl MOJACIMPOBAHUSA HU3KOTEMIIEPATYPHOT'O OTXKUTA
ontudeckoro BonokHa'l'?, koroperi npm Temmeparypax 300-400 °C mpuBomuT K
YBEJIIMYEHUIO MOJOBOro nByiyuenpenomsieHus Ha 60-70%. VYcTaHOBIEHO, 4YTO
HaOJr0/1aeMble B dKCcTiepuMeHTax 3P GeKThl He MOTYT OBITh ACCOIIMUPOBAHBI C BIUSHUEM
3VII wnu ¢ pe3ynbTaTaMHM PENAKCALMOHHBIX NPOLIECCOB B creknax. Ha ocHoBaHumM
YUCJIEHHOTO MOJICJIMPOBAHUS M aHalIM3a JUTEPATYypPHBIX HCTOYHMKOB PAacCMOTpPEHA
TUIIOTE3da, YTO POCT JBYJIYYENPEIOMJIEHHS CBS3aH C YCAaAKOW 3aKaJ€HHOTO CTEKJa
CUJIOBBIX JIEMEHTOB Npu oTxkure. [lokazano, 4to yBennuenue cpennero 3HaueHuss KJITP
CHIIOBOTO cTepkHs Ha 50% 3a cyeT ycaJku MOXKET MPUBOJIUTH K T0100HOMY 3 (DeKTy.

B 3ak/il04eHMM MpPUBEIECHbI OCHOBHBIE HAy4HbIE W IPUKIAJHBIE PE3YJIbTAThI
JUCCEPTALMOHHOTO UCCIIEI0BAHMS:

1. BbIIIOJIHEH aHaauM3 OCHOBHBIX 3TallOB IPOM3BOJCTBA CIELMAIBHOTO BOJIOKHA THIA

! Bimsiaue TemmoBoi 06paboTKU Ha ABYITyYENPETOMIEHHAE CBETOBOIOB, COXPAHSIONINX TIOJAPH3AIIHIO U3TydECHHS /
Jyxenbckuit K.B., Eponbsa M.A., Komapos A.B. [u np.] // Coopauk noknamoB VII MexnyHapoaHo# KoH(pepeHITUH
«IIpuknagnas ontuka - 2006%». — Cankr-IletepOypr, 2006. — C. 205-208.
12 Enhancement of birefringence in polarisation-maintaining fibres by thermal annealing / A. Ourmazd, R. D. Birch, M. P.
Varnham [et al.] // Electronics Letters. — 1983. — Vol. 19. — Ne 4. — P. 143-144.
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«ITanga», u onpeneneHpl COOTBETCTBYIOIINE UM PACUETHBIE CXEMBI.

2. IlocTpoeHsl ONPENEAIOIMNE COOTHOLICHHS JTUHENHON TEOPUU BSI3KOYNPYTOCTH JJIsS
KBapLEBBIX CTEKOJ U nosmMepoB 3YII, paboTraromiye B MIUPOKOM JUANA30HE U3MEHEHUS
TEMIIEpATyp, BKIIOYAIONIEM pPEJAKCAUMOHHBIM mnepexon. Ha ocHOBaHMM JaHHBIX
HATypPHBIX 3KCIIEPUMEHTOB OIPEIEIIEHbl MaTEPUAIbHBIE KOHCTAHTHI.

3. VYcranosneno, yro KJITP mnomumepoB CylmEeCTBEHHO 3aBHCUT HE TOJBKO OT
TEMIIEpaTypbl, HO U OT CKOPOCTH €€ Hu3MeHeHHud. [lokazaHo, 4TO NpH LHUKIMYECKOM
U3MEHEHUU TeMIlepaTypsl B TMOJIUMEpax MOryT (OPMHUPOBATHCS  OCTATOYHBIC
nedopmaiviv, 00yCIOBICHHbIE pa3iMuueM JAe(OPMAIMOHHOTO OTKJIMKA MPHU HarpeBe U
oxnaxnaenun. CopmynupoBaHa METOJUKA HATYpPHBIX HUCHBITAHWM Uil ONpeNereHUs
¢dbynkunonansHoM 3aBucuMocTH KJITP miieHOYHBIX 00pa3oB OT TeMmmepaTypel U
CKOpPOCTH €€ W3MEHEHMs. /[ psiga MOoIMMepoB BIIEPBBIE YCTAHOBJIEHBI 3aBUCHUMOCTH
KJITP ot Temneparypsl.

4. IlocTpoeHbl MaTeEMaTUYECKHUE MOAEIN (POPMHUPOBAHUS U SBOIOIMH TEXHOJIOTHUECKUX
HaIpsDKEHUH Ha BCEX ATamnax MPOM3BOJCTBA CIELMAIBLHOTO BoJokHA Tuna «llanma» B
YCIIOBHUSIX TEPMOCHJIOBOTO BO3JECHCTBUS B LIMPOKOM JIMAIla30HE TEMIIEPATyp C Y4ETOM
pEeNaKCallMOHHBIX TEPEXOA0B B cTekinax W nojgumepax 3YII. BeimonHeHa uduncieHHas
peanu3anus MojeJied METOJ0M KOHEUHBIX AJIEMEHTOB.

5. Pa3paGotana u anpoOupoBaHa METOJMKA BBIOOpA KPHUTEpPUS KOHCTPYKLIHUOHHOM
MPOYHOCTH HEOJHOPOJHO JIETUPOBAHHBIX M3JEIHI U3 KBAPUEBBIX CTEKOJ HA OCHOBAaHUU
CEpHH HATYPHBIX U BBIYMCIHUTEIIbHBIX SKCIIEPUMEHTOB Ha pa3pyuieHue. [loayyeHnbl HOBbIE
JAHHBIE O IPOYHOCTH CHJIOBBIX 3JIEMEHTOB I aHU30TPONHOro BosiokHa «llanma».
OnpeneneHbl KOHKPETHBIE 3HAUEHHSI IPEIAEIbHBIX BEIUYHH JIJIS1 CUIIOBBIX CTPEXKHEN.

6. BrimosHeHa MOCTaHOBKA M pelIeHa 3ajadya ONTUMH3ALUU HpoQuiIs JETHpOBaHUS
CWJIOBOIO CTEp)KHA U1 aHU30TponHOro BoJiokHa tuna <«llapga». VYcranoBiieH
ONTUMAJBHBIA C TOYKM 3PEHUS TMPOYHOCTH U OOECleyeHHs] MaKCHUMaJbHOU
TEeMIIEpaTypHOH eopMaliy 3aKOH JETUPOBAHUS.

7. YcraHOBIIEHA peanbHas TE€OMETPHUS BOJIOKHA M €ro KOHCTPYKTHBHBIX JJIEMEHTOB.
OmnpeneneHbl 3aKOHOMEPHOCTH M JUAana3oHbl OTKJIOHEHUWA TeoMEeTpHUH. BBINOJHEHBI
MHOT'OIIapaMETPUUECKUE BBIYMCIHUTENbHBIE AKCIIEPUMEHTBI C YYETOM YCTaHOBJIEHHBIX
OTKJIOHEHUU (POPMBI TE€OMETPUH, U OTPEJIETICHBI OCHOBHBIE 3aKOHOMEPHOCTH HBOJIIOIIUU
H/IC KOHCTpYKTHBHBIX 3JIEMEHTOB M ONTHYECKUX XapaKTEPUCTHK BOJIOKHA. Pacueramu
MOKa3aHO 3HAYMTENIbHOE BIMSHHUE HAOJIIOJAEMbIX OTKJIOHEHUN T'€OMETPUU CEYEHUS Ha
IBYyIy4ernpenomiaeHrue BojokHa (10 30%).

8. MeTo1aMH YMCIEHHOTO aHAJIN3a YCTAHOBIIEHBI OCHOBHBIE 3AKOHOMEPHOCTH HBOJIFOLIUU
ONTHUYECKUX XAPAKTEPUCTUK BOJOKHA B 3YII B yClI0BUAX TEPMOCHIOBOTO BO3ACUCTBUS
MIPU TEXHOJIOTHYECKOM Mpooe.

Takum  oOpa3oM, B  TpEICTAaBIEHHON  paboTe  MeToJaMu  MEXaHUKH
1e(OPMUPOBAHHOTO TBEPAOIO TeJia BHIMOIHEHO KOMIIEKCHOE HCCIEI0BaHUE OCHOBHBIX
ATANoB IPOLEcCa MPOU3BOJICTBA aHU30TPOITHOTO ONTUYECKOTO BOJOKHA Thma «IlaHmay.
[Ipennoxeno pemieHue ¢GyHIAMEHTAIBHOM MPOOIEMbl TEXHOJIOTHYECKOW MEXaHUKH
CHEIUaIbHBIX ONTUYECKHX BOJIOKOH: OMUCAHBbl HOBBIE MOJXOJbl, METOAUKUA U MOJIEIH,
MO3BOJISIONIME TPOTHO3UPOBATh TEXHOJIOTMUECKUE HAMPSOKEHUS B HU3JICIUAX U3
HEOAHOPOJHO JIETUPOBAHHBIX CHJIMKATHBIX CTEKOJ W IMOJMMEPOB B HECTALMOHAPHBIX
TEMIEPATYPHBIX MOJSAX C YYETOM MPOUCXOMSAIIMX B MATEpHUAIAX PEIAKCAUMOHHBIX
nepexoAoB (cTekyioBaHus U pazMardeHusi). Ha ocHoBe pa3paOoTaHHBIX Mojenen
TEPMOBSI3KOYIIPYTOrO IMOBEJCHUS KBAPLEBBIX CTEKOJ W TOJHMMEPOB BBIIOJIHEHBI
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MCCJIEIOBAHUS BOJIOLMHA TEXHOJOTMUECKHX M OCTATOYHBIX HANPSDKEHUM B 3JIEMEHTax
3aroTOBOK M TOTOBOM @HU30TPOITHOM ONTHYECKOM BOJIOKHE /JIsl OLEHKH UX MPOYHOCTU U
BIIUSHUSL OCTATOYHBIX HAMPSHKCHUH HA ONTHYECKHME XapaKTEPUCTHUKHA  BOJIOKHA.
[TomydeHHBIE  pe3yNbTAaTBl  WCIOJAB30BAHBI  JUIA  PANMOHATU3ANMH  TEXHOJOTHUU
MPOM3BOJICTBA AHM3OTPONHBIX BOJIOKOH THma «llaHma», 4TO MO3BOJMIIO YMEHBIIUTH
KOJIMYECTBO Opaka M yJIydIlTuTh KAY4ECTBO MPOU3BOANMOM mpoaykitnu. CHopMupoBaHHBIN
HAyYHBIN 3a/Ie]T MO3BOJIIET CTPOUTH 0OJiee CIOKHBIE MOCIH BOJOKOHHO-ONTHYECKHX
JTATYMKOB, TIPEIOCTABISAS HANASKHBIA WHCTPYMEHT JII HAy4dHO OOOCHOBAHHOTO
NPOEKTUPOBAHUS COBPEMEHHBIX JIaTYUKOB HAa OCHOBE ONTHYECKHMX  BOJIOKOH,
COXpaHsIoImKUX noysgpusanuio. Pa3zpaboTka W BHEApPEHHE KOTOPHIX, B TOM YHCIIE,
3aMeIleHHE OTACNIbHBIX 3TAOB TEXHOJIOTUYECKOTO Mpoliecca pelieHUs MU, OCHOBAHHBIMU
Ha OTEUECTBEHHBIX TMPOJYKTaX, BHOCIT 3HAYUTENbHBIA BKJIaJd B oOecreyeHue
TEXHOJIOTUYECKOro cyBepeHutera PO.

Coznano nmpo6JIeMHO-OpPUEHTUPOBAHHOE MPUKIIAHOE MPOTPpaMMHOE OOecriedeHue,
st nporHosupoBanuss HJIC wuspenuit M3 CTEKIYIOMIMXCS MATEpUaliOB Ha OCHOBE
YUCJICHHOTO aHaJIKM3a, KOTOPOE TO3BOJISIET UCCIIEIOBATh TEPMOMEXAaHNICCKOE TTOBEICHUE
pedOpM TS BBITSHKKH, KOHCTPYKTHBHBIX 3JIEMEHTOB M TOTOBOTO CIICIIMAIBHOTO BOJIOKHA
tumna «[langa» Ha KIFOYEBBIX dTalax €ro MU3roToBiieHUs. [loiaydeHBI CBHUACTENBCTBA O
roCyJJapCTBEHHOM perucrpanuu nporpamm uist OBM [17, 18].

[IpencraBneHHBIC TTOAXOBI, MOJICTN W METOAUKHA MOTYT OBITh MCIOJB30BaHBI JIJIS
MIPOCKTUPOBAHMS IPYTUX BAPHAHTOB KOHCTPYKIIUHA CITEIIUATBHBIX ONTHYECKUX BOJIOKOH,
COXpaHSIOIIMX MOJSIpU3allnio, Hanpumep, bow-tie, pseudo-rectangle, elliptical core, hole-
assisted, elliptical jacket, side tunnel, a Taxke TaTYMKOB Ha UX OCHOBE.
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