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BBEJAEHUE

AKTYaJIbHOCTH TeMbl HccJieq0BaHuA. [[porHo3upoBanue pa3pyuieHus Moj
JEWCTBUEM IUMKIMYECKUX HANPSKEHUN C aMIUIMTYAOW CYIIECTBEHHO MEHBIIIE
npejiesia MPOYHOCTH Marepuana (Jajee - YCTaloCTh) SBISETCS aKTyalbHOU
HAy4YHOM W MHXXEHEPHOM 3aJa4ell Ha NPOTSLKEHUM MOCIECIHHUX JBYXCOT JIET.
HecMoTpst Ha 3HauuTENbHBIE YCIEXH B TMOHUMAHUM (PU3NYECKONH MPUPOIBI
YCTaJIOCTH, JOCTHUTHYThble B NHOHEpcKkux pabotax A. Bénepa, O. backuna,
B. Beitbymra, U. baymmnarepa, JI.K. UepHoBa m wx mociemoBarelnield, BOMPOCHI
IIPOTHO3UPOBAHMUS IKCILTyaTalMOHHOIO pecypca W MPEJOTBPALLCHUS aBapUIHBIX

CHTyaHHﬁ, BbI3BAHHBIX YCTAJIOCTHBIM PA3pyYHICHUCM, OCTAIOTCA aKTYaJIbHBIMMH.

3HAYUTEIBPHOE YHUCIO MOJEIEM W COOTHOIIEHUHM, WCIOJIb3YEMBIX B
VHKEHEPHOW MPAKTUKE NMPOJOJDKAOT HOCUTh AMIIMPUYECKUi Xapakrep. [Ipu 3Trom
MOBBIIIIEHWE TPeOOBaHMI K OE€30MaCHOCTHU M HAKOHOMHUYECKON 3()PEeKTUBHOCTH
WHXEHEPHBIX KOHCTPYKUUU TpeOdyeT (U3MYECKH OOOCHOBAHHOTO CHUKEHHS
KO3 GUIMEHTOB 3amaca. JTO AUKTYET HEOOXOAMMOCThH MPOJOJIKEHHS] HAyYHBIX
UCCJIEIOBAHUM TMpollecca pa3pylleHUs NPU LUKIMYECKOM JAeQOpPMUPOBAHUU C
IPUMEHEHUEM COBPEMEHHBIX JKCIIEPUMEHTAJbHBIX METOJOB M  METOJOB

MAaTCMaTUICCKOTO MOJACIIUPOBAHMA.

[[Iupokoe BHEIpeHHWE B HWHXKCHEPHYIO MPAKTHKY MPUHIIUIA JIOIMyCKaeMOM
noBpexaaeMoctd («damage tolerance» mnoaxoda) TNOBBIMIAET TPeOOBaHUSA K
MOCTPOEHUIO TOYHBIX, (PU3NYECKU OOOCHOBAHHBIX MOJENICH Pa3BUTHUSI HaYaJIbHBIX
MOBPESKIICHUM, B TOM YHCJIE YCTAIOCTHBIX TPENIMH B YCIOBUAX CIIOKHOTO
HapsHKEHHOTO cOCTOsIHUS. Pa3zpaboTka sHEpreTnyecku 0OOCHOBAHHBIX MOJIENEH B
COUETAaHUU C MPSIMBIMH IKCIIEPUMEHTATLHBIMU METOJaMHU U3MEPECHHS BXOSIINX B
HUX (PU3NYECKUX BEIMYMH TO3BOJISET IMOJYYHUTh HOBBIC PE3YJIBTATHl KakK IPHU
JETEKTUPOBAHUU, TaK M TPH TPOTHO3ZUPOBAHMHM CKOPOCTH PaACIPOCTPAHEHUS

YCTAJIOCTHBIX TPEIIMH B YCIOBHUSIX MHOTOOCHOTO J1€()OPMUPOBAHUS.

ITpencraBienHass pabora HampaBieHa Ha pa3pa0OTKy OpHUTMHAIbHBIX

OKCIICPUMCHTAJIBHBIX IMOAXOA0OB K HM3MCPCHHUIO CKOPOCTHU AHUCCHUIIAIIMK SHCPIUH B



BEpIIMHE YCTAJIOCTHOM TPEHIMHBI, KOTOPhIE, B COYETAHMH C METOJaMHU
uHppakpacHoit Tepmorpaduum W KOppeIAlUH  UUQPPOBBIX  U300paKeHUH,
MO3BOJISIOT TIOJIYYHTh HOBBIC HAy4YHBIE PE3yJdbTaThl B OO0JACTH HCCIEIOBAHUS
OCOOCHHOCTEHM IUIACTUYECKOrO0 Je(OPMUPOBAHUS B BEpPUIMHE YCTAJIOCTHOM
TPEIIMHBI B METAJUIAX W TPEIJIOKUTh COOTHOIICHHS Uil TPOTHO3WPOBAHUS
CKOPOCTH YCTQJIOCTHBIX TPEHIMH B YCIOBHUSIX OIHOOCHOTO W MHOTOOCHOTO
nedopMUpOBaHUsA.  AKTyalbHOCTHP ~ TEMBI  HWCCIICIOBAaHUN  OMPEICIIATCS
BO3MOXKHOCTBIO ~ TIOCTPOGHHUSI  IKCIEPUMEHTATBHO-TEOPETHUECKOTO  TOIXO0/a,
OMHKCHIBAIONIETO  TPOIECC  PACHPOCTPAHEHUS  YCTAJIOCTHOM  TPEUIUHBHI,

MPUMEHHUMOTO IS IIUPOKOTO CIEKTPa YCIOBUN SKCIUTyaTalNH.

Crenenb pa3padoTaHHOCTH TeMbl HccJeqoBaHusdA. [lepBrie HccienoBaHus
MPOIIECCOB  PA3PYyIICHUS MPH LHUKIUYECKOM Je(opMUpOBaHUM Lened s
KpEIUJICHUSI TIOJBOJIHBIX MUH M PYJHUYHBIX MOABEMHBIX YCTPOWCTB JATUPOBAHbBI
1823 rogom. IloHmmMaHue Tmponecca YCTaJOCTHOTO — pa3pylICHUS  Kak
MHOTOCTaJIMHHOTO  SIBJICHMS, BKJIIOYAIONIETO B C€€0s CTaJud HAKOIUICHUS
MOBPEXKIACHUN (MHKYOAIIMOHHBIT nepuon), nepuos pa3BUTHUSA
CyOMUKPOCKOIMYECKUX TPEUIUH 10 Pa3MEPOB MUKPOTPEUIMH U TIEPUO Pa3BUTHUS
MUKPOTPEIIMH (POPMHUPOBATIOCH TOCIEAOBATEILHO HA OCHOBE PE3yJbTaTOB
JL.®. Kodbduna, C.C. Mencona, A.Ilamemrpena, A. Maitnepa, W.A. Opunra,
C.B. Cepencena, H.H. /laBuneHkoBa, .b. ®puamana, B.B. bonortuna,

B.I'. Tpomenko u ap.

K 1911 romy 6b11 cienan BBIBOJ O BHICOKOM IO CPaBHEHHIO CO CTATUYECKUMU
WCIIBITAHUSIMA ~ YYBCTBUTEJIBHOCTH YCTAJOCTH META/VIOB K TMOBEPXHOCTHBIM
nedekram. B 1921 rony oagHoBpemenHo B pabGotax A.A. I'puddurca u
A.®. Modde nporecc pa3pymieHus: XpyNnKUX MaTepruaioB (CTEKOI) CBA3BIBACTCS C
MPOIIECCOM PA3BUTHS TPEIIMH OT HAYaJbHBIX IMOBEPXHOCTHBIX JedekToB. B
nocienyronmx — padorax  E. Opoana, JIx. UpBuna, W.H. ®punnsuaepa,
X. Heit6bepa, I1.®. IlonkoBuua, C.A.Xpuctuanosuya, H.U. MycxenumBumnm,

X.M. Becreprapna, M.JI. Bunbesimca, M.41. JIeonoga, J1.C. Jlakneiina,



B.B. Ilanacroka, B.M. IlecTpukos, I".1. bapen6narra, H.®. Mopo3soaa,
E.M. Mopo3oga, JI.M. Kauanosa, FO.H. PabotnoBa, P.JI. Canranuka, H.®. Morra,
B.B. HoBoxwunoga, JI.P. borsunoii, J[>.B. Xatuuncona, J[x.P. Paiica, C. Capena,
P.O. Putun, 3.I1. bazanTa 1 MHOTHUX APYrHMX aBTOPOB PAa3BUTHI MOJIXO/IbI K aHAIU3Y

nponecca pa3BuTrA TPCUIUH B MCTAJIJIaX.

B 1963 roay II. ITapuc npeasioskusl MpOCTOE SMIUPUUECKOE COOTHOIICHHUE,
ONKCHIBAIOIIME TMPOLECC PACHPOCTPAHEHUS TPEIIMH MNpPU  LHUKIMYECKOM
nedhopmupoBanuu. 3akoH [laprica MHOTOKpaTHO aHAJIM3UPOBAJICS U YCIOXKHSIICS B
paborax  FO. Mypakamu, H.E. ®pocrta, [I.Il. UepenanoBa, B. Dnbepa,
H.A. MaxyToBa, P. Cynnepa, 10.I'. MarBueHko, B.H. llInsunnKoBa,

JI.B. CrenanoBou, P.B. I'onpamreiina, A. KapnuHTepu 1 MHOTUX JPYTHX.

OZHOBPEMEHHO  pa3BUBAIUCH IOAXOJbI, HAIpPABJICHHBIE HAa 3aMEHY
ucnonp3oBanHon [lapucom Tteopum HpBuHA UIsi NPOTHO3MPOBAHUS CKOPOCTH
pacnpocTtpaneHus tpeuuH. Cpenyu HUX MOKHO oTMeTUTh padoTsl B.T. Tpomienko,
B.B. ®enoposa, Y. lzumi, A.Uyamnaosckoro, J.S. Short, K.P. Liaw, N. Rajic,

N. Ranganathan u npyrux.

DHEPreTUYEeCKUe  COOTHOIICHWS  JUIsi  NPOTHO3UPOBAHUS  CKOPOCTH
PacIpOCTPaHEHUS YCTAJIOCTHBIX TPEIIMH, Oepyliue CBOE HaAYalo B THIOTE3C
Jx. JlamGepta (1779) 00 3HepreTMdyeckoM MOAOOWMU TPOIECCOB IUIABICHUS U
paspylIieHus, MOTYT pacCMaTPUBAThCS KaK Pa3BUTHE CTPYKTYPHO-IHEPIeTHUSCKOM
TEOpUU paspylieHus, pas3BuTtoil B padorax B.C. HBanoBoii. B pabotax
A. UyaHOBCKOTO OBLIO TIOKa3aHO, YTO CKOPOCTh PACIPOCTPAHCHHS TPEIIMHBI
aBysieTcsl GyHKIMEH padoThl IIIACTUYECKON JedopMaIiii, CKOPOCTH TUCCUTIAIIAN
Teria, MOTOKa yIPYTrol SHEPTHH B BEPIIUHY TPEIIWHBI TP €€ pacrpoCTpaHCHUH
(J-uHTEerpana) M CONPOTHBIIEHHS MaTepHalia 3apokKacHuio aedekToB. B pasHbix
MOJIC/ISAX JTaHHBIC BEIIMYHMHBI BBOJMIMCH PA3IUYHBIMU CIIOCOOaMH, HO OCHOBHBIC
TPYAHOCTH OBUIM  CBSI3aHBI CO  CIIOKHOCTBIO HMX  OKCICPUMEHTAJIBHOTO

OIpeICIICHUSI.
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AKTUBHO€ pa3BUTHE METOAOB HKCHEPUMEHTAILHOW MEXAHUKU IO3BOJIUIIO
MOJIYYUTh 3HAYUTENbHBIA 00BEM (akTHueckoit MHPopMaru 00 O0COOEHHOCTSX
pPa3BUTHS TIACTHYECKON nedopmariii B BepiivHe TpemmHbl. Cpenn HUX MOXKHO
ormetuth padoTel M.E. ®aitna, JIx.I1. llennona, H.E. Jloymunra, JI.B. Hencona,
A.A. lansckoro, T. ITanmun-JIroka. CoBpeMEHHBIM H3Tanm pa3BUTUS METOJOB
HKCIEPUMEHTAIILHOM MEXaHUKHU MO3BOJIWII, B paMKax JaHHON pabOThl, TPEAJIOKUTh
MPOCThIE MOAXOAbl K H3MEPEHUIO CKOPOCTH [WCCUNALMUA 3HEPTHUH B BEPLIMHE
TPEIIMHBl ¥ pa3paboTaTh COOTHOIICHHS [JIsi TMPOTHO3UPOBAHUSA CKOPOCTHU
paclpoOCTpaHEHUs YCTAJIOCTHBIX TPEIIMH B METAUIaX B CIIOXKHBIX YCIOBUSIX

Harpy>KeHHS.

HCJII)IO pa6OTI)I ABJIACTCA pa3pa60TKa TCPMOIANHAMHUYCCKOI'O COOTHOIICHHUA U
9KCIICPUMCHTAJILHOI'0O MCTOJa OIIPCACICHUSA 3HAUCHUH €ro napamMeTpoB € LCIIbIO
IIPOTrHO3UPOBAHUA CKOPOCTH  PACIIPOCTPAHCHUA YCTaHOCTHOﬁ TPCIIUHBI B

MCTaJllIaX IIPpU MHOT'OOCHOM HArpy>KCHHUMU.
I[JBI JOCTHIKCHMUS IIOCTaBJICHHOM Ocian ObLIN PCIICHEI CJIICAYIOMINEC 3aJaYH.

1. Ha ocHOBanuuM aHanu3a CYHIECTBYIOIIMX AKCIEPUMEHTATBHBIX
METOJIOB HCCJICIOBAaHUSI TEPMOJMHAMHUKHA TIpollecCa Pa3BUTUS YCTAIOCTHOU
TPEUIMHBI B METAJJIaX OMPEIEIEHbI KIKOYEBbIE TEPMOJIUHAMUYECKHUE MAPAMETPhI U
pa3paboTaH METOJl UX H3MepeHHus (IIyTeM CO3JaHus amnmnapaTHO-TIPOTPaMMHOTO
KOMILIEKCA ISl HEMPEPBHIBHOM PErUCTPalMK TEIUIOBOTO MOTOKA B MPOIIECCE pOCTa
YCTAJIOCTHOM TPEUTUHBI).

2. [IlyteM mpoBeneHUS  yCTAJOCTHBIX HCMBITAHUM HA  TJIOCKHUX
METaJUIMYECKUX 00pa3liax ¢ KOHIIEHTPATOPOM HAIPSKEHUN, U3TOTOBJICHHBIX W3
Hepxkasewomen cranu 08X18H10 u Texuuueckoro turana BT1-0, onpenenuts
YUCJICHHbIE 3HAYEHMSI KUHETHUYECKUX M TEPMOAMHAMHUYECKUX XapaKTEPHUCTHK
pacIpOCTpaHEHUS YCTAaJIOCTHOUN TPEIIUHBI.

3. Pa3paboTka sHEpPreTMYecKoro COOTHOILIEHHUS JJIsi MPOTHO3WPOBAHUS
CKOPOCTH PacIpOCTPaHEHUs! YCTAJIOCTHOM TPEIIUHBI B METaIaX, YYUTHIBAIOIIETO

9KCIICPUMCHTAJIbHO OIIPCACICHHBIC 0COOEHHOCTH W3MEHEHHS BO BpCMCHH H
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BEJIMYMHE TEIUIOBOIO MOTOKA B BEPIIMHE YCTAJOCTHOW TPEIIMHBI, HA MPUMEPE
Hepxkaseroniei ctamu 08X18H10 u rexaudeckoro tutana BT1-0.

HayuyHasi HOBM3HAa IHCCEPTAIMOHHOW paOOTHI 3aKIFOUACTCS B CIICIYIOMIEM:
Pa3paboTtana skcnepuMeHTaIbHAsT METOIWKA W3MEPEHUS AUCCUTIAIIMU DHEPTUU B
BEPIIMHE YCTaJOCTHOM TPEIIMHBI B METa/UIaX IPU IPOBEJACHUU YCTaJIOCTHBIX
WCIIBITAaHWM, OCHOBaHHas Ha mpuMeHeHHu d(pdekta 3eecOeka M MCIOIb30BAaHUHU
anemenTa IlenbThe B KauecTBE UYBCTBUTEIBHOIO 3jeMeHTa. (1.13 macmopra
crienmanbHocT MJITT: DKcniepuMeHTAIbHBIE METOABI MCCIICAOBAHUS MPOILIECCOB
neopMupoBaHus, TMOBPEKICHUS W pa3pylIeHUs] MaTepuasoB, B TOM YHUCIIE
00BEKTOB, MCIBITHIBAIOMNX (Da30BbIe CTPYKTYpPHBIC MPEBPAIICHUS MPU BHEITHUX

BO3JICICTBHUSIX).

OKCIIEpUMEHTAIBHO BBISBICHHBIE 3aKOHOMEPHOCTH B3aUMOCBSI3H 3BOJIIOLUU
oyl IUIaCTUYECKOM JedopMalMd M JAUCCUINIALMU SHEPrUd B  BEpILUHE
YCTaJOCTHOW TpemuHbl npu €€ pacnpoctpaneHuu B cranmu 08X18HI0 wu
texunyeckom tutaHe BTI1-0. IlokaszaH nWHEWHBI XapakTep 3aBUCUMOCTH
CKOPOCTH PaCIpPOCTPAHEHUs YCTAJIOCTHOW TPEIUMHBI OT MOIIHOCTH IHUCCHUIALUU
Terma B €€ BEpIIMHE T[pU MHOTOOCHOM HarpyxkeHuu. (m.1 macnopra
cneruanbHocTd M/TT: 3akonsl neopMupoBaHusi, HOBPEKIEHUS U Pa3pyILLICHUS

MaTCpUaJIOB, B TOM YHCJIC ITPHUPOJHBIX, HCKYCCTBCHHBIX U BHOBb COSI[aBaeMBIX).

[Ipenyoxena Tteoperudeckas MOJEIb, OCHOBaHHAs JKCIEPUMEHTAJIBHO
YCTAHABJIMBAEMOW B3aMMOCBSI3M CKOPOCTH  PACIpPOCTPAHEHUS  yCTAJIOCTHOU
TPELIUHBl 1 UHTEHCUBHOCTU JUCCUIIALIMUA DHEPrUU B €€ BEPIUUHE, IMO3BOJISIOLIAL
MIPOTHO3UPOBATh YCTAJOCTHYI JOJTOBEYHOCTh METAJLUIOB IPU OJHOOCHOM U
JIBYXO0CHOM Harpykenud. (.10 macnopra cnenuansnoctd MJITT: TIpounocts npu
CJIOKHBIX PEXHMax HAarpyXeHus. Teopusi HAKOIUIEHUSI NOBPEKICHUN. MexaHnka

pa3pylieHus TBEPABIX TEN).

Teopernueckass m npakTuyeckasi 3HAYMMOCTh padotbl. [Ipennoxena u
HKCMEPUMEHTAIbHO OOOCHOBaHA THUIOTE3a O BO3MOXHOCTH HCHOJIb30BaHUS

IIOAXONO0B JIMHEMHOW MEXAHUKHU pa3pyLICHUsl Uil OLEHKU IOJs HEyIpyrou
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nedopmarii B BEpPIIMHE YCTAJOCTHOW TpPEIMMHBI B MeTaiax. llomydeHo
AHAJINTUYECKOE COOTHOLICHUE Ui pacy€ra IUCCUNIALMM TEIUla B BEPIIMHE
YCTAJIOCTHOW TPEIIMHBI JUI1 CMENIAHHOTO THUIIA HArpy>K€HUsI U YCTAHOBJICHA €€

B3aUMOCBA3b CO CKOPOCTBIO pOCTAa TPCIIUHBI.

IIpoBenena cepusi SKCHEPUMEHTOB II0 W3YYECHHUIO JUCCHUIIALMM TeIla B
IIpoLIECCE PACIPOCTPaHEHUS YCTAIOCTHONW TPELIMHBI B METAJIAX IIPH OJJHOOCHOM U
JByXOCHOM ILHMKJIWYECKOM jAedopmupoBaHuu. I[lomydyeHbl HOBBIE JaHHBIE O
KMHETUKE W TEPMOAMHAMUKE PpACIPOCTPAHEHHsI YCTAIOCTHOW TPELIMHBI B
METajulax MpU OJHOOCHOM M JBYXOCHOM LHMKJIMYECKOM Je(OPMHPOBAHUU.
[Ipennoxxkena MeToAMKa Uil OLIEHKA M TPOTHO3MPOBAHUSA CKOPOCTH pOCTa
TPELIMHbl Ha OCHOBE JAaHHBIX O JUCCHIIALMU TEIUIA B BEPLIMHE YCTAJIOCTHOM

TPCIOUHBI ITPX MHOTI'OOCHOM HHUKINYCCKOM IIG(bOpMPIpOBaHI/II/I.

MeronmoJiorusi, mnpuHsATas B paboTe, OCHOBaHA Ha (PyHIAMEHTaJbHBIX
MOJIOKEHUSAX MEXAaHUKH U TEPMOAMHAMHUKHU JAepopMHpyeMOro TBEPAOIO Tena,
COBPEMEHHOW HSKCHEPUMEHTAIBHOW MeXaHuke. B paboTe uCHoJIb30BaINChH
kiaccuyeckue u paszpadborannsie B «MIMCC YpO PAH» metonuku npoBeneHus
UKJIMYECKUX HCIBITAHUH HA POCT YCTAJOCTHOM TPEUIMHBI C HCIOJIb30BaHUEM
CPEICTB HM3MEPEHHS KHUHETUYECKMX (ONTHYECKHUH METOJA, METOJ MaJeHUs
JIEKTPUUECKOTO  TOTEHIMAJIa) W TEePMOJAMHAMHUYECKUX  (uH(pakpacHas
TepMmorpadus, OpUrHHAIBHBI KOHTAKTHBIM METOJ Ha ocHOBe d(ddekra 3eeOeka)

XapaKTepUCTHK MPOIECCa.
IHonoxkeHus1, BLIHOCUMbIE HA 3ALIUTY:

1. Pa3zpaboTaHHbli TPOrpaMMHO-aNIMAPATHBIN KOMIUIEKC JJIsl U3MEPEHUS
JUCCUIIALMM TEIUIa NPHU PACHPOCTPAHEHUM YCTAJIOCTHOM TPEIIMHBI, MPUHLHUII
JNENUCTBUS KOTOPOro ocHoBaH Ha 3¢ dekT 3eedexa, MO3BOJISIOMUN 10 U3MEHEHUIO
TEIUIOBOTO TOTOKa obecredynBaTh TOYHOCTh u3MepeHus 0.1 BT B aumamasone
ckopocreii pocta TpemmH 107 1o 10 M/UMKI OpyU IPOBENEHUAX UCHIBITAHUN [TPU

HOPMAJIBHBIX  YCJIOBUSIX. (m.13 nacnopra  crneuuansHoctn MTT:
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OKCIepUMEHTANbHBIE METOJIBI  MCCIENOBAaHUS MPOIECCOB  AePOPMUPOBAHUS,
NOBPEXKJCHUA W  pa3pylleHUss MaTepuasoB, B TOM UHCIE OOBEKTOB,
UCTIBITHIBAIOMINX ~ (a30Bble  CTPYKTYpHbIE TMPEBpAllleHWs TPU  BHEUIHUX
BO3JICHCTBHSIX. )

2. C uCnoyb30BaHUEM METOJIWKU H3MEPEHHUs AWCCUIIALMM TEIvia IMpU
pacrpocTpaHeHun ycranocTHO TpemuHbl B ctanu 08X18H10 m TexHuueckom
tutane BT1-0 ompeneneHo, 4ToO poCT yCTaJOCTHOM TpeluHbl B pexume [Iapuca
XapakTepU3yeTcsl HAIMYMEM KaK MHHUMYM JBYX CTaauid, pa3audyarolinuxcs
MHTEHCUBHOCTBIO Auccunanuu sHeprud. (m.1 macmopra cneuuansHoctn MJTT:
3akoHbl 1e(pOpPMHUPOBAHUS, MOBPEXKICHUS W PA3pyLICHHUS MaTepHalioB, B TOM
YHUCJI€ PUPOIHBIX, UCKYCCTBEHHBIX U BHOBb CO3/1aBAE€MbIX )

3. OKCHEPUMEHTAIIBHO ~ INTOATBEP)KJEHHAs  JIMHEHHAas  3aBUCHUMOCTH
CKOPOCTH pPOCTAa TPELIMHBI OT JAUCCUIIALIMM TeIUla B €€ BEPIIMHE, I[03BOJAET
UCIIOJIB30BaTh  pa3pabOTaHHYK  MOJIEIb  YCTaJOCTHOIO  pa3pylleHus U
pa3paboTaHHbI CHOCOO OLEHKM AMCCUIALMU SHEPIHM ISl MPOTHO3UMPOBAHUS
YCTAJIOCTHOM JTOJTOBEYHOCTH NMPU OJHOOCHOM U JBYXOCHOM Harpykenuu. (1m.10
nacriopra cnerquanbHoctd  MJITT: IIpouHOCTP 1pU  CHOXKHBIX  PEKUMAX
HarpyXeHusi. Teopuss HaAKOIUIEHUs TNOBPEXKICHUNA. MexaHuka paspylieHus
TBEPIBIX TE).

JIOCTOBEPHOCTh  DKCIICPUMEHTAJIbHBIX  HCCIAEAOBAHUM  OOecIreunBacTCs
COOJIIOIGHHEM  METOJOJIOTUM  IMPOBEIEHUS OKCIIEPUMEHTA, HCIOIb30BaHUEM
MOBEPEHHOTO METPOJIOTUYECKOTO 000PYI0BaHHUS, TOBTOPSIEMOCTBIO PE3YIbTATOB U
COOTBETCTBUEM YCTAHOBJICHHBIX 3aKOHOMEPHOCTEW C YAaCTHBIMM pe3yJIbTaTaMu

JIPYTUX aBTOPOB.

JIn4HbIA BKJIAJ aBTOPA 3aKJIHOYACTCA B AHAIIM3E COBPEMEHHOIO COCTOSIHUSA
WCCJICIOBAHUM MO TeMe PabOThl, B MPOBEACHUM M TOJTOTOBKE HCIBITAHUN TIO
[MUKIMYECKOMY  Ae(hOpPMHUPOBAHUIO OOpa3loB IS Pa3BUTUSA  YCTaJIOCTHOMN

TpelMHbI, B 00pabOTKEe M aHAM3€ SKCIEPUMEHTAbHBIX JaHHbIX. Pa3zpaboTke u
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IIPOBEPKH TEOPETHUYECKUX IMOJIOKEHUN padOThl. ABTOp JIMYHO pEaJu30BbIBAJ

cpeacrBa N3MCPCHU:, UCITOJIb30BAHHLIC B pa60Te.

Peanu3anust padoTsl. Pe3ynbTarsl NOJIyYEHBI B paMKax KpPYITHOTO Hay4YHOTO
npoekTta mnpu (UHAHCOBOM TOJAEpkKKE MMHHUCTEPCTBA HAYKHM U BBICIIETO

oOpazoBanust Poccuiickoit ®enepanuu (cormamenue Ne 075-15-2024-535 or

23.04.2024).

Anpodauus padoThI. OcHOBHbIE pe3ysbTaThl UCCIIEIOBAHNU,
IIPEICTABIICHHBIE B JUCCEPTALIMOHHON padoTe, JOKIAIbIBATIUCH U 00CYKIAIUCh Ha
MEXIYHAPOJHBIX M POCCHHCKMX HayuHbIX KoH(pepeHiusax: The 5th International
Conference on “Crack Paths” (Ferrara, Italy, 2015), 22nd European Conference on
Fracture (Belgrade, Serbia, 2018), 4th International Conference on Structural
Integrity 1CSI12021 (Funchal, Madeira, Portugal, 2021), 29th International
Workshop on Computational Mechanics of Materials (Dubrovnik, Croatia, 2019),
25th International Conference on Fracture and Structural Integrity (Catania, Italy,
2019), XI Bcepoccuiickuii cbe3q 00 (PyHAAMEHTAIbHBIM MpoOsieMaM
TeopeTuyecko u npuxiaagHoil mexanuku’ (Kaszanb, 2015), XII Bcepoccuiickuii
che3q] Mo (GyHIAMEHTAIBHBIM Mpo0JieMaM TEOPETUYECKOW U TMPHUKIIATHOM
mexanuku 19-24 asrycra (Yda, 2019), XIII Bceepoccuiickuii cbe3n Mo
Teopetnueckod u mnpukianHoit Mexanuke (Cankrt-IlerepOypr,2023), XXII
[TerepOyprckue uteHuss mo mpodiemam mpouHocTu (Cankt-IletepOypr, 2016),
XXII 3umHss mkona mo wexaHuke cmomHbix cpex (Ilepms, 2021), XII
MexayHapoiHas KoHGEpEeHIUs «MEeXaHUKa, peCypc U IUarHOCTHKA MaTepUajoB U
koHcTpykiui (ExatepunOypr, 2018), LXIV MexayHapoanas KoH(pEpeHIUS
«AkTyanbHble 1pobsieMbl npouyHocTu» (ExarepunOypr, 2022), MexayHapoaHas
koH(pepennusa IlepcriekTUBHBIE MaTepuaabl C HUEPAPXUUYECKON CTPYKTYpOH st

HOBBIX TEXHOJOTHI 1 HaAEKHBIX KOHCTpYKIuH (Tomck, 2017).
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I''TABA 1. TEOPETHYECKHUE U DKCIIEPUMEHTAJIBHBIE OINEHKH
KHUHETHUKU POCTA YCTAJIOCTHBIX TPEIIIMH.

CoznaHve HOBBIX KOHCTPYKIIMOHHBIX MaTEpHalOB U WX DJKCIUTyaTalus B
pa3IMyYHBIX (B TOM YHMCJE SKCTPEMAIbHBIX) YCIOBUAX AePOpMHUpPOBaHUS, TpeOyeT
pPa3BUTHS CYIIECTBYIOIIUX M CO3J]JaHUE€ HOBBIX METOJIOB MPOTHO3UPOBAHUS
JIOJITOBEYHOCTH W MPOYHOCTH KOHCTpyKuMil. MccienoBaHuio —yCTalIOCTHOTO
NOBEJACHUS METaJUIOB  MOCBSIIEHO  OOJIBIIOE YHCIO TEOPETUYECKUX U
9KCIICPUMEHTAIBHBIX paboT. Cpean HUX HEOOXOJUMO OTMETHTh padoThl [1-8] u
MHOTUX Apyrux. B pesynbTaTe B HacTofllee BpeMs XOPOIIO H3BECTHO, YTO
cnenuduka BIMSHUA JE(DEKTOB HAa CIHOCOOHOCTh MAaTEPHUATIOB COMPOTHUBIISITHCS
pPa3pyIICHUIO 3aKIIOYaeTCss B TOM, YTO, SIBISIACH HOCUTEISIMU CTPYKTYPHBIX
HapylIeHU! B MaTepuanax B mpoiiecce AehopMUpoBaHusl, 1ePEKThl 00ECIEUNBAIOT
peann3alrio MEXaHU3MOB peNlaKCallMi U JUCCUTIAIUU YHEPTUH, 00ecrieunBas TeM
cCaMbIM BpPEMEHHOW pecypc CONpPOTUBICHUS MATEPHAIOB M KOHCTPYKIIUU.
CoBpeMEHHOE COCTOSIHME METOJ0B SKCIEPUMEHTAIBHOM MEXaHUKH TO3BOJISET
MOJIYYUTh MH(POPMAIUIO O PA3IMYHBIX Mpolleccax (TEPMUUYECKUX, aKyCTUUYECKHUX,
ne(opMalMOHHBIX)  COMPOBOXKIAIOIIMX  MPOLECC  Jerpajallud  CTPYKTYpbI

Marepuasa B BEpIIMHE TPEIIUHBI.

VYcranocte — oauH U3 HauOojiee paclpOCTPaHEHHBIX BHUIOB OTKa3a
TEXHUYECKUX KOMIIOHEHTOB. ¥YCTaJOCTh MOYKET BO3HUKHYTB, KOTJa MHKEHEPHBIN
KOMIIOHEHT NOABEPTacTCs LHUKINYECKOW HArpy3Ke B TEYEHUH OIPEIEICHHOIO
NEpPUOJIa, JaXKE €CIIM HAINPSHKEHUE, BBI3BAHHOE HArPY3KOM, HAMHOTO HHMJKE IpEeIia
MPOYHOCTH MaTepuana. OCHOBHOW NPUYMHOW YCTAJIIOCTH CUHUTAETCS Pa3BUTHE

MHKPOJIe(EKTOB, TAKUX KaK AUCIOKAIIUH, IIOPHI, MUKPOTPEIIMHBI U BKIIFOUCHHUS.

B 3aBUCHMMOCTM OT KOJMYECTBA IMKJIOB HArpyKeHHUsS YyCTaJIOCTh MOXHO
pa3ienanTh Ha cBepxmajonukioByio ycraigocth (ULCF) npu konuuecTBe MKIIOB
Harpyxkenus 1o paspymenus menee 10° (N<10?), MaJOLMKIOBYIO YCTaJOCTh

(LCF) npu konnuectse nukiIoB 10 paspymenus 102<N<10%~10°, MEOrOLUKIOBYIO
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ycranocts (HCF) mpu 10~10°<N<10’ u cBepX MHOTOLMKJIOBYIO YCTaIOCTh HPH
(VHCF) N>107 [9]. Kak mpaBuiio, MEXaHMYECKOE IOBEICHHE MATEPHAJIOB IPH
ULCF u LCF saBnsiercs ynpyrominactuueckuM, torga kak HCF u VHCF sBnsiercs

ynpyrumu [10].

Pa3zBuTue ycTajioCTHOrO pa3pylIeHusi OObIYHO AENSAT Ha Tpu craguu: (i)
HAKOIUICHHE MOBPEXKICHUN (MHKyOAlMOHHBIA mepuon), (i) mepuonx pa3BHTHUS
CYOMUKPOCKOIIUYECKUX TPEUIMH A0 pa3MepoB MHUKpOTpemuH, u (iil) mepuon
pa3BUTHs YCTaJOCTHBIX TpemuH. [lepBble [BE CTaaWu YYBCTBUTENBHBI K
MUKPOCTPYKTYpE Marepuana, a TPeTbs CTaausi COOTBETCTBYET YCTOWYMBOMY

PEXKUMY POCTa MAKPOTPEIIUHBI.

HNmeromuecss KpUTEepuu paspylIeHUs, OCHOBAaHHBIE HA JIMHEWHO-YIIPYTrOu
mexanuke paspymenuss (LEFM), B OCHOBHOM MOXHO pa3leiuTh Ha
DHEPreTUYECKUE W CHUJIOBBIE. /[l ONMCaHWs KWUHETHKM pPOCTAa yCTAJIOCTHOU
TPEIIMHBI HUCIIOIB3YIOTCA TaKWE 3HEPreTHYECKUE WM CUJIOBBIE XapaKTEPUCTUKU
npoiiecca paspyuieHus, kak koddduiueHt natreHcuBHocTH Hanpsbkenuit (KUH),
J-uHTerpa, BeIMYMHA MJIACTUYECKON Nedopmanuu B 00JaCTH paclpoOCTPaHEHUs

TPELIMHBI ¥ TIPOY.

1.1. KunHeTrnuyeckue COOTHOLIEHHMSI /Uil ONMMCAHMS POCTA YCTAJOCTHOM

TPEUIUHBI.

TpaauimoHHO MPOIIECC pacIpOCTPaHEHUs YCTAIOCTHBIX TPEIIUH B METajlIax
onuckiBaercs 3akoHoM Ilapuca (P. Paris, 1961), sBustouiuiicss o0oOIieHuEM
3HAYUTEJILHOTO YMCJIa SKCIIEPUMEHTAIBHBIX JaHHbIX: [11]:

da
_:C [Kmv e
N (1.1.1)

rae a — JumHa TpemuHsl, LK = D ag(awW — pasmax Kod(pdunuenTa
MHTECHCUBHOCTU HANpsuKeHUM, U — OpuiokeHHOe HampsokeHue, Y — (QyHKIUS,
YUYMTBIBAIOILAS BIMSIHUE TeoMeTprH oOpasia, C, M— sMoupuyeckue KOHCTaHThl, N
— YKCIIO HUKIIOB Harpyxenus, W — reoMeTpudeckas XapakTepHCTHKA.

OGBIYHO NpU aHAJIU3E IPOIECCA PACHPOCTPAHEHHS YCTAIOCTHLIX TPENIMH

BBIICJISIETCS IBA UX TUMA: KOPOTKUE (T€OMETPUUECKU UM (PU3UUECKHU) TPEIIUHBI U
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muHHble  TpemmHbl. Ha  pucynke 1.1.1 npencraBineHa cxemaTuueckas
3aBHCHUMOCTh CKOPOCTH YCTaJOCTHBIX TpEIIMH OT pa3maxa KoddduuueHnra
WHTEHCUBHOCTH HanpspkeHUuM. KopoTkne TpelmmnHbl MOTYT BO3HHUKATh HHKE
MOPOTOBOr0 3HAa4YeHHs] KOA(pUIIMEHTa MHTCHCUBHOCTH HANpPsXKEHUN dYeM s
JUIMHHBIX TpemuH. OHU MOTYT JMOO pa3BUTHCS B JJIMHHBIC TPEUIUHBI, JTHUOO
3aTOpMO3UThCsA. KOpoTkue TpemmuHbl, BO3HMKAIOUIME B Hajpe3aX, OOBIYHO

pa3BUBAIOTCS B [UTMHHBIC TpeIIuHsI [ 18].

Oomnacts 3 ! Oomnacts 3

. ‘
= Oo6mactp 1 ¢ '
3 ' :
0 ; . i
ks 1 Kopotkue :
= TPELTUHBI i
2 13 Hazpesa ;
E’ i
O i
o. .
& Kopotkue
<
5 TPETITIHBI
2 . :
e / \ ! JUTHHHBIE
_Q ) . -
& R GRS TPETITIHBI
Qo ‘n :
D—t .. [
o) . ;
R 1
@) ' '

B A
Nzmenenne ko3 uiimenTa HHTEHCUBHOCTH
HarpsoreHnit log(4K)

Puc. 1.1.1. XapakrepHas 3aBUCUMOCTh CKOPOCTH POCTa yCTAIOCTHOM
tpenabl da/dN ot arana3zona ko3 PuIMEHTa UHTCHCUBHOCTH HanpspbkeHndt K

NIPY TIOCTOSIHHOM aMIUTUTY/IE MPHIIOKEHHON Harpy3ku [18].

B cooTrBeTrcTBUMM C KOHUENLIMEN JIMHEWHO-YIIPYTOM MEXaHWKU pa3pylIeHUs
(LEFM) 3akon Ilapuca ob0ecneyrBaeT OJHO3HAYHYIO KOPPEISALHUIO MEXIY
CKOpOCThIO pocta Tpenuubl, da/dN, u ko>hPUIIMEeHTOM WHTEHCUBHOCTH
HanpsokeHuii, AK. KoadduimenT MHTEHCUBHOCTH HaNpsHKEHUN XapaKTepU3yeT
pacnpocTpaHeHUE YCTAJIOCTHOM TPEIIMHbI, HE3aBUCUMO OT FeOMETpUu oOpasila u

ycioBuM Harpyxenus. 3akoHa Ilapuca MOAXOAWUT ISl PELICHHUS HHXEHEPHBIX
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3amady. OnHAKO OH HWMEET 3HAYUTEIBHOE YHCIO0 OrpaHuyeHuil. B pexume
mHorouukioBor ycranoctu (HCF) npu paBHOMEpHOM poOcCTe€ YCTaqOCTHOU
TPELIMHBI MPOLECC €€ PACIPOCTPAHECHHUSI MOKHO PACCMATPUBATH C TOYKU 3PEHUSA
NPEeHEeOPEeKUMO MaJIOro pa3Mepa 30HbI IJIACTHUYECKON JedopManuu B BEpIIHHE
tpeuwHbl [12], omHaKo TpPM  YBEIMYECHUM BHEIIHUX IPHKJIAIBIBAEMBIX
HalpsOKEHUM WM JUIMHBL  TPEIUMHBI  NIPOLIECC €€ PacCIpOCTPAHEHUS
COMPOBOXK/IACTCS 3HAYUTENBHOW IUIACTUYECKOM Jedopmaiiuedl, U KUHETHKa
TPEIIMHBl YK€ HE MOXET OBbITh OmNHcaHa MapamMeTpamMu JIUHEHHO-yIpyrou
MEXaHUKHU pa3pylleHus. PocT TpemmHbsl NpU UUKIAYECKOM JehOpMHpPOBAHUU
OOBIYHO COIPOBOXKAAETCS YHPYTOM pasrpy3Koil M 3HAYMTENBHOW IuccUnanuei
DHEPrUuu IJIACTHYECKOW aedopmanuu, KOTopas HE CBA3aHa HANpPSIMYIO C POCTOM
TpelwuHbl. JUIsi TOYHONW KOJIMYECTBEHHOW OLIEHKH POCTa YCTAJIOCTHBIX TPELIHUH
TpeOyeTcss HCIOJIb30BAHWE METOJOJIOTUU  YNPYroIIACTUYECKOW  MEXaHUKH
pa3zpyuienus. IIpeneOpexenue muactTuyeckoil nedopmaieil BOKPYT TpELIUH
MOXET MIPUBECTH K 3HAYUTEIBHOMY 3aBBIIICHUI0 CKOPOCTH POCTa YCTAJIOCTHOM

tpemuusl [13].

C mpyroii cropoHsl 3akoH [laprca ymoBIETBOPUTENBHO OMHUCHIBAET MPOIECC
pacmpocTpaHeHHs] JUIMHHBIX YCTAJOCTHBIX TPEUIMH MPU HAMPSIKCHUSIX BBIIIIE
noporoBeix (long fatigue crack threshold). Opmako, kak npaBuiao, OH He
KOPPEKTHO paboTaeT B OOJACTH KOHIIEHTPATOPOB HAMPSIKEHUU, MPU OMUCAHUU
JIBUKEHHUS] KOPOTKHUX TpPEIIMH, M JUId NPAaKTHUECKUX TMPHIOKEHUH Tpedyer
CYIIECTBEHHOTO YCIIO)KHEHHs TMpaBoil yacth. Hampumep, mns yuéra sddexra
3aMeJICHUS. CKOPOCTH TPEUIMHBI TpHU €€ paclpOoCTPaHCHUU B SKCIIEPUMEHTE C
NOCTOSIHHBIM ~ 3HayeHHeM  Kod(p(duimeHTa HMHTEHCUBHOCTH  HaNpsLKEHUH,

npumensiercs 3akon @pocra-/laraeiina (Frost-Dugdale) [14]:

da -2
ﬁzca 2 K™ (1.1.2)

Hpyroit n3BectHor momudukanueit 3akoHa [lapuca ssusercs yuér spdekra

3akpbITUs TperuHs (Crack closure), Bnepseie onucannbiii Dnoepom (Elber) B 1970
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rony [15]. MHorma wucnosib3yercs NOCTPOEHUE YCIOKHEHHBIX CTENEHHBIX
3aBHCHUMOCTEN OT pazMaxa Kod(p(PUIUEHTa UHTEHCUBHOCTH HaNpsSKEHUI — 3aKOH
®opmana (Forman) [16], BBemeHue B paccMOTpeHHE (PpPaKTaIbHOW TNPUPOIBI

OeperoB TpemuHbl [17].

Bomnpockl 3apokaeHUss W pa3BUTUS  YCTAJIOCTHBIX TPEHIMH AKTHUBHO
UCCIIEOBAIIMCh B paMKax JIMHEHHO-YNPYroll MEXaHWUKH pa3pyLICHHS B KOHIIE
npouuioro croieTusi. OCHOBHBIM PE3yJbTaTOM CTall BHIBOJ O TOM, YTO HHU OJIHA
MMEIOIIAsACS Ha TOT MOMEHT KOHUEILHS HE MOXET C JOCTaTOYHOM TOYHOCTBIO
OLICHUTh KUHETHKY Pa3BUTUS YCTAIOCTHOM TPEUIMHBI B YCJIOBUAX YIPYro-
rmactuyeckoro aedopmupoBanus. Ilpu pa3BuTOil TpemmHe B CBSI3U C  YXKe
MMEIOIIEHCST 30HOM IIacTudeckoi nedopmarueit B 00J1aCTU BEPIIUHBI TPEIIUHBI
Py JAJbHEUMIIEM HHUKIAYECKOM HATrPYyXECHUU NPOUCXOAUT YNpyras pasrpys3ka
IJIACTUYECKU J1Ie(OPMUPOBAHHOIO MaTepualia C TMOCJIEAYIoEed Harpy3Kou.
Hcnonb3yembie mapaMeTpbl MEXaHUKH Pa3pyIICHUS 3aBUCIT OT (OPMBbI TPEIIUHbI
U ycJaoBUM HarpyxeHus. OOMMUPHBIA aHATN3 HE MTOATBEPAUI YETKON CBS3U MEXKIY
rapamMeTpaM pa3pyLICHUs W I[I0JEM HAIlpsKEHWW B BEPILIMHE YCTaJOCTHOU
TpeuHbl. Takum oO0pa3oM, BOMPOC O MPOTHO3UPOBAHUU PACIPOCTPAHEHUS

YCTaAJIOCTHOM TPELIUHBI MTO-TIPEKHEMY OCTAETCS OTKPBITHIM.

AnpTepHaTHBON ypaBHEeHMIO Ilapuca sBIseTCS MOCTPOEHUE IHEPTETHUECKU
00OCHOBaHHOTO 3aKOHA /Ui OMpENeNeHUsT CKOPOCTH YCTAJOCTHBIX TPEUIUH,
OOBEIUHSIONIETO 3aKOH JJI PACIpPOCTPaHEHUs OONBIIUX M MaJbIX yCTAJIOCTHBIX
TpeuH. Hampumep, npu MNOCTPOEHUU KOPPETSALMH CKOPOCTH YCTaJIOCTHOU
TPEUTMHBI U pa3Maxa BeJWYUHbI J-UHTerpajia y1aércs ¢ eAUHBIX TMO3UIIMI ONUCcaTh

IPOIIECC POCTa KOPOTKUX U [UTMHHBIX YCTaTOCTHBIX TpemtuH. (Puc. 1.1.2).
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Puc. 1.1.2. 3aBUCHMOCTBH CKOPOCTH POCTA YCTAIOCTHBIX TPEIIMH OT pazMaxa
J-uHTerpaa juist TpenuH ¢ anuHamMu 6osee 23 MM u menee 0,18 MM B ctanu
A533B o manubM [18].

1.2. TepMoaUHAMHYECKHE COOTHOIIEHHS, ONMHCHIBAIOIIAE PACIPOCTPaAHEHHE

YCTAJIOCTHBIX TPCIIIUH.

DHEpPreTUYEeCKue KPUTEPUHM pa3pylIeHUs SBISAIOTCS HauOojee (U3NUYECKU
00OCHOBaHHBIMH U TMO3BOJISIIOT ONEPUPOBATH CO CKAJSPHBIMHU MapaMeTpaMu Mpu
MOJEIUPOBAHUN IIPOLIECCa PACHPOCTpaHeHus TpeuuH. llomeiTku mocTpoeHus
TEPMOJMHAMHYECKUX MOJIENIEH JUIsl OMMCAHUS POCTa YCTAJIOCTHBIX TPELIMH ObLIN

npeUToKHBI B paboTax Takux aBTopoB kak Chudnovsky, Short, lzumi [19-21] u

psla Ipyrux.

Benzerga [22] npemtoxkun mpsimoii crmoco0 pacdyera HaKOIJICHHOW SHEPTHH,
OCHOBAHHBIN Ha JUCKPETHOMN IHUCIOKAIMOHHON TEOpHHU IIacTUYHOCTH. B paborax
[23,24] mpemnokeH BapuaHT pacueTa HAKOIUIEHHOW SHEPIMM, OCHOBAHHBIM Ha

3aBUCUMOCTH,  ONUCHIBAIOLIEH  HANpPsDKEHHO-Ae(OPMUPOBAHHOE  COCTOSIHUE
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maTepuana. Mogenu pacuéra OanaHca SHEPrud B paMKax KOHTHHYaJIbHOTO

1oJIX0/1a paspadareiBaIKCh B paboTtax Rasakis u Saai [25,26].

XaruuHcoH [27], Paiic u Posenrpen [28] He3aBUCHMO Apyr OT Jpyra
MOKa3aJId, YTO J-MHTETpa’d MOXKET XapakTepu30BaTh TIOJIE HANPSDKCHUH U
nedopMaruii BOMM3M BEPIIMHBI TPEIIMHBI B HEITUHEHHO-YNPYTUX MaTepuaiax
(HRR-cunrynspHocTth). ®dusuvecku J-HHTErpal HPEJCTABISET COOOH CKOPOCTh
W3MCHEHHS TOTEHIIMATBLHOW JHEPrud B YIPYTOIUIACTUYECKUX MaTepuajax B
eIMHUIIC IO MOBEPXHOCTH pa3pylIeHUs. J-HHTETpasl MOXKET ObITh 3amucaH B

BUJIE.

3 =@avdy -TEL ds (1.2.1)
L 6 X

rzae W — IJI0THOCTb 3Hepruu nedopmannu, Ti — KOMIOHEHTHI TEH30pa HANPSHKEHUN
Ha KOHTYpE, Uj — KOMIIOHEHTHI BEKTOpa NepeMeleHui, dS — mpupaiieHus: KOHTypa,
[' — KOHTYp HMHTETpUPOBAaHUS BOKPYT BEPIIMHBI TPEIIUHBI, X U Y — JIE€KapPTOBBI

KOOpAWHATHI.

CucremMa KOOpAMHAT W TPAeKTOpPUs HHTETPUPOBAHMSA IIOKA3aHBl Ha

pucynkel.2.1.

A .
A~ Ty
/
Tpemna / \
1 | 0 \
\ / >
\ 4
a ds, .~
P

Puc. 1.2.1. KoHTyp uHTErpupOBaHusi BOKPYT BEPUINHBI TPEIIMHBI JJI51

pacuéra J-unterpana [28].
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[IpuHuMmasi BO BHMMAaHHE CTEIEHHON 3aKOH B3aUMOCBSI3U HAINPSKCHUS U
nedopmalii, KOMIIOHEHThI TEH30pPOB HampsbKeHUs U Jedopmanuu B 00sacTu

BCPIIIKMHBI TPCITUHBLI MOI'YT OBITH 3aITMCaHBI KaK.

o 1Yn+1)

& B3 67 -

Sij = % 9 i @11 ) (122)
a %é_ EJ ngn+1) _

€ ?m 0 ) (1.2.3)

Il Gjj U €jj — KOMIIOHEHTHI TE€H30POB HAINpPSDKEHUS U AepopManuu, Go —
Ipefen TEeKydecTH, 0 — pa3MepHas KOHCTaHTa, [ — MOAYJb YNPYrocTd, N —
nokasarenb J1e(OpMalMOHHOIO YIPOYHEHHUS, |n — KOHCTaHTa HMHTErPUPOBAHMI,

ompezensieMas U3 TOKa3aTelsl YIPOYHCHUS W MOJSAPHBIX KoopauHat ¢, (put.

1.2.1), si u € Oe3pa3sMepHble (YHKIUU 3aBUCAIME OT yrina d W MmokasaTens

YIPOUYHEHHUS.

VYpasuenus (1.2.2) u (1.2.3) BMmecTe Ha3bIBalOTCs cuHTYsipHOCTHIO HRR, a J-
WHTETpaJ MPeICTaBIsAeT co00i amuuTyny cunryispHoctd HRR [29]. B nuneitno-
yIpyroil MexaHuke pa3pyuieHus! J-WHTerpans MOKeT ObITb MHTEPIPETHPOBAH Kak
CKOPOCTh JTUCCHUMAIMKM yOpyroil sHepruu aedopmammu G U BBIYUCICH 4Yepes

K03 PHUIMEHTH HHTEHCUBHOCTH HANPSDKEHHH ciemyromum oopaszom [30]:

2 2 2

IIpocreiimmM BapuaHTOM NPUMEHEHHUS OTOr0 3aKOHA K YCTaJOCTHOM
TPEILIMHE SABJIACTCS OLEHKA KOPPEIALHUU €€ CKOPOCTU U IOTOKA DHEPIUU B €€

BEPIIMHE, BRIPAKEHHOW B TEPMHUHAX pa3Maxa BeJInuuHbl J-unTerpana [31]:

da_ n
R=8( D) (1.2.4)

W XapaKTepHBIM pa3MepOM 30HBI IIacTudeckoi nedopmariuu [32]:
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da
dN
rae R — xapakTepHblil pa3mep 30HBI IUTACTHYECKOW AedopMallid B BEpIUIMHE

=CR, (1.2.5)

TPCIOIUHBI.

Hcrnonb3yst COOTHOLIEHHWE JJIA CBSI3M pa3Mepa 30HBI  [UIACTUYECKON
nedopmaru ¢ paboOTOM IIACTUYECKON AedopMalii B BEPIIMHE YCTaTOCTHOU

TPCIOUHLI:

W=01(s, +3,)R (1.2.6)
IZie Gy — MpeJieN NPOoNOPLUUOHATIBHOCTH, Go2 — HampsbkeHue npu aedopmanuu 0.2,
MOJKHO IIOJIYUYHTDH JIMHEWHOE COOTHOIIIEHUE MCIKAY CKOPOCTBIO paCIIPpOCTPAHCHUA

TPEUIMHBI U PabOTOM TTacTuueckoit nepopmarmu [33]:

da 1 + 32
—==W, :93—.
aN~ 0 rae Q R (1.2.7)

B pa6orte [23] cootHomienue (1.2.4) 6b110 KOHKPETU3UPOBAHO KaK:

da _ DJF o8
dN sZi (1.28)

rne U — sHeprus paspyimienus, 00 J—Heprusi, HeoOXoaumasi i TPOJBUKEHUS

TPCIOWMHBI HA BCIIMUUHY da

WNuave roBopsi, B cooTHomenuu (1.2.8) aBTOpHI KCMONIB30Bajil BEIHMUMHY
JUCCUIIMPOBAaHHOM  SHEPIMM B  KAadecTBE  IapaMeTpa,  ONpPEIEISIOLIEro

CONMPOTHUBJIEHUE MPOLECCY PACIPOCTPAHEHUS TPEIIHHBI.

JIsiss yTOYHEHUs] COOTHOIICHUS, OMUCHIBAIONIETO CKOPOCTh PACIPOCTPAHCHHUS
YCTAJIOCTHON TPEIIUHBI, HEOOXOJAUMO JCTalbHO ONKMCATh OAJaHC JHEPrHH B ¢
BepmuHe. J[si 3TOro BBOAMTCS TOHSATHE DSHEPTUH, PABHOW IUIOMAAW TETIH
rucrepesnca (B KOOpAMHATAX TMPWIOKEHHOE HANpsHKCHHE — JedopMaius),

OTHECEHHOM K CKOPOCTH POCTA TPELLIHUHBI:
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» X 3e £ 0
N g]sudrf & @(dY
_-Y0 Ca £ -
U Ja ! (1.2.9)
dN
rae Loi, 2 —Cuteq)opMauHH B KOHECYHBIX TOYKaX IETIN TUCTEPEIUCA, Oy, | —ﬁserHee

Y HIDKHEE HAIIPSDKEHUS B JIOKAJIBHOM METIIe THCTepe3nca B INIACTUYECKON 30HE, X,
Yp — pa3Mephbl 30HbI IIACTHYECKON AeOpMaIIiH.

C ucmonp30BaHMEM MaHHBIX O BenmunHe U, mosydeHHbIX B pabore [34] ¢
MOMOIIIBI0 TEH30/IATYUKOB, PACIIOI0KEHHBIX BJIOJIb TPACKTOPUH PACIIPOCTPAHEHUS
TpemMHbl, cooTHomieHue (1.2.9) MOXHO paccMmaTpuBaTh Kak YpaBHEHUE IS
ONpEICIICHNUS] CKOPOCTH PACHPOCTPAHEHHUSI TPEILIHH.

AHanoruyHoe 1o (GuU3n4ecKOMy CMBICITY COOTHOIIIEHUE ObUIO MPEIIOKEHO B
pabote [35]:

da_ 1 dw _1 _
N G dN G nrpﬁ,-dﬁ?dA (1.2.10)

W o
rae ((jj_N — U3MEHEHHE padoThl IIACTHYECKOU AedopMaliii B BEPIIUHE TPEIIUHBI,

HHTCTPUPOBAHHC BEIETCS B IMpcaciiax 30HbI IJ1aCTUYECKOMN ,Z[e(i)OpMa]_II/II/I.

[IpuHuMmas B0 BHUMaHue, 4To Oe3pazMepHasi CKOPOCTh JUCCUTIAIMU YHEPTUU

*

dw .
N aBisieTcsl PyHKIMEW napamMeTpa ynpouHeHus U Ko PUiimeHTa aCuMMeTpUuu

nukia, cootHomenue (1.2.10) mMoxxHO 3amucath B BHUE, AHATIOTMYHOM 3aKOHY
Buptmana (Weertman) [36]:
da 1 DK* dW
P a— (1.2.11)
Hcronb3ysl anmpoKCHMAIUI0 3aBUCHMOCTH HAMPSOKCHHUS OT ITUKINYECKON

nedopmaruu [37] moxkHo 3anucarh cootHomenue (1.2.10) B Buze:

da W, 31-n & Y 2
NG BenTaa o K (1-212)

rae N — KOd(pGUIMEHT MUKIMYECKOro ympodeHus, U, § — KOd(QHUIMEHTs B
3aBUCUMOCTH HANPSsDKCHHUs] OT NMKINYeckou nedopmaruu, |n, — Oe3pasmepHbIi
napamerp.

[TocTpoeHre HHEPreTHYECKOTO COOTHOIICHHS IS CKOPOCTH YCTaJOCTHOM

TPCHIMHBI Ha OCHOBC 3aKOHOB TCPMOJMHAMHKH MOXHO CHACIATh CJICAYIOIIHNM
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obpazom. Crnenys [38], paccMoTpum mpupalieHue MnoTeHnuana ['unbbca mis

CHUCTEMBI “TBEPIIOE TEJIO C TPEIINHOMN ;

dG= & -TdS & (1.2.13)
N
1. ~
=5 ¥, gdV - FHudsS 2 & T (1.2.14)
\ S
[Tpupamienue nmoreHyaza UMeeT BU/:
N+1 N +
DG 1 fid gdV - ;9] dud§2+ aGT-s
VN s N (1.2.15)

=W W 2+ scGD s D

JI1s TMHEWHO yIIPOYHSIOIIETOCs TeJa MOYKHO ITOKa3aTh, YTO BBIPAKECHHS JUIS
Wu W' uMmeroT BuI:

W=2xK2l, W 2x Ko (1.2.16)

BBO,Z[SI 0003HaUYCHHUE I DOHCPIUHU, 3anaquHOﬁ Ha CAMHUYIHOC ITPOABUKCHHC

TpemnHbl U =2G -T%, MOJIyYUM COOTHOILICHHUE:!

da XDK* XK*
=C— C :
dN T U-2(K? 2 K2 -2 K (1.2.17)

VYpaBuenue (1.2.17) mogo0HO COOTHOIICHHUIO, MPEIJI0KEHHOMY B padoTte A.
YyaHoBCKOTO U c0aBTOpoB [19], koTOpoe nMeeT BU:
da _ b,J>d
; r,@)-J,

p,max

AHAJIOTHYHOE COOTHOIIICHHE ObLTO MpeokeHo B [20]:

da_ W,-Q W -Q E (1.2.19)
dN fF gv-J G-J GJ

rae a — JuuHa TpemuHbl, N — yuciao nukioB, Wy— MOIIHOCTB IUIACTHYECKON
pabotbl, Q — MONIIHOCTb JUCCUIIALIMU TeIla, | — DHEprus, 3aTpayvMBaemas Ha
oOpa3oBaHH€ HOBOI MOBEPXHOCTH U Ha pa3pylleHHe MaTepualia B 30HE IMpoliecca
(Bce BHEpPruM pacCUMTaHbl JJIsi OJHOTO MOJHOrO HUKIa aepopmupoBaHus), J —
sHEepreTudeckuil J-unrerpan, Es- HakomieHHast sHeprus.

B pa6ore [39] Obuta mnpemioxeHa Moaudurarus cootHomeHus (1.2.19),
UCIIOJIB3YIOIIAsl ~ BEJIMYMHBL,  OKCIEPUMEHTAIBHO  M3MEpSEMbIE  METOJ0M

uH(ppakpacHoi TepMorpaduu:
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da:w‘"— Q
dN  J- J°

Bennuuna J-unTerpana MoxxeT ObITh CBA3aHa CO CKOPOCTBIO TEHEPAITNH TETlIa

(1.2.20)

B BEPILIMHE TPEIIUHBI ITPX ITOMOIIM COOTHOLIEHHUs Parica:

1 1
J o Wp (0]
(i-a)" (1 a)p> (1.2.21)
rae tl— miomane nonepeyHoro ceueHus oopasia.
P_
p=2 -9

Ucnons3ys koaddunuent Teinopa-Kynaau 5
w

n THUIIOTC3Y

Teﬁnopa 0 MaJIOCTH BEJIMYMHBI HAKOIJICHHOM OQHCPIuK B MCTAJZIaX B IIPOLCCCC
II1aCTUYECKOT'O I[G(i)OpMPIpOBaHI/IH, COOTHOIICHHUC HJIA CKOPOCTH PACIIPOCTPpAaHCHUA
YCTaJOCTHOM TPEIINHBI MOXKHO 3alMCaTh B BUJE:
da _(1- b) Q
dN b (- f(Q)

AHAJOTMYHOE 10 CMBICIY COOTHOIIEHUE ObUTO moiy4deHo B pabdote [40], raoe

(1.2.22)

U3ydyalach BO3MOXHOCTb HMCIIOJIb30BAaHUSI M3MEHEHHUS SHTPONUU JUIsl OMUCAHUS
YCTAJIOCTHOTO pa3pylIeHUs] MarHueBoro ciuiasa. IIpu ycramocTHOM paspylieHun
MPOUCXOANT YBEIMUECHUE SHTPOIMH HM3-3a HeoOpatumocTH mnpoiecca [41]. B [42]
IIOKa3aHO, YTO MPU KPUTUYECKOM 3HAYEHUU SHTPOIHMH IPOUCXOIUT YCTaJIOCTHOE
pazpymienne. Ha OCHOBaHMM HCCIENOBaHUl O CBA3M [HCCHUIIALIMM SHEPTHHM U
npenesia yCTajloCTH JeNIaeTCs MPEeIookKEeHUE, YTO TeHepalus SHTPOIUN MOKET
OBITh HCIIOJBb30BaHa JUJISl OLIEHKH pa3pylIEHUs MpU LUKIMYECKOM HarpyKeHUU
[43,44]. U3 mepBoro 3akoHa TepMOIWHAMHKH W 3akoHa [lapuca mpemiokeHo

COOTHOHMICHUE IJISA OIMMCAaHUs CKOPOCTHU PpOCTAa TPCHIMHBI I1I0 CKOPOCTHU AUCCUITAINN

SHEPTHH.
da 1 dW ds dE
—=C [K4 - _ P B— =
dN ( ) T dN dN dt (1.2.23)
Ah
C=B—— 2.
T3 (1.2.24)

rre, & — AJIuHa TPeUuuHbl, S — sHTponus, E — muccunanus temna; B, T, W, —

DHEPTUA TJIACTUYECKON AedopMaiuu, 1| — mapaMmeTp, ONpeaesSoNuil TEOMETPHUIO
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oOpasua u ycious Harpyxxenusi, N — ks, t — Bpemst, h — ronmuaa obpasma, T —
Temneparypa, A — pasMepHas KOHCTaHTa, € — MOAyJb caBWra, Uy — Ipemen

TeKy4ecTH, P K- K03 PpHUITMEHT HHTEHCUBHOCTH HATIPSHKEHUH.

B pabGorax [45-47] ObLIO OTMEYEHO, 4YTO NPH XPYIKOM pa3pylICHUU
CTPYKTYpHBIE HM3MEHEHMs MaTepuaya NMpU YHpyrou nedopmanuu He SBISIOTCA
IOJIHOCTBIO OOpAaTUMBIMM M HEOOXOJAMMO YYWUTHIBATh HHEPIUI0 JABMXKECHUS

JTACITOKAIINU.

bonmpuan u np. [48] mpennoxkunu OOOOMIEHHBINM TEPMOAMHAMUYECKUIN
MOJIXOJ1 JUIsSl YCTAJIOCTHOTO Pa3pylICHUs] B MaTepualiax Mpu MalbiX AedopMaiusx,
OCHOBAaHHBI Ha HAKOIUJICHHOW SHEpPruu, OajlaHCe SHEPrUh M BTOPOM 3aKOHE
TEPMOJVHAMUKHA. bDbUT BBEAEH MONOJHUTENBHBIA CTENEHHOW NapaMmeTp IS
ONMCAHUS YCTAJIOCTHOTO PAa3pYyILIEHUs Marepuana, U IMOKA3aHO COOTBETCTBUE C

OKCIICPUMCHTAJIbHBIMHA JaAHHBIMMH.

1.3. Onucanne KUHETHKH POCTA YCTAJOCTHBIX TPEIIMH NPH CMEIIAHHOM

HAI'PYKEHHH

[Ipy MHOrOOCHOM Harpy>K€HUHU TOJ€ HANPSIKEHUM B 0O0JACTH BEPILMHBI
YCTaJOCTHON  TPEIIMHBI  3aMETHO  YCIOXKHSETCA M3-3a  B3aUMOJACHCTBHS
HOPMAaJIbHBIX W CABHIOBBIX HampspkeHui [49]. B skcrnepuMeHTalbHBIX paboTax
[50-52] roBoputcs, 4TO BS3KOCTH pa3pyllIeHUs HEKOTOPBIX METAJUIOB, TAKHX Kak
CTaJli W ATIOMUHHEBBIC CTUIABBI, 3HAYUTEIILHO CHUXKACTCS MPH JOMOJHUTEIHHOM
Harpy>keHUU TONepeyHbIM  caBUroMm. llosToMy  KpuTepuum  paspylieHUs
NPUMEHUMBIE MJi1 TPEIIMH HOPMAJIBHOTO OTPhIBA, HCIOJB3YIONINE BSI3KOCTH
paspyuieHus, Jal0T HETOYHOCTH IMpPH OLEHKE pa3pylIeHUus KOHCTPYKUUH H

06pa3u03 C HAKJIOHHBIMHU TPCIINHAMHU WUJIK IIPU MHOT'OOCHOM HAIrpy>KCHUMU.

Puuapn [53] mpemiokun SMIMPUYECKUN KPUTEPUIl pa3pylICHHs], KOTOPBIHA
OoOBEAUHSET BCE TpU TUIA pa3pylieHuss (10 TUIY HOPMAJIbHOTO OTPHIBA,

MMOIICPCUYHOro 1 IMpOIdOJILHOI'O C,[[BI/IFa) N CBA3BIBACT UX C BA3KOCTBIO PA3PYILICHUA
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110 TUITY HOPMAaJILHOTO OTPbIBA AJIs YIPOILEHUS TPOTHO3UPOBAHMSI POCTA TPEIIUHBI
IpU MHOTOOCHOM HarpyxeHuu. llo3aHee 3ToT kputepuil ObUT MOAU(PUIMPOBAH
[54] nmns  cooTBeTcTBUSL  pe3yibTaTaM  HUCHBITAHHKA  Pa3IMYHBIX — XPYIKUX
matepuasioB. Yanr um gp. [55] wmcnonp3oBamu KpUTEepHid MO MAaKCHMAaTbHOM
CKOPOCTH JIUCCUIIALIUN SHEPTUH, KOTOPHIN OB BIIEPBBIE MPEATIOKEH XyCCEHHOM
[56], nnst cydast Xpynmkoro paspymieHns MaTepraia ¢ TpeIuHaMU IpU TPEXOCHOM

Harpy>K€HHH.

OpHako BBIIICYTIOMSHYThIE PabOThl OBLIM OCHOBaHBI Ha JIMHEWHO-YHPYrou
MEXaHHUKE pa3pyIICHHs, COOTBETCTBYIONIME MapaMeTphbl pa3pylIeHUs KOTOPOU He
MOT'YT TOYHO OXapaKTEPU30BaTh MOBEICHUE YIIPYTOMIACTUYECKUX MAaTEPUAIOB U3-
3a 0OJIBIIION TUTacTUYECKOU edhopMaliii B BEpIIMHE TpelIuHbl [57]. B pesynbrare,
OTU KPUTEPUM HEOPUTOIHBI ISl IMIMPOKOTO Kjacca KOHCTPYKIIMOHHBIX

MaTepHaoB.

B pabote [58] mist onucaHus KpUTEepUs MPOYHOCTH MPU PACIPOCTpaHEHUU
TPEUIUMHBI MPEIJIOKEH MOPOTOBBIM KOIP(UIIMEHT WHTEHCUBHOCTH HANPSKEHUN
I CMEIIAaHHBIX PEKUMOB HATPYKEHHS C UCIOJIB30BAHHEM TEOPUU MHOTOOCHOM
YCTAJIOCTH HAa OCHOBE KPUTHUYCCKOW IUIOCKOCTH M jauarpamMmbl Kurtaraeer [59].
CornacHo IpeIOKEHHOMY METOAY, YCTAJIOCTHOE pa3pyILICHHE OLEHUBAETCSA IO
HaNpsDKEHUSIM HAa «KPUTUYECKOM IJIOCKOCTH», NEUCTBYIOLIMM Ha TPEIIUMHY, a HE
M0 HAMPSHKEHUSAM BOJMM3HM €€ BEpIIMHBI. J[1s IPOrHO3UPOBAaHMS CKOPOCTH POCTa
YCTAIOCTHOW TpPEUIMHBI MNPU CMEIIAHHOM PEXHUME HATPYXKEHUS MPEIJIOKEH
HKBUBAJICHTHBIA KOI(DPUIIMEHT WHTEHCUBHOCTU HANPSDKCHHM, OMpenenseMblii Ha
KPUTHYECKOHN TIOCKOCTH. Bepudukaius npeio)KeHHOW MOJACIHM IMPOBEICHA Ha
SKCIICPUMEHTAIBHBIX ~ JAHHBIX JUISI  PA3JIUYHBIX MaTE€pUAIOB, B KOTOPBIX
HaOJIOMaeTCsl TPEIIMHA HOPMAIBHOTO OTpbIBa M caBura. lIpenyoskeHHass MOIEINb
TaKXke CrocoOHa paboTaTh MPU HEMPOTIOPIIUOHATIBHOM YCTAIIOCTHOM Harpy»KeHUH,

IMOCKOJIBKY KPpUTHYCCKA IIJIOCKOCTDh ABHO YUYUTBIBACT HCTOPHIO HATPYIKCHUS.

B psne cymecTByrommx MoAeIe CMEIIaHHOTO HArPYKEHUS IPEAN0NIaracTcs,

YTO TPU PACIPOCTPAHEHUU YCTAJIOCTHOM TPEIIMHBI MPeoOIagaeT HOPMaJIbHBIN



26

orpeiB. Kpurepnii MakcHMajabHOrO TaHTeHIMaidbHOro Hampspkenus (MTH),
npemioxkeHHbld  OpnoranoMm M Cuxom [60], u KpuTepuil MakcHUMalbHOU
TaHTeHOuaapbHOW  jpedopmammm  (MT]), mnpemnoxennbiii  Hambers  [61]
NPEACTABIAIOT COOOHM JBE TUNUYHBIE MOJEIH, UCIIONb3YIOUIUE TPEANOI0KEHUE O
paspylIeHUU THIIa HOpMallbHOrO OTphiBa. SIH W ap. B [62] wmcnomb3oBain
OKBUBAJICHTHBIA KOI(DPUITMEHT WHTCHCUBHOCTH HANPSDKCHHM, OMpPENesieMblid Ha
IJIOCKOCTA MAaKCUMAJIbHOTO  KAacaTeJIbHbIX  HAIpPSDKEHHWM, KOTOPBIM  TakKke
Mpeanoarajg paspyuieHHe MO TUIYy HOPMAJIbHOrO OTpbIBa. MHOrme apyrue
MOJIEI, OCHOBAaHHBIE HA JHEPTeTHUYECKUX KPUTEPHUSX MPOUYHOCTH, TAKUX Kak
MOJENb O JWCCUMNAlMu dHepruud [63], Mojaenb IUIOTHOCTH  DHEPTUHU
nepopmupoBanus [64] ¥ MoIeNb IUIOTHOCTH SHEPTHU JWIATAIlUK jaedopMarum
[65], Takke MOryT paccMaTpuBaThCs Kak BapHallMd MOJCIH, OCHOBAHHOW Ha
pa3pyLIEHUH IO THUIY HOPMAJIbHOTO OTPBIBA, aHAJIOTWYHBIX MOJEIN OCHOBAHHOM
Ha KpUTEPHH MaKCHMaJIbHBIX TAaHTCHIIMAIBHBIX HampsbkeHuid [66]. [lo cpaBHeHuUIO
c OOJBIIMM KOJWYECTBOM MOJIEICH, OCHOBAaHHBIX Ha pPa3pylUICHUU IO THUITY
HOPMAJIbHOTO OTpPbIBA, B JIUTEPATYPE OTHOCUTEIBHO MaJIO MOJEINIE, OCHOBAaHHBIX
Ha peXuMe paspyiieHus npu casure. Omyka u ap. [67] Habmomamm pocT TPEIIrH B
peXUME TONEPEYHOro CIBUTra B IUIACTUYHBIX CTANAX M CIENaH BBIBOJ, 4YTO
YCTAJIOCTHBIE TPEIIMHBI PacTyT JMOO BIOJb IUIOCKOCTH MAaKCHUMAaJIbHOTO
KacaTelbHOro HampspbkeHus (pexum [), 100 BIONbH TNIOCKOCTH MaKCHMAalbHOTO
casuroBoro HarpsokeHust (pexxuMm II). Tloxoxkuil moaxoa K pocTy TPEHIMHBI TIPH
CTaTH4YeCKOM Harpy3ke Obu1 mpeminoxkeH Yao u Jlio [66], B KoTopoMm KpuTepuid
MaKCUMAaJIbHBIX HOPMAJbHBIX U CIBUTOBBIX HAIPSIKEHUN OOBEIUHSAIOTCS BMECTE
JUIs. TIporHO3upoBaHusl pocta TpeuwHbl. Comue u ap. B [68] npenmoxuim
DKBUBAJICHTHBIA KOA(D(PHUIIMEHT MHTEHCUBHOCTH HAMPSHKEHUW IJISI POCTa MaJbIX
TpEIIMH BOJHM3W KOHIICHTPATOpa, KOTOPBIM OmpenensieTcsi B  IUIOCKOCTH
MakcUMaJIbHOM aedopmaruu capura. [1ogoOHbBIN moaxoa ObLT TakKe MPEJIoKEH

Pennu u daremu [69].
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®su m np. [70] wuccnenoBany MOBENEHHWE TPEIIMH MPH Pa3sHON HCTOpHH
Harpy’>k€Husi C OJIMHAKOBOH BEJIMYMHOM HArpy3KM B OCEBOM HAIIPaBICHUU U
HaITpaBJICHUU KPYUYEHHUS U TOKA3aJId, YTO MHOTUE MOJENH, UCIIOIb3YIOLUE pa3Max
WHTEHCUBHOCTU MPUJIO)KEHHOTO HANpsDKEHWS WM pa3Max J-uHTerpaia, He
HOJXOJAT B ATOM CUTyalluH, MOCKOJbKY OHHU JalOT UIECHTHYHBIE NPOTHO3BI MPH
pPa3HbIX HUCTOPUAX HATPYKEHHsA. YHHUBEpPCAIbHAasT MOJENb pPOCTa YCTaJIOCTHBIX

TPCHIMH CMCINAHHOI'O THUIIA JOJIKHA YYHUThIBATb BQ)CI)CKTBI HNCTOPHUU HAT'PYKCHUSI.

1.4. DkcnepuMeHTaJbHbIe METOAbl HCCJEI0OBAHUS  PACIPOCTPAHEHUS

YCTAJIOCTHOM TPEUIUHBbI.

KitoueBbIM  MOMEHTOM  HKCIOJB30BaHUA JHOOOM MOAENH pa3pylICHUS
ABIIIETCS BO3MOXKHOCTb JIOCTOBEPHOIO M3MEPEHHs IapaMeTpOB IpoOLEcca,
ONPENEISIIOIUX CKOPOCTh PAacHpOCTPAaHEHUs] YCTAJIOCTHOM TpelnHbl. Pa3Burtne
COBPEMEHHBIX METOJIOB 3KCIEPUMEHTAIBHON MEXAaHUKH Pa3pyLICHUs] MO3BOJIMIIO
CYILECTBEHHO PACIIHPUTH CIUCOK IAapaMETPOB, MCIOJb3YyEMBIX MPU MOCTPOCHUHU
MOJIEJIE pacIpOCTPAaHEHUs YCTaJOCTHBIX TpEIIMH. B Hacrosmee BpeMs NpH
aHalM3€ IMpolecca  PACHPOCTPAHEHMS]  YCTAJIOCTHBIX  TPEIIMH  aKTHUBHO

HCIOJB3YIOTCA CICAYIOINUC SKCIICPUMCHTAJIIbHBIC MCTOABI.

[Ipu ucmonp30BaHUM METOJIA TaJICHUs JICKTPUYECKOro moteHimana [71] na
oOpazen noaaerca noctosHublil (DC) nnm nepemennsiii (AC) 37€KTpUYECKUd TOK
U U3MepseTCsl pa3HOCTh MOTEHIMaloB Ha Oeperax TtpemmuHbl. [lo mepe pocra
TPEUIMHBI 3JCKTPUYECKOE COMPOTHBIICHHE oOpasia ysenuunBaetcs [72]. Ilo
MOCTPOCHHON KaTMOPOBOYHOM 3aBHCHUMOCTH JJIEKTPUUECKOTO HAIPSHKCHHUS OT
JUIMHBI TPEUIMHBI W PETUCTPUPYEMBIX JaHHBIX PAa3HOCTH DJIEKTPUUYECKUX

IIOTCHIOMAJIOB Ha 6eperax TPCIINHBI MOKHO OICHUBATD JIJIMHY TPCHIWHBI.

[IpeumyniecTBaMyu ATOTO METOJAA SIBJSIOTCS TMPOCTOTA HCIMOJIL30BaHUSA U
BO3MOKHOCTH PaOOThI B PA3IMYHBIX TEMIEPATYPHBIX auarna3onax [/3]. OgHako Ha
pe3yabTaThl M3MEPCHHH MOTYT BJMATh HM3MEHEHHE (pOHTA TpelmHbl [74] u

WHTCHCHBHAs IU1acTHUecKas aedopmanus [29,73].
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Packpeitre Tpemuasl (CTOD) — eme oguH mapaMeTp, HUCIOIb3YEMBIA IS
OMMCaHWsl TIOBENCHUS  YNPYro-TJIACTUYECKMX  MaTepuajoB B  IpoIiecce
paspymieHus. PacKphITHE TPEIIUHBI JJIsi CMEIIAHHOTO HATPYXEHUS ONPEACIISIeTCS
KaK OTHOCHUTEIHHOE CMEIICHHWE JBYX IPOTHUBOIIOJIOXKHBIX TOYEK Ha Oeperax
TPEUIMHBI Ha (PUKCUPOBAHHOM PACCTOSHHM 3a BEPUIMHON TpemuHbl [75]. Yamic
[76] mpemnoxmn KpUTEpUi BS3KOCTH pa3pylIeHUs, OCHOBAHHBIM Ha PAaCKPHITHH
tpermmnbl. O'Hayn u [ux [77,78] npoBenu cepuio YUCICHHBIX PACUETOB IS
Pa3IUYHBIX TEOMETPHIA 00pa3IoB HA OCHOBE TCOPUH TUIACTUIHOCTH ¥ MPEITTOKUIIH
AQHAJIOTUYHYI0 XapaKTEPUCTUKY JUISI OMHCAHHUS YIPYro-TUIACTUYECKOTO TIOJS

BOIM3H BCPIIMHBI TPCIINHEI.

Meton koppensiuu HUGPOBbIX H300paKEHUN MOXKET ObITh UCIOJIB30BaH IS
U3MEPEHUS PACKPBITUS TPELIMHBI MPU CMEHNIAHHOM HarpyXeHuh. AMCTYTL H
napyrue [79] omHM W3 MEpBBIX MPUMEHWIA 3Ty METOAMKY JUIsl UCCIICIOBAHHS
pa3BUTUS TPELIMHBI NPU CMEMAaHHOM pexume Harpyxkenus [-II. B stom
UCCJIEIOBAHUM JUIsI M3MEPEHHsI PACKPBITHUS TPEIIMHbl 00pa3eln ObUl MOKpalleH
yEpHOU M OeJoi KpacKaMu JJisi CO3JaHusl KOHTPACTHOM CIIy4ailHOM MOBEPXHOCTH.
Tpu nmapsl obacteld ObUTH BEIOpaHbI B KAYECTBE MAPKEPOB HA Pa3HOM PACCTOSHUU
3a BEPIIMHOM TpelmMHBI. PackpeITHE Oonpeaensuioch N0 CPEAHUM OTHOCUTEIBHBIM
CMELICHUSIM 3THX MapKepoB. AHAJIOTWYHBIM IIOAXOJOM, HCIOJb3Yys JBYX
KAMEPHYIK0 CHUCTEMY MOXHO MCCJIENOBATh MOBEAEHUE TPEIIMHBI MIPU CMEIIAHHOM

pexume [-1I1, momyuus 3-x MepHoe nose aedopmaiuy BOJIU3U BEPILIUHBI.

MeToapl U3MEPEHUST HAKOIJICHHOM B MaTE€pHUalie€ YHEPTUM MPHU TUKINYECKOM
neopMupoBaHuM 0a3UPYIOTCS HA MPUMEHEHUHU TIEPBOTO 3aKOHA TEPMOIUHAMUKHU.
Hakonnennas sHeprust OLIEHMBAETCS KaK Pa3HUIA MEXKAY TOJHOU MEXaHUYECKOU
paboToil u auccunanueit Temia. MexaHn4aeckyr paboTy OMpeaesstoT MO MII0MaTn
MeTJu TUCTEpe3uca auarpamMmbl jaedopmupoBaHusd. Jluccumnanus Teria OOBIYHO
OIICHUBAETCS TI0 U3MEHEHUIO TEMIIEpaTyphl 00pasiia Mpy UCIBITAHUH C TTOMOIIBIO
tepmoniap [80] wim wmH(ppakpacHoit Tepmorpaduu [81] wunm  mpsIMBIMH

VU3MEPEHUSIMU B KaJIOPUMETPE.
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B.B. ®enopoB pa3paboTan 3KCHEPUMEHTANbHYIO YCTAHOBKY, AJISI U3MEPEHHUS
JUCCUIIALIAY TeIUIa MPU HUKINYECKOM OJIHOOCHOM HarpyskeHuu [82]. B ycraHoBke
MCITOJIb30BAIMCh HECKOJIBKO TEPMOIAp U MO PAHEE MOITYYEHHBIM KaTHOPOBOYHBIM
3aBUCUMOCTSIM  pacCUMTBHIBAJIACH  JHCCHMAIMS  TEIUIa NpU  MIPOBEJIECHUU

YCTAJIOCTHOTO TECTA.

[Io pe3ynpraram WHCCIECIOBAHUN IIOKA3aHO, 4YTO CKOPOCTh HAKOIUJICHHS
SHEPrUM K MOMEHTY Pa3pyLICHUs MAJacT W U1 Pa3HbIX YCIOBUN HArpy>KeHUS
CTPEMHUTCA K HEKOTOpoM acumnrore. Iloka3aHO, YTO KPUTHYECKOE 3HAYCHUE
IJIOTHOCTH HAKOIUIEHHOW HSHEPrUU HE 3aBUCUT OT aMIUIMTYAbl HArpy>KeHUs, a
KOppEJIUPYET B MOMEHT pa3pylI€HHs CO 3HAYCHUEM SHTAIBIMHA MaTepuaia B

KUAKOM COCTOSHHWH IIPU TCMIICPATYPC IJIABJIICHMA.

3HAYUTENBHOE Pa3BUTHE METOAMK M3MEPEHHUs HAKOIUIEHHOH >HEpruu ObLIO
npozenano Bunbsmc, Dpaman u Jxxaxona, Bondenaen n Ammieron [83-87]. Ha
CETOIHAIIHUN J€Hb OJHUM M3 MEPCIEKTUBHBIX METOJOB, KOTOPbI HCHOJIb3YIOT
MHOrue aBTOphl [88-91] mis W3ydeHHWs MPOIECCOB JUCCUIAIMM W HAKOILICHUS
DHEpPruu, sBIseTCs MeTol MH(pakpacHoil Tepmorpaduu. PuU3NUEecKOW OCHOBOM
METOJa SIBJISIETCSl pEerucTpanuss M H3MEpPEHUE BEeIMYMHBI HMH(PaKpacHOro
u3NlydeHus: Tena. MeTton HH@pakpacHOW TepMorpaduu MO3BOISET HU3MEPATH
HBOJIIOLIMIO TEMIIEPATypbl B BEPIIMHE TPEUIMHBI B PEXKUME PEalbHOIO BPEMEHU C
BBICOKOH cKopocThio [92]. OrieHKa MOIIHOCTU T€HEpAalluu TeIUia U Pa3Mepa 30HBI
HarpeBa B BEPIIUHE TPEUINHBI MMO3BOJISIET OMPENETIUTh CKOPOCTh PaCIPOCTPAHECHUS
yCTaJOCTHON TpemnHbl. OCHOBHBIM HENOCTAaTKOM JIaHHOTO IOJAXO0J]a SIBISIETCA
HEO0OXOIMMOCTb pelIeHUsl 00paTHOM 3a/1au TEIJIONPOBOJAHOCTH ISl ONPEeICHUS
MOIIIHOCTH UCTOYHUKOB TEIJIa, TO MPUBOIUT K YBEITMYCHUIO OMUOKA KOHEYHOTO

pe3yibTara.
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BriBoabI

CoBpeMeHHbIIl YPOBEHb PA3BUTHSI METOJOB MEXAHHUKHU YCTaJOCTHBIX TPELIUH
MO3BOJIMJIO  CO3JaTh 3HAUMUTENIBHOE YHUCJIO MOJEJEH, yIOBIETBOPUTEIIHHO
OMMCHIBAIOIIMNX MPOLECC UX PACIIPOCTPAHEHUS B METAJUIMUYECKUX MaTepuainax. [Ipu
ATOM 3HAYUTEIHFHOE YHCIO COBPEMEHHBIX HAYYHBIX pabOT MO JaHHOMY BOMIPOCY
CBUJIETEJIbCTBYIOT O HE3aBEPIIEHHOCTH HCCIICIOBAHWI B JTAHHOM HANPABJICHUMU.
OauH 13 OCHOBHBIX 3aKOHOB PAaCIpOCTPAHEHUs YCTATOCTHBIX TPEUIMH — 3aKOH
[Tapuca — ocTaércsi SMIUPUYECKUM U MO-IIPEKHEMY TPEOYET CBOErO (PU3NYECKOTO

000CHOBaHHUS.

[lepcrieKTUBHBIM METOJIOM MOCTPOEHHUS 3aKOHA Ji1 OMNMCAHUs IIpolecca
paclpOCTpaHEHUS YCTAIIOCTHBIX TPEIIUH SIBISETCA UCMOJIB30BAHUE SHEPTETUUYECKU
O0OOCHOBaHHBIX  COOTHOIIECHUW, TMO3BOJISIONIMX  AHAJIM3UPOBATH  CKOPOCTh
paclpoCTpaHEHUsl YCTAJOCTHBIX TpPEIIMH Ha OCHOBE OajlaHCa DHEPruu B HX
BEpIIMHE. DHEPreTUYeCKM OOOCHOBAHHBIE YPaBHEHHUS MO3BOJSIOT C €IMHBIX
MO3UIIMI OINHUCHIBATh MPOLECCHl PACIPOCTPAHEHUS YCTAIOCTHBIX TPEUIUH MpHU

OJHOOCHOM U MHOI'OOCHOM HAI'PY>KCHHH.

Pa3Butue Merona uHdpakpacHoi Tepmorpaduu Mo3BOJIMIO 0€3 U3MEHEHUS
CXEMbl MEXAaHWYECKOTO SKCIEPUMEHTA BU3YAJIM3UPOBATh MOJS IUIACTHYECKON
neopManii B BEpIIMHE TPEUIMHBI U OLICHUBATh WHTEHCUBHOCTH JHUCCHUMIAIUU
SHEPrUu JJIsi HEKOTOPBIX reomeTpuil oOpa3uos. IIpu 3ToM meTon uHppakpacHou
Tepmorpaduu TpeOyeT CIenuaqbHO TMOATOTOBICHHOW TMOBEPXHOCTH O0Opasia u
3HAYUTEIBHBIX BBIYMCIUTEIbHBIX MOLUIHOCTEH NIl pacué€ra QUCCUTIALMU SHEPTHUH.
D70 nenaeT ero HeA0CTaTOYHO I(P(HEKTUBHBIM MPU UCTIOIB30BAHUH B JJIUTEITLHOM
YCTAJIOCTHOM DKCIIEPUMEHTE. JlononHuTensHON poOIeMOit MeToAa
uH(ppakpacHoil TepMmorpaduu  ABISETCS HEOOXOIMMOCTh yd€Ta mpolecca
TerI000MeHa 00pasiia ¢ OKPYXKalollel Cpeod U MOorMcKa BO3MOKHOCTEH JIJISl €ro

HE3aBHCHMOM JIOTIOTHUTEILHON KATMOPOBKH.

B pesynbrare akTyalbHBIM SIBJIIETCA BOIPOC Pa3pabOTKH albTE€PHATUBHOIO

MCTOJla U3MCPCHHA TCIIOBOI'O IMOTOKA, TCHCPHUPYCMOI'O B BCPINMHC TPCHIUMHBI 34a
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CuéT IMIACTHYECKOro naedopmupoBaHus W paspyuieHuss marepuana. OgHUM U3
BO3MOXXHBIX BApUAHTOB pEIICHUS JaHHOW MpoOJIeMbl SBISIETCS pa3padoTKa
KOHTAKTHOI'O JAaTYMKA TEIUIOBOI'O ITOTOKA, OMMCAHMWE KOTOPOrO IPEICTABIEHO BO

BTOPOM TJIaBE.
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I'/TABA 2. PA3PABOTKA INPOI'PAMMHO-AIIITAPATHOI'O
KOMIUVIEKCA JJisA PEI'HCTPAIIMN AUCCHUIIAIIMM TEIIJIA B
BEPIIUHE YCTAJOCTHOM TPEUUHBI.

[lepBocTenieHHON 3ajauyeld TIPU  UCIOJB30BAHUU  TEPMOJAUMHAMUYECKOTO
MOAXO0Ja JJIs ONUCAHUS 3apOKACHUS U PACIPOCTPAHEHUS YCTAIIOCTHBIX TPEIIHH B
MeTaJlIaX SBJISIETCA TOJYYEHHUE JOCTOBEPHBIX OSKCIEPUMEHTAIBHBIX JIAHHBIX
JIMCCUTIAIIUY TEIJIa B BEPILIMHE YCTATOCTHOMN TPEIIUHBI.

Jlist petienus 3ToM 3aa4n Obliia pa3paboTaHa METOJUKA MPSMOTO U3MEPEHHUS
TEIUIOBOTO TOTOKAa B MPOLIECCE MPOBEACHUSI HCHBITAHUN 1O IUKINYECKOMY
nehOpMUPOBAHUIO TUIOCKUX METAJUIMYECKUX 00pa3IoB ¢ TPEIIMHAMM.

B nanHoi1 ri1aBe npeacTaBieHO OMUCAHUE MTPUHIUIHATBHON CXEMBbI, CIOCOObI
BepuUKaIMu TOKAa3aHUM U (PU3NUECKUE TMPUHLMIBL, JeXkKalue B OCHOBE
MPOTrPaMMHO-ANNApaTHOTO KOMIUIEKCA [JIsi PErucTpalyy TEIIOBOrO MOTOKA B
BEpIIMHE YCTAJIOCTHOM TpemuHbl. B pazgene 2.1. omuchiBaeTcs (PU3HUECKUN
MPUHILINI, HA OCHOBE KOTOPOTO CO3/1aH KOHTAKTHBIN JAaTYMK TEIJIOBOIO MOTOKA U
€ro HEMOCPEACTBEHHAs peanu3alus i1 NPUMEHEHHS B XOAE€ MEXaHWYECKHX
UCIIBITAaHUN 10 LHMKJIMYECKOMY Ae(POPMUPOBAHUIO METAUIMYECKHX 00pa3uoB. B
pasnene 2.2. ONMHMCHIBAIOTCS MpOIenypbl KanuOpoBku natuuka. B pazgemne 2.3.
NPUBOJATCS JaHHBIE MO BepUPUKAIMA HM3MEPEHUS] TEIJIOBOTO TMOTOKA TMpH
uccleI0BaHuM TepMoyrpyroro s¢dekra. B 3akintoueHun riaBsl chOpMyIUPOBAHBI
BBIBOJIbI, OTPAXAIOIME OCOOEHHOCTH, OCHOBHBIC MPEUMYINECTBA M BO3MOXKHBIE
o0JlacTu MpUMEHEHHUs pa3pabOTaHHOTO YCTPOICTBA.

Pe3ynbTaThl perieHus mocTaBIeHHON 3a1a4u onmyoankoBaHbl B [93,94].

2.1. ¥YcrpoiicTBO JaTUYMKA AJs1 U3MEPEHNS TENJI0BOI0 MOTOKA

N3yunB ¢u3ndeckue OCHOBBI MPOIIECCOB, MPOUCXOMANINX B MaTepuaie Mmpu

YCTAJIOCTHOM DpPA3pyHmICHHUU MU YCIIOBUA TPOBCACHUA OKCIICPUMCHTA, B Ka4CCTBC
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OCHOBHOTO M3MEPHUTENHHOT0 yCcTpoiicTBa Obul BhIOpaH snemeHT llenbThe, pabota
KOTOpOTro ocHOBaHa Ha 3 ¢ekre IlenbThe.

Oddexr IlenpThe — TEPMOIIEKTPUUECKOE SBICHHE, MPH KOTOPOM
IPOUCXOJHUT  BBIACICHUE WJIA TMOIVIOIMIEHWE Tella MpU  MNPOXOKICHUU
3JIEKTPUYECKOTO TOKA B MECTE KOHTAKTa (CIasi) JByX Pa3HOPOAHBIX IPOBOJIHUKOB.
BennuuHa BBIAEISIEMOro TEIUIA M €r0 3HAK 3aBUCAT OT BUJA KOHTAKTHUPYIOIIMX
BELIECTB, HAIIPABJICHUS U CHJIbI IPOTEKAIOIIETO IJIEKTPUUECKOTO TOKA:

Q= Relt € £ )P (2.1.1)

Q — KOJIMYECTBO BBIJECJIEHHOTO WM MOTIOUIEHHOTO Teria; | — cuiia Toka; t
— BpeMs mporekaHusi Toka; II — koaddumment IlenbTbe, KOTOPBINA CBSI3aH C
koappurmenToM TepMo-3JIC o BTopeiM cooTHomeHueM Tomcona [95] IT = oT,
rane T — abcomoTHas temneparypa B K.

OnemeHT llenbThe MOXKET OBITH HMCHOJB30BAH JUISI TMPSMOIO U3MEPEHHUS
terioBoro notoka. Jddext otkpsuIT K. Ilensthe B 1834 romy. Dnement llenbrhe
COCTOMT W3 OAHOM win Oonee map HEOOJbIIUX MOJIYIPOBOJHUKOBBIX
napajjieenuneoB — OJHOrO N-TMma W OJHOrO P-Thma B Hape
(rennypuna BucmyTa, Bi2Te3 u repmaHuga KpPeMHHs), KOTOPbIC IOMAPHO
COCJIMHEHbl TpH MOMOIIM MeTalmyeckux nepembiuek. CymectByeT 3¢hdext
obpartubiii dddexty Ienprhe — Dddexr 3ecOeka [96], KOTOpHIH 3aKIr0OYaeTCsS B
TOM, 4YTO B 3aMKHYTOM IE€NH, COCTOSILEd M3 Pa3HOPOAHBIX IPOBOJHUKOB,
Bo3HUKaeT TepMoI/IC, ecim MecTa KOHTAKTOB IOAJNECPKUBAIOT IPU Pa3HBIX
TEeMIEpaTypax.

Bennunna BosHukatoumedn TepmoIJC B mepBoM MNpPUONMIKEHHH 3aBUCUT
TOJIbKO OT Marepuaia MpOBOJAHMKOB U TeMmiiepaTyp ropsyero (Ti) U xojoaHOrO
(T2) xOoHTaKTOB.

B HeOonbmiom wunHTepBane temmnepatyp TepmMoIC E MoxHO cuMTath
IPONOPLUUOHAILHON Pa3HOCTU TEMIEPATYP:

E=a,(T, -T) (2.1.2)


http://ru.wikipedia.org/wiki/%D0%A2%D0%B5%D1%80%D0%BC%D0%BE%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B5_%D1%8F%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D1%8F
http://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D1%82%D0%BE%D0%BA
http://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BA%D0%BE%D0%BD%D1%82%D0%B0%D0%BA%D1%82
http://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BF%D1%80%D0%BE%D0%B2%D0%BE%D0%B4%D0%BD%D0%B8%D0%BA
http://ru.wikipedia.org/wiki/%D0%A1%D0%B8%D0%BB%D0%B0_%D1%82%D0%BE%D0%BA%D0%B0
http://ru.wikipedia.org/wiki/%D0%A2%D0%B5%D1%80%D0%BC%D0%BE-%D0%AD%D0%94%D0%A1
http://ru.wikipedia.org/wiki/%D0%A2%D0%BE%D0%BC%D1%81%D0%BE%D0%BD,_%D0%A3%D0%B8%D0%BB%D1%8C%D1%8F%D0%BC_(%D0%BB%D0%BE%D1%80%D0%B4_%D0%9A%D0%B5%D0%BB%D1%8C%D0%B2%D0%B8%D0%BD)
http://ru.wikipedia.org/wiki/%D0%AD%D1%84%D1%84%D0%B5%D0%BA%D1%82_%D0%9F%D0%B5%D0%BB%D1%8C%D1%82%D1%8C%D0%B5#cite_note-1
http://ru.wikipedia.org/wiki/%D0%9A%D0%B5%D0%BB%D1%8C%D0%B2%D0%B8%D0%BD
http://ru.wikipedia.org/wiki/%D0%9F%D0%B5%D0%BB%D1%8C%D1%82%D1%8C%D0%B5,_%D0%96%D0%B0%D0%BD_%D0%A8%D0%B0%D1%80%D0%BB%D1%8C_%D0%90%D1%82%D0%B0%D0%BD%D0%B0%D0%B7
http://ru.wikipedia.org/wiki/%D0%9F%D0%B0%D1%80%D0%B0%D0%BB%D0%BB%D0%B5%D0%BB%D0%B5%D0%BF%D0%B8%D0%BF%D0%B5%D0%B4
http://ru.wikipedia.org/wiki/%D0%94%D0%BE%D0%BD%D0%BE%D1%80_(%D1%84%D0%B8%D0%B7%D0%B8%D0%BA%D0%B0_%D0%BF%D0%BE%D0%BB%D1%83%D0%BF%D1%80%D0%BE%D0%B2%D0%BE%D0%B4%D0%BD%D0%B8%D0%BA%D0%BE%D0%B2)
http://ru.wikipedia.org/wiki/%D0%90%D0%BA%D1%86%D0%B5%D0%BF%D1%82%D0%BE%D1%80_(%D1%84%D0%B8%D0%B7%D0%B8%D0%BA%D0%B0_%D0%BF%D0%BE%D0%BB%D1%83%D0%BF%D1%80%D0%BE%D0%B2%D0%BE%D0%B4%D0%BD%D0%B8%D0%BA%D0%BE%D0%B2)
http://ru.wikipedia.org/wiki/%D0%A2%D0%B5%D0%BB%D0%BB%D1%83%D1%80
http://ru.wikipedia.org/wiki/%D0%92%D0%B8%D1%81%D0%BC%D1%83%D1%82
http://ru.wikipedia.org/wiki/%D0%93%D0%B5%D1%80%D0%BC%D0%B0%D0%BD%D0%B8%D0%B9
http://ru.wikipedia.org/wiki/%D0%9A%D1%80%D0%B5%D0%BC%D0%BD%D0%B8%D0%B9
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T7I€ 012 — TEPMOAJIEKTpUYECKasi CIOCOOHOCTh Mapbl (WM Ko3()PHUIHMEHT
tepMoD/J1C).

B mpocreiimem ciydae koddpdunment tepmoIC ompenensieTcss TOIBKO
MaTepuajaMi TMPOBOJHUKOB, OJIHAKO, CTPOTO TOBOps, OH 3aBUCUT M OT
TEMIIepaTypbl, 1 B HEKOTOPBIX CIy4asX ¢ U3MEHEHHEM TEMIEpPaTyphl 012 MEHSET
3HaK.

Bbonee koppekTHOe BbipaskeHue it TepmMo/]C MOKHO 3amucarh Kak:

T

E= ;”]alz(T) dT (2.1.3)

Hcnonp3oBanue IlenbThe smeMeHTa B KadecTBE OCHOBHOTO 3BEHA IS
U3MEpPEHU 00YCIOBICHO HECKOJILKUMH (PaKTOpaMHU:

1) DiaeMeHT MOXKET HCIOJIb30BAaThCS B MPSIMOM W OOpAaTHOM HAIpPaBJICHHH.
Takum oOpa3zoM, MOXKHO coOOpaTh AJIEKTPUUECKYI0 CXEMY, B KOTOPOHU
OyIeT TeHepUpOBATHCSA SJEKTPUUYCCKUA TOK TPH H3MCHCHHH YCJIOBHUM
TEIJI000MEHA Ha TPAHMIIE MEXIY JJIEMEHTOM H 00pa3IiioM, B KOTOPOM
MPOUCXONUT TEIUIOBbIAeeHne. [Ipu 3TOM BelWYMHA TEHEPUPYEMOTO
AJIEKTPUYECKOTO TOKa OYyIET MpONMOpIHOHATbHA BEIMYHWHE TETUIOBOTO
MOTOKa OT o0Opasra.

2) DnemeHT [lenbThe MIUPOKO PaCIPOCTPAHEH.

3) Illupoxuii nuama3oH pasmMepoB U ¢GopM-(haKkTopa JIEMEHTa IMO3BOJISCT
coOpaTh TaTUYMK 10T HEOOXOIMMBIM THIT UCITBITAHUH.

4) HeBbICOKass CTOMMOCTD 3JIEMEHTOB.

Ha pucynke 2.1.1 mnpencraBiieHa NpPUHIUIHAAIBHAS CXeMa JaTYMKa U

000py0BaHUE /IJIsl TPOBEACHUS H3MEPEHUH.
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Puc. 2.1.1. CxemaTruHOE N300paKeHUE JaTYMKa TEIUIOBOTO MOTOKA. 1 —
UCIIBITBIBAEMBIN 00pasell; 2 — u3MepUTEeIbHbIN 31eMeHT [lenbThe; 3 —
TepMOCTaOUIu3upYyroIuii aemenT [lenbThe; 4 — paguaTop; 5, 6 — TepMonapsl; 7 —

pe3ucTop.

K wucnoeiteiBaecmomy o60pasiy (1) ¢ TOMONIBIO CHUCTEMBI MPUIKUMHBIX
CTEp)KHEW BIUIOTHYIO IMOJBOJIUTCSA JATYMK TEIJIOBOIO MOTOKA, MU3MEPUTEIbHBIM
AJIIEMEHTOB KOTOporo sBisieTcss 3yieMeHT llenpThe (2). TepMmuueckuil KOHTaKT
MEXJIy TIOBEpXHOCThIO 00pa3lia U U3MEpPUTEIbHBIM 3jeMeHTOM I[lenbThe
obecnieunBaercs TepMonactoi. [[nsi KOppeKTHOro (yHKIIMOHMPOBAHHUS JIEMEHTA
HEOOXOAMMO TMOJJEPKUBATh HAa MPOTHUBOIOJIONKHOW MOBEPXHOCTH MOCTOSHHYIO
TEMIEPATypy. OTO MOXKET OBITh pPEATU30BAHO C IMOMOILIBIO METAJTUMYECKOrO
paguatopa. [[1s TOBBIMIEHHS TOYHOCTH M CTAOWJIBHOCTH HM3MEpPEHUM B
npeajlaraeMoil  cXxeMe  HCIOJb3YyeTCS ~ aKTUBHAs — TEPMOCTAOWMIM3alUs €
UCIIOJIb30BAHUEM AHAJIOTHYHOTO 3yieMeHTa [lenbrhe (3), KOTOpBIH yIpaBisieTcs
MUKpPOKOHTPOJUIEPOM. YTPABJICHHE TEPMOCTAOUIU3AMEN OCYIECTBIAETCS 10
MOKa3aHusIM TepMomapel (5), 3aKperiéHHOW Ha «CBOOOIHOI» IMOBEPXHOCTHU
U3MEpPUTENLHOTO 3JIEMEHTa M TepMmomnapbl (6), pEerucTpUpyIOLIEH Temmeparypy

OKPYKAIOIIEN CPEBI.
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N3mepurenpHbli 3neMeHT llenbThe 3aMKHYT Ha HU3KOOMHBIM PE3HCTOP
HomuHaiom 1.2 Om (7). Ilpu mosBieHHM  TeIUIOBBIAEHCHUS (WA
TEIUIONOTJIONICHHS) Ha TPAHHIIE MEXIYy MOBEPXHOCTHIO 00pa3iia U MOBEPXHOCTHIO
WU3MEPUTEIBHOTO JJIEMEHTA, B HEM BO3HUKAET DJIEKTPUYECKHU TOK, KOTOPBIN
U3MeEpSeTCA MO0 Pa3HOCTU MOTEHIMAJIOB Ha KOHTaKTax pesucrtopa. Eciau cucrema
OyIeT perucTpupoBaTh Maylbld  TEMJIOBOW MOTOK, TO, CJI€IOBATENbHO,
AIEKTPUUECKUI TOK, BhIpadaThiBacMblil dyieMeHTOM llenbThe, OyJaeT Tak ke Mall.
N3mepsieMblid CUTHAII C PE3UCTOPA MIPOXOAUT YEPE3 YCUIUTEND U PETUCTPUPYETCS
ananoro-undposeiM 1peoOpazoBareneM (ALII) muxpokontposepa. JlaHHbie ¢
MUKPOKOHTPOJUIEPA NEPENAOTCS B NEPCOHAIBHBIN KOMIBIOTEP I AAJIbHEUIIEH
00paboTKH.

«OXNaXIaroIMiDy JIEMEHT, UCHIOIb3YEMbIN Ul TEPMOCTA0MIN3ALINY, YEPE3
IIOJIEBOM TPAH3UCTOP MOJKIIOYEH K MUKPOKOHTPOJUIEPY U 3JIeMeHTy nutanus. [1o
JAHHBIM JIBYX Tepmomnap (5, 6) B MUKPOKOHTPOJUIEPE BBIYUCISIETCS HANPSKEHUE
nUTaHUs U «OXJIXKIAIOLIET0» 371eMeHTa [lenbThe o gpopmyie:

u,=(T, -T,)VK (2.1.4)
rne Upye — HampspkeHHe NMuTaHus oxnaxaaromiero snemeHta Ilenpthe (B), Tz —
TemmepaTypa ¢ Tepmomnapbl usMeputenbHo moayis (°C), Ti — Temmeparypa
okpyxaromeii cpensl (°C), V — mHanpskenume ucrounmka nmranms (B), K —
TemreparypHbiii ko3dppunuent (B/°C).

AIIIT moakroUeH K mepcoHaIbHOMY KOMITbIOTEpY mo untepdeiicy USB 2.0.
s pabotel ¢ AL B cpene LabVIEW 6buta HanmcaHna nmporpamma.

Jlns peanu3anuu yctpoiictBa OblT B3AT MUKpokoHTposuiep Freeduino Nano
v5, Arduino-coBMeCTHUMBIH MUKPOKOHTpOJUIEp. MaKCHUManbHOE HAIPSHKECHHUE
nutanus anemeHta llenbthe 24 B. B MHUKpPOKOHTpOJIIEPE HET aHAJIOTOBBIX
BBIXOJIOB, TOJIbKO HM(POBBIE C BBIXOJHBIM HampsbkeHuem 5 B. B srom ciyuae
HEOOXOJMM BHEIIHMM MCTOYHHUK NHUTAHUA. OTO MOXET OBbITh aKKyMYJIATOD,
nabopaTopHbIil uctouHuk HarnpspkeHus: win AC-DC koneptop. [lns ynpaBnenus

BHEIIHUM THUTAaHUEM MCIOJIB3YETCS IHUPOTHO-UMITyIbcHAsE Monynsuus (LLIM).
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3anonHeHHOCTh [IIMM-curHana B NpoleHTaX SKBUBAJEHTHA COOTBETCTBYIOLLEH
J10JI€ OT MAKCUMAJIBHOM MOIIHOCTH, IIPY TEKYLIEM HaIPSLDKCHUU TUTAHMSL.

B npuBenéHHOl cxeMe HCHOIb3yeTcss mojeBoil Tpan3uctop IRFZ44.
Tpansuctop IRFZ44 sBnsercss MOIIHBIM N-KaHAJIbHBIM IOJIEBBIM TPAaH3UCTOPOM,
BbInosiHeHHbIM 110 TexHoJorud MOSFET (KMOII). Tpansuctop IRFZ44, kak u
npyrue KMOII tpan3ucTtopsl 001a1at0T HU3KUM COMTPOTUBICHUEM N-KaHaa.

Jlig ucnosib30BaHus pa3pabOTAHHOTO JAaTYUKa B YCIOBUSAX LHMKINYECKOTO
neopMUpOBaHUs OOPa3LOB pa3IMYHOM T€OMETpUHM M JUIsl IPOBEPKU crocoda
U3MEPEHHsI TEIUIOBOrO IOTOKAa COOpaHbl JAaTYUKH B TPEX MCHOJHEHUSX,
oTnuyaronmxcs reomerpudeckumu pasmepamu (10x10, 30x30, 50x50 mm). Cxema

JaTYMKOB, MPEICTABIEHA HA PUCYHKE 2.1.2.

—
68| 40 |
l\:\ ~ i 15 = - ;
4 = = (4 7 E P ‘4
@MS5 dMS

a) 6) B)

Puc. 2.1.2. BapuaHTbl HCIIOJIHEHUS! JATYMKOB: @) — C 3JIEMEHTOM IEIbThE
10x10 mMm., 6) — ¢ anmeMeHTOM TenbThe S0X50 MM., B) — C SJIEMEHTOM TEIIbThE
30x30 mM. (1 — smokcuaHas cMona, 2 — MeIHasl IIaCTUHKA, 3 — TepMomnapa, 4 —

3JIEMEHTHI TIEJIbTHE).

JIBa snemenTta IlenpThe W TEpMOmapa ¢ HMCHOJB30BAHUEM TEPMOMACTHI
pacIojoXeHbl Ha MEIHOM OCHOBaHUU. JIjisi MKcaluu UCTIONBb30BaH AITOKCHUIHBIN

KOMITIayHU. B MCIHOM OCHOBAHHWH IIPCAYCMOTPEHO BHHTOBOC COCAMHCHUSA JIA
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KPEIUIEHWs] paauaTopa MW TMOCIEAYIOIIETO 3aKPEIUVIEHUs Ha HCNBITATEIbHOU

MalllnHC.

2.2. Kaau0OpoBka 1aT4MKa TEIJIOBOr0 MOTOKA

VICXOHBIM CHUTHAJIOM, PErMCTPUPYEMBIM JATUYUKOM, SIBISIETCS HAIPSIKEHUE
Ha PE3UCTOPE B DJIIEKTPUYECKOW Lenu. [ ompeneneHus TEIUIOBOIO IOTOKA
HEO0XOMMO MTPOU3BECTH KAIMOPOBKY 1aTYMKA, TO €CTh OIPEIEIUTh COOTBETCTBUE
MEXKJy BEJIIMYMHOW PETrUCTPUPYEMOrO HAINPSKEHUS W BEIMYMHOM TEIJIOBOTO
IIOTOKA, BBI3BIBAIOIIETO 3Ty pasHOCTh MoTeHnuanoB. Ha pucynke 2.2.1

MMpCaACTaBJICHA ITPUHIHUIINAJIbHAA CXCMaA TJIA KaJII/I6p0BKI/I.

4 5

—
7

© FAHRENHEIT

[IK < 1
L ¥

IIK

Puc. 2.2.1. YcTpoilcTBO 151 KaTMOPOBKH TaTYMKA U3MEPEHHUSI TEMIIOBOTO
noroka (1 — u3MepHUTeIbHBIN TaTUnK, 2 — paauaTop, 3 — HICTOYHHUK MMOTOKA Teruia, 4

— TETUIOU30JISITOP, 5 — OJIOK YIPaBJICHHS] HCTOYHUKOM TEIIa).

Jns reHepauuy TEIJIOBOTO TMOTOKAa HCIIOJIb30BaH IPOTPaMMHUPYEMBbIN
UCTOYHUK TEIJIOBOrO TOTOKa, u3roToBieHHbld Qupmorr FAHRENHEIT
THERMICAR. HcTo4HHMK TETUIOBOTO TIOTOKA MPEACTABISIET COOOW TOHKYIO
MEJIHYI0 IIMHY C pazMepamu 50x2x1 MM., NPUKIECEHHYIO Ha IUIEHKY, PUCYHOK
2.2.2 JInst KOHTPOJIs TEMIEPATYPhl HA HCTOYHHUKE TEMIOBOTO MOTOKA UCIIOJIb3YETCS

OJIHa TepMoOIapa, €€ JBe TEPMOMNApPbl PETUCTPUPYIOT TEMIIEPATYPY OKpPYKaIOIIEH
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cpenbl BOAIM OT MCTOYHUKA. biiok ymnpaBnenus (pucyHok 2.2.3) 3amaér
HEOOXOMMOE HAIpsDKEHHE HAa MENHOM IIMHE, U 10 MOTPeOJIIEMOMY TOKY
pAaCCUMTBHIBAECTCS pPACCEMBAEMbI IMOTOK Temia C MEIHOW IHHBL. Bpewms
YCTAaHOBJICHHSI Ka)XJOTO0 YPOBHS BEJIMYHMHBI TEIJIOBOIO IOTOKAa HACTpPauBaeTCsA
nepeja MpoBeJeHuEM KalIMOpPOBKU M B JaHHOM ciydae coctaBisuio 100 cexyHn.
OTOro BpEMEHM JOCTATOYHO [JIs HACTYIUIEHMS TEIJIOBOro pasHoBecud. Ilo
pe3ysibTaTaM U3MepeHui (popMHUpyeTcs U COXpaHsieTcs Tabyula co CIeNyIOMNMHU
pErUCTPUPYEMBIMU  BEJIMYMHAMU: BpeMms (CEeK.), CUTHaJlbl C TepMmorap,
npuwiokeHHoe Hanpsbkenue(B), mnorpebnsemsiii TOk(A), motok Temna (BT),

SJIEKTPHUYECKOE CONPOTUBIICHHE MEeTHOMU IHHBI (OM).

Puc. 2.2.3. biok ynpasnenuss FAHRENHEIT
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B mporecce kanuOpoBKHM MOCIIEIOBATEIHLHO YBEIMUYMBAIIOCH HAMPSOKCHUE HA
Mennoit mmuHe ¢ 0,1 B go 3,5 B ¢ marom 0,1 B. [lo u3aMepeHHbIM JaHHBIM
MOCTPOCH KanMOpPOBOYHBIN Tpaduk, NPEACTaBICHHbII Ha pHUCyHKe 2.2.4
XapakTepHas 3aBUCUMOCTb MOTOKA TeIUla U U3MEPEHHBIX BEIWYUH MPECTaBICHA

Ha pucyHke 2.2.5.

2 T T T
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Puc. 2.2.4. KanmnOpoBouHbIil rpaduk 3JIeMEHTa MEIbThe
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Puc. 2.2.5. XapakrepHble U3MEPEHUS
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AHanu3 JaHHBIX Ha PHUCYHKE 6 IIOKa3bIBa€T, YTO 3aBUCHUMOCTb MEXIY
TepM0D/IC M TEIUIOBBIM MOTOKOM HMEET JIMHENHBIN Xapaktep. Ha pucynke 7
CUHEH JIMHHUEW MOKAa3aHO IIOCTOSHHOE 3HAYEHWE 3aJaHHOTO TEIUIOBOTO ITOTOKA,
IPU 3TOM HU3MEPEHHOE 3HAYEHUE (3€JICHAsl JTUHUS) TOCTUTAET 3aJJaHHOTO YPOBHS
yepe3 80 ¢ mocne Havyalla U3BMEPEHUN. DTO BBI3BAHO TEM, YTO 3aJaHHOE 3HAYECHUE
ONPENEIAECTCS 110 KOCBEHHBIM IPHU3HAKaM, & UMEHHO 110 3HAYEHUIO HANPSLKEHUS U
NOTPeOIsIEMOT0 TOKa, YTO MOMKET HE COOTBETCTBOBATh PEATLHOMY 3HAYEHUIO
MOIIHOCTH HA MEIHOW IIMHE MCTOYHHKA TEIUIOBOTO MOTOKA B CBSI3U C TEIIOBOM
WHEPLUUOHHOCTBI0 MEIHOW IIMHBL. JUJII TPOBEPKHM 3TOW THUIOTE3bI IPOBEICHA
JOTIOJTHUTENbHAST KaMMOpPOBKa C MCIMOJIb30BaHHEeM HH(ppakpacHoi kamepsl (MK)
JUISL PETUCTPALIMHU ACUCTBUTEIBHOTO TEMIOBOTO MTOTOKA.

B mpezacraBieHHON BbIlIe cxeMe KaauOpoBKHU (pUCYHOK 2.2.1) TermooOMeH
MCTOYHHMKA TEIJIOBOTO MOTOKA C OKPYXKaroIle cpeoi OJOKUPOBAICs C HOMOUIbIO
TEIJIOU30JIATOPA TaK, YTOObI BECh T€HEPUPYEMBII TEIJIOBOM NMOTOK HAIPaBJIsUICS B
u3MeputTenbHblil gatuuk. [Ipu ucnonb3oBaHuM WHEGPAKpaCHON Kamepbl Takas
peanu3anus CXEMbl KaJIUOPOBKM HEBO3MOXKHA, B CBSI3U C HEOOXOJUMOCTHIO
HaJgu4yus CBOOOJHOM TMOBEPXHOCTH sl HWH(PpakpacHod cbemku. I[loaTomy
METO/IMKA TPOBEJACHUS KanHOpOBKM Oblla M3MEHeHa. B manHO#W peanu3anuu
TEIUIOU30JISIMM CBEPXY HCTOYHMKA OTCYTCTBOBAJIA M HA DTOM ITOBEPXHOCTH C

MOMOIIbI0 MH(paKpacHONW KaMepbl PETUCTPHPOBATIACH TeMIeparypa (pPUCYHOK

2.2.6).
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Puc. 2.2.6. Cxema xanuOpoBku narunka ¢ UK kamepoii (1 —

WU3MEPUTENBHBIN JATUHK, 2 — PaauaTop, 3 — HICTOYHMK ITOTOKA TeIuia, 4 —

uH(ppakpacHas kamepa, 5 — OJIOK yIpaBJIeHUS UCTOUHUKOM TEILJIa).

OKCNIEpUMEHTAIIBHO TOJyYEHHasi TeMIIEpaTypa MOBEPXHOCTH MEAHON IIUHBI
focjae TMOAAayd Ha Hee JJIEKTPUYECKOTO HAINPSDKEHUS U €€ IMOCIEAYIOIIETo
pazorpena HUCIOJIb30BAJIACh ISl OLIEHKH MOIIHOCTH MCTOYHHMKA TEIjIa C MOMOILBIO
ypaBHeHUs TerutonpoBognoctu [97, 98]. 'paduk kanmOpoBkM TpeAcTaBiIeH Ha

pucyHke 2.2.7.
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Puc. 2.2.7. KanuOpoBouHbIil rpaduK AaT4rKa TEIIOBOTO OTOKA C

UCITI0JIb30BaHUs MH(PPAKPACHON KaMephbl

Ha pucynke 2.2.8 mnpenactaBieH XapakTepHbId TIpaduk BpeMEHHOH
3aBMCUMOCTH TEIUIOBOTO NOTOKA MpU BeandyuHe HanpspkeHus 2.05 B u cuite Toka
0.28 A. Kak BumHO u3 rpaduka HarpeB M yCTaHOBJICHHE TEIJIOBOrO OanaHca BCei
U3MEPUTENLHON cucTeMbl TpedyeT BpemeHH mnopsinka 60 c. JlaHHbIE TEMIOBOTO
IIOTOKA, MOJYYEHHBIE C JAaT4MKa, YAOBJIETBOPUTEIBHO COIIACYIOTCS C BEIMYUHON
MOIIHOCTH HCTOYHMKA TEIUIA, MOJYYCHHOM ¢ moMompio naHHbix UK kamepsi.
He3nauutenbHble  pacxXoXKIEHUS  PE3yJbTaTOB MOTYT OBbITh  CBfA3aHbl C
NOTPEUIHOCTAMM IIPU  MCHOJIB30BAHUM YPABHEHUS TEIUIONPOBOAHOCTH  JUIA

repecyeTa JaHHbIE TEMIIEPATYPHI B cllyyae ucnosb3oBanus MK kamepsr.



44

0.6 ¢ ——
=
@5 ]
x
2 0.4 -
c
3 0.3 i
m
£ 0.2 -
c
(& —WUKT
= 0.1 — [aTymnk

0 | | ~ |—Fahrenheit
0 20 40 60 80 100

Bpewms, ¢

Puc. 2.2.8. XapakTepHple U3MEPEHHS TEMIOBOTO ITOTOKA ITPU
ucnoap3oBanun natunka u UK xamepsr.

Hatuuk ¢ snemenToM llenbrhe 50x50 MM ObUT OTKAIMOPOBAH MO METOJIMKE,
OonMcaHHOM BhllIe, ucnonb3ys ycrpoructso FAHRENHEIT. [lia natunkos 10x10
MM 1 30x30 MM TaHHO€ YCTPOMCTBO HE MOAXOIUT IO pa3MEpPaM.

Jnst xanuOpOBKM STUX JIaTYUKOB OBUT COOpaH AaHAJIOTMYHBIA HCTOYHUK
TEIUIOBOTO TIOTOKa, pucyHOK 2.2.9. Ha muracTMaccoByl0 MIaCTHHKY TaKOTO XKe
pa3Mepa, Kak HCHBIThIBAEMbIE 00pa3libl, MPUKIEEH MPOBOJOYHBIH PEZUCTOP C
W3BECTHBIM CONPOTUBJIEHHEM. [0 3HaueHWI0 HanpsHKEHUS HA PE3UCTOPE U
MPOTEKAOIIEMY  DJIEKTPUYECKOMY TOKY MOXKHO pacCUMUTATh PACCEMBAECMBIN

TEIJIOBOU IMOTOK.
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Puc. 2.2.9. Cxema xanmuOpoBku gatuuka 10x10 mm. (1 — HEMmOABUKHBIN
KPOHILITEIH HAa NCIIBITATEIbHON MallliHe, 2 — IPY>KUHKA, 3 — TaT4uK, 4 —

PE3UCTOP, 5 — MIacTMacCOBBIM 06pa3eu, 6 — ICTOYHMK ITIOCTOSIHHOTO HaHpH)KeHI/IH).

Ha pucynke 2.2.10 mpenctaBiieHbl KaluOpPOBOYHBIE 3aBUCUMOCTH JJIA BCEX

TPEX JaTYUKOB.
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St —p=0.0205*u+0.014

50x50 Mmm
0 /g@/eez p=0.0539*u+0.004

0 50 100 150 200 250

Hanpsxenue, mB
Puc. 2.2.10. KanuOGpoBo4HBIH rpaguk JaTIMKOB MTOTOKA TETLIa

Paznuuue B Ka.HI/I6pOBO‘IHBIX 3aBUCUMOCTAX AATYUKOB, BECPOATHO, CBA3aHO C

KOHCTPYKTHBHBIMU 0COOEHHOCTSIMM HCIIOJIB3YyCMbIX 3JICMCHTOB HGHLTBG, a
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HMCHHO INNIOTHOCTBIO YIIAKOBKHW IIOJYIIPOBOJHUKOBBIX IIdp B JJICEMCHTC U

3HaueHueM ux tepmoI/C.

2.3. Bepudukanusi nokazaHuii 1aTYUKA

[Tocne mnpoBeaeHHe KamTuOpPOBKM JaTydka HEoOXoAuMma BepUpUKALUS
u3MepseMbIx 3HaueHui. [ Bepudukanuu rnokasaHuil gaTdvka Oblia MpoBeeHA
OlLIEHKa TepMoyrpyroro s¢¢ekra mpu HUKINIECKOM HarpyKeHuu obpasia wu3
HepxkaBeroniei cranu 08X 18H10 6e3 koHIeHTpaTopa HanpspbkeHui. Tak ke B XoJ1e
3TUX U3MEPEHU ObLIO MPOBEPEHO BIMSIHHUE CTEIIEHU KOHTAKTa MEXKy 00paslioM U

JATYMKOM Ha ero nokazanus. Pasmepsr oOpasiia npeactaBieHsl Ha pucyHke 2.3.1.

12

80

Puc. 2.3.1. 'eomeTpust o06pasua st olieHKH TepMoyIpyroro 3¢gdexra

(TonuuHa 4 MM)

Tepmoynpyruit apdext Obu1 oTKpbIT J>KOyneM u onucan KenbBunom B 1853
r. OH 3akirodaercs B MU3MEHEHMM TEMIIEpaTypbl IpU aauabaTUYecKoM YIpPYroM
nedopMupoBaHUM TBEpAbIX Tell. KenbBUHOM Oblna mpemsiockeHa Qopmyna ams
3aBUCHUMOCTH TEMIIEpaTypbl TBEPAOrO Tejla OT MNPUIOKEHHOIO OJHOOCHOTO

BHCIIHETO HAIIPSKCHU.

DT_ 2 4 (2.3.1)
T C

T — mavanmpHas Temmeparypa, DI - nusmenenue temmeparypsl, U — xoadduimeHt

w

TEMIEPATYPHOTO paCUIUpPEHUs, H — TEIUIOEMKOCTh, Y, — TMPUII0KEHHOE

HaIpsKEHHE.
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Ha pucynke 2.3.2 mpeactaBieHbl rpaduki TEIJIOBOTO MOTOKA OT BPEMEHH
JUIs TpEX BapUAHTOB KpPEIUICHUS AAaTyuka K oOpaslly: MpHKaThe NpYKUHOH, Ha
pacctostau 0.5 MM, Ha pacctogHud 0.1 MM. DKCIEpUMEHT NPOBOAWICS C

ITOCTOSTHHOM aMIUTATYAOU NpWIokKeHHOro HanpsbkeHnus 50 Ml1a.
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_D.D4 ’ 1 1 1 1 1
60 61 62 63 64 65 66

Bpems, ¢
Puc. 2.3.2. MoniHocTh IOTOKA TeIJIa TepMOynpyroro s dekra.

U3 rpaduxoB BUAHO, UTO TPEHHE HE OKa3bIBAET CYLIECTBEHHOIO BIUSHUS, U
BapHaHT C MpUXKATHEM JaTyhka K oOpasiy HaéT JOoCTOBEpHbIe pe3ynbraThl. Ha
pucynke 14 cuHAsS JauHUS OTOOpakaeT TEIUIOBOM TMOTOK, PAacCUUTAHHBIN
AHAJIMTUYECKU, KpacHass JIMHHUS COOTBETCTBYET CIIy4al0 H3MEpPEHHs TeIa ¢
MPUKATUEM JaTYMKA C IMOMOLIBIO MPYKUHBI, YEPHAS U 3€JIEHAs JTUHUN — JATYUK
pacnionoxkeH Ha paccrosHuu 0.5 u 0.1 MM oT o0pasua, COOTBETCTBEHHO.
N3MepeHHbIN TEIUIOBOW MOTOK C YYETOM MOTPEIIHOCTH COOTBETCTBYET 3HAUCHUIO,
BBIYMCJIEHHOMY aHAJIUTUYECKHU.

Taxke  TpOBEAEHBI  DKCIIEPUMEHTBI C  HECKOJBKMMH  3HAYCHUSIMU
npuiokeHHoro HanpsbkeHus:: ¢ 25 MlIla mo 150 MIla ¢ marom 25 MlIla. Ha
pucynke 2.3.3 TpelcTaBlieHa 3aBUCUMOCTh aMIUIMTYIbl TEMJIOBOTO MOTOKa,
BBI3BAHHOTO TEPMOYIPYTUM 3PGHEKTOM, OT MPUIIOKEHHOW Harpy3KH, U3MEpEeHHas

W BBIYHCJICHHAA.
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Puc. 2.3.3. 3aBUCUMOCTB aMIUTATYbI TETUIOBOTO MOTOKA, BEI3BAHHOTO

TepMOynpyruM 3(phekTom, OT NPUI0KEHHOTO BHEITHETO HAMPSIKEHUS

OTnrure N3MEPEHHOTO 3HAYCHUS TEIIOBOTO MOTOKA OT TEOPETHUECKOTO TIPH
BHEIITHEM TpwiiokeHHOM HampsikeHuu 150 MIla cBs3aHo ¢ Tem, 4TO TpH Takou
BEJIMYMHE HArpy3Kd BO3HUKAET IlacTHUeckas nedopmaiius, B ITUX YCIOBUIX

ypaBHeHUe KenbBUHA HE TPUMEHUMO.

BoiBoabI

Pa3paboTanHblii JaTYMK TEMJIOBOTO MOTOKA MOXET OBITh HCIOIB30BaH IMPHU
MIPOBEICHUH MEXAaHUYECKUX HCIBITAHUK IUIOCKHMX OOpasloB I HM3MEPCHHS
BEIMYMHBI TMOTOKA TEIUIa, TEHEPHUPYEeMOTro B TPOILECCE  IIACTUYECKOTO
neopMupoBanusi oOpas3lia U pocTa YCTAIOCTHON TpeniuHbl. KOHCTpYKTHBHOE
pEIIeHre JaTuyrKa TO3BOJISIET €r0 MCIOJIb30BaHWE 0€3 M3MEHEHUS CTaHIapTHBIX

METOJIOB MPOBEACHHUS MeEXaHW4YecKux wucnbitTanuil. [lupokass HOMEHKIaTypa
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JOCTYITHBIX d3JIeMEeHTOB [lenbThe mMO3BONIIET COOMpATh MTPOTOTHIBI JTATYUKOB
pa3nmuuHOi (OpPMBI U pPa3MepoB, YTO OOECIEUYHBACT MPOBEICHHUE HCIBITAHUM
00pa3IoB MPOU3BOIBHON reoMeTprH. JlaTIUK MPOCT B U3TOTOBICHUH, SKOHOMUYCH
U HE TpeOyeT CIOXKHBIX MAaTeMaTUYECKUX aJrOpuTMOB OOpaOOTKU JIaHHBIX.
[IpoBenéHHBIC UCIIBITAHUS TTOKAa3ajid BBICOKYIO YYBCTBUTEJIBHOCTH JaTuWKa IpHU
W3MEPECHUH TETUIOBOTO MOTOKA, BBI3BAHHOTO TEPMOYIIPYTUM 3(PHEKTOM, ¢ MATBIMU
aMIUTUTYAaMH TIPWIOKEHHOTO0 HampspkeHus. JlaTuuk ynoOeH NpH MPOBEICHHUH
JUTUTEIBHBIX 10 BPEMEHHU JIKCIEpUMEHTOB. Kak He3aBUCHMBIN KaHall U3MEPEHUs
JaTYUK MOXXET UCIOJIb30BaThCA B COYETAaHUUM C METOJOM HH(paKpacHOU
TepMorpaduu, 4To MO3BOJISET MPOBOJNUTHh KATHMOPOBKY KOHCTAHT, UCIIOJIb3YEMbIX
Npu pacu€Te HMCTOYHUKOB TeIUla MO JaHHBIM TeMmIieparypsl. JlaTumk MOXeT
WCIIOJB30BaThCA TIPU  TPOBEJICHUHM Pa3IMYHBIX AKCIEPUMEHTOB, TPeOYIOMMX
U3MEPEHUs TOTOKa TeIUla ¢ HccieayeMoro oobekra. Hampumep, MoxkeTr OBITH
pPacCIiOIOKEH B KPUTHYECKUX MECTaX KOHCTPYKIIMM M MCIOJb30BAThCS Kak
JIETEKTOP TOSIBJICHUS YCTaJOCTHOW TpelrHbl. C HMCIOJB30BAaHUEM PE3YJIbTATOB,
MPEACTABJICHHBIX B TMOCIEAYIONIMX TJIaBaX, MOKa3aHUs JaTyuMKa IMO3BOJISIOT
OIICHUTh CKOPOCTh PACHPOCTPAHEHMS yCTAJIOCTHOW TPEIIMHBI M, KaK CJIEACTBUE,
OIICHUTh JOJITOBEYHOCTh KOHCTPYKIMH. KOHCTpyKIMS JaT4Mka M METOJ €ro
WCIIOJIB30BaHUsl TIPU OILIEHKE CKOPOCTH POCTA YCTAJIOCTHBIX TPEIIMH 3alluIleHa
natreHToM «Croco0 ompeneneHuss CKOPOCTH pPOcTa TPEHMHBI B oOpasie u
ycTporcTBo st aToro»: Poccuiickas denepanus/ ®I'BYH UMCC YpO PAH,
OI'BOY ITHUITY, OO0 UCMT - Ne 2015129783; 3asBn. 20.07.2015.
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I'maBa 3. DJkcnepuMeHTAJIbHbIE HCCIEI0BAHUA TEPMOJAMHAMUYECKUX
0co0eHHOCTeH pacnpocTpaHeHus YCTAJOCTHOM TPeUUHbI B

KOHCTPYKIIMOHHBIX MaT€puaJjiax.

Pa3paboTaHHbIif BO BTOPOH TJ1aBe JATYHMK IMO3BOJISET MPOBOJUTH U3MEPEHUS
MOTOKA TeIula, TEHEPUPYEMOr0 B BEPIIMHE TPEIIMHBI B MPOILECCE YCTATOCTHBIX
ucnbiTanuii. C UCIONIB30BaHUEM JaTyuKa OBLIM IPOBEACHBI SKCIIEPUMEHTHI I10
PacCIpOCTPAHEHUIO YCTAJIOCTHBIX TPEIIUMH B IUIOCKUX O0OpasiiaXx U3 Hep KaBeIolleH
ctamu 08X18H10 wum Texuuueckoro turtaHa Btl-0 ¢ menpro omnpeneneHus
YHUBEPCAJIBHBIX 3aKOHOMEPHOCTEH JUCCUMNALMM TeIla MPU PaCIpOCTPAHECHUU

YCTAJIOCTHBIX TPCHINH.

C nmenbr0 IEMOHCTPAllMM YHMBEPCAJIBHOCTU MPEIJIOKEHHOTO U ONMCAHHOTO
BO BTOPOW IUVIaBE€ IOAXOJA JUId M3MEPEHUs TEIUIOBOIO IIOTOKA, CBI3aHHOIO C
Pa3BUTHEM 30HBI IUIACTHUECKOW JiIe(pOopMaluy y BEPIIMHBI YCTAIOCTHOM TPEIIMHBI,
ObUIM TIPOBEAEHBI HCHBITAHUS MO LMKIWYECKOMY Je(OPMUPOBAHUIO IUIOCKUX
0o0pa3loB C KOHLEHTPATOpaMU HANpPsDKEHUHM TpU IOCTOSHHOM —aMILIUTYE

HpI/IJ'IO)KeHHOI\/JI Harpy3Ku B YCJIOBHAX OAHOOCHOT'O U IBYXOCHOI'O HAI'PY>KCHMUA.

Pe3ynbTaThl ony0nrkoBaHsl B paborax [99-103].

3.1. Uccaenyemble MaTepuasibl

TruTaHOBBIE CIUIABBI IIMPOKO HCIOJB3YIOTCS B aBHACTPOCHUHU, CYI0BOM
MAIIIMHOCTPOEHUM, ATOMHOM SHEPreTHUKE W JPYIUX CTPATETMYECKU 3HAYUMBIX
OTpAaCIIIX MPOMBIIUICHHOCTH OJlarojapsi KOMILIEKCY CBOMCTB, TaKMX KaK BBICOKAs
yAEIbHAs MPOYHOCTh, KOPPO3UOHHASL CTOMKOCTh, HEMArHUTHOCTh, pAaJAUallMOHHAS
CTOMKOCTh. TUTAHOBBIE CILIABBI YCIOBHO AEJSAT HA TPU TPYHIIBI 0 MEXaHUYECKUM
CBOMCTBaM: CIUIaBbl HEBBICOKOM IMPOYHOCTH M TMOBBIIICHHONW TMJIACTUYHOCTH —
npeaen npouydHoctu ¢;<700 MIla (Btl-0, Bt1-00, OT4-0, OT4-1, AT3), cruiaBsl
CpeaHel MPOYHOCTH — mpejiesl MpouHocTh G5=7/50-1000 MIIa (BT5, OT4, I1T-3B,
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BT120) 1 BBICOKOIIPOYHBIE TUTAHOBBIE CILIABBI — Mpeaea MPoYHOCTH Gx>1000 MIIa
(Bt6, Br14-B122). Il0 CTpyKTYype B OTOXKEHHOM COCTOSIHUM THUTAaHOBBIC CIIJIaBbI

JENATCS Ha o-, ICeBA0-a-, (a+f)-, mceBao-P- u B-crmaser [104].

Texnnueckunt tutan BTl-0 mumpoko nmpuMeEHsETCS KaK KOHCTPYKLUMOHHBIN
MaTepuana Uil HU3rOTOBJIEHHS pA3JIMYHBIX BHIOB MosypadbpukaroB (ponsruy,
JIEHTBHI, JIUCTHI, IUINTHI, IOKOBKH, IITAMIIOBKH, IPOGUIH, TPYOBI U T. 1), IeTaJIEH U
KOHCTPYKIMH, BKJtOYasg cBapHble. OH IIMPOKO HMCHOJIB3YETCS B aBUALMOHHO-
KOCMUYECKOW TEXHUKE JJI M3rOTOBJICHUS KPYNHOTa0ApUTHBIX CBapHbIX U
COOpPHBIX KOHCTPYKIMH JIETAaTENbHBIX allapaToB, NoaypadpukaToB U OaJIOHOB,

pa60Ta}ome 1o AaBJICHHUCM.

Xumuyeckuii coctaB TexHudyeckoro turana Btl-0 mo T'OCT 19807-91

npuBeAcH B Tabmmme 3.1.1.

Tabmuma 3.1.1. Xumudeckuii cocraB Texuuueckoro turana Brl-0 (%),
cootBercTByeT ['OCT 19807-91.

Ti Si Fe C O, N> H> | Smpounx

ocuona | 0,10 | 0,25 | 0,07 | 0,20 | 0,04 | 0,010 0,30

Hepxageromas ctans 08X 18H10 siBisieTcss KOHCTPYKIIMOHHBIM MAaTEPHUATIOM C
MIUPOKON 001acThio mpuMeHeHus. CTainb XOpOUIO HW3y4eHa C TOYKUA 3PEHUS
MEXAHUYECKHUX CBOMCTB W €€ MOXXHO HCHOJIb30BaTh B KayeCTBE MOJAEIBHOIO
Marepuasna il TPOBEPKU HOBBIX TEOPUU M KPUTEPUEB NMPOYHOCTH. XUMHUECKHUI

coctaB 1o ['OCT 5632-72 npencrariex B Tadbnuiy 3.1.2.
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Ta6nuna 3.1.2. Xumuueckuii coctaB ctanu 08X18H10, coorBerctByeT 'OCT
5632-72 (%)

C Si Mn | Ni S P Cr Cu Fe

10 0,08 | 100,8 | o2 | 9-11 | 100,02 | mo0 0,035 | 17-19 | 1o 0,3 | ocTanmbpHOE

MexaHuuecKkne CBOMCTBaA HCCIICAYCMBIX MATCPHUATIOB IIPCACTABJIICHBI B

tabmure 3.1.3.

Ta6J'II/II_Ia 3.1.3. Mexanuueckue CBOMCTBA HCCIICAYCMBIX TUTAHOBBIX CILJIABOB

Marepuan [Ipenen Moaynb [Ipenen [Ipenen
nponopuroHaibHOocTH | HOHra E, MPOYHOCTH, | TEKY4YECTH
00.05%, Mlla I'Tla Mlla G0.2%, Mlla
08X18HIO 43 196 570 210
Br1-0 60 120 502 211

3.2. YcaoBusi 3KCIEPUMEHTA W Pe3yJbTaThl YCTAJOCTHBIX MCIBITAHUIM
IVIOCKUX 00pa3uoB u3 HepxkaBewinein craaum 08X18H10 mpu oaHOOCHOM

HATPYKEHUH.

[Ipy OMHOOCHOM HArpy>KeHHH HCCJIEIOBaHbI 00pasibl U3 HEp)KaBEIOIIEH
ctasmu 08X18H10 ¢ nBymMs reomeTpusiMu, MpeCcTaBIeHHBIMU Ha pucyHke 3.2.1.

Jns ynobcTBa M310KeHUST 0003HAUUM WX Kak oOpasel] «Tull 1» u obpasery «Tul

2».
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Puc.3.2.1. 'eomeTpus 00pa3IoB i OMHOOCHBIX UCTIBITaHMM: THII 1 (a), Tum 2 (0).

Jlns nokanuzanuu TpeuiHbl 00pasibl ObUTM OCJIa0JNeHbl B LEHTPATbHOU
yacTh OOKOBBIMU OJHOCTOPOHHUMM Hajape3amu: U-o0pa3HbIM ¢ paanycoM
kpuBu3HEI 0.5 MM s thna 1 u V-00pasHeiM ¢ yriiom npu Bepmude 30° 11 tuna
2. JlnuHa TpeuiuHbl u3Mepsaach METOJOM MaJeHUs AJIEKTPUUYECKOro MOTEHIIUAlIa
npu nocrosiutaoM Toke — DCPD (Direct Current Potential Drop). Cyts mMetona
3aKJIFOYAETCsl B PETUCTPAIlMU U3MEHEHHS Pa3HOCTH DJEKTPUUYECKUX MOTEHIIUAJIOB,
BBI3BAHHOW Pa3BUTHEM HECIUIOLIHOCTU MaTepuaia (yCTaJOCTHOM TPEIIWHbBI), MPU

IPONyCKaHUK Yepe3 00pasell MOCTOSHHOTO YJICKTpHIECKOro Toka [71, 72].

B Xome wcnbpITaHMM pErucTpupoBaiach AUCCHUNALMS TEIUIA B BEPIIUHE
YCTAJIOCTHOM TPELIMHBI TPU MOMOIIM JaTYUKA TEIJIOBOTO MOTOKA, OMMCAHHOTO B

riase 2. McnpiTanust NpoBOAMIIUCH JIO MIOJTHOTO pa3pylieHus: 00pa3loB.

Ucnbitanust o0pa3moB Tuma 1 ObUM  TPOBEACHHI B YHUBEPCHUTETE
dbenepalbHBIX BOOPYKEHHBIX cwi, MHCTHTYT MartepuanoBenenus, HoiiOubepr,

I'epmanus (University of the Federal Armed Forces, Institute for Materials
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Science, 85577 Neubiberg, Germany) Ha cepBoO -THAPABIMYECKON MCITBITATSILHOM
marmHe ¢ DOLI EDC 580 xontposiepom (Puc. 3.2.2).

Puc. 3.2.2. CepBo-ruapasnuueckas ucnbitarenabnas mammaa DOLI EDC 580

[{ukmnyeckne WCHBITAHWS TPOBOIWINCH TPU TOCTOSHHOW aMIUIMTYIE
npuiiokeHHo Harpy3ku 236 Mlla u 244 Mlla ¢ kosddunmeHToM acuMMETPUN
mukia R=-1 u uvacroroit Harpyxenus 10 I'm. B tabmune 3.2.1 npeacraBieHsbl
YCIIOBHSI HATPY>KCHUS U PE3YIbTaThl HCTIBITAHUN (KOJIMYECTBO IUKIIOB JIO TTOJTHOTO
paspytienust oopasia 1 JUIMHA TPEIIUHbI, TPEAIISCTBYIONAs MAaKPOCKOTTMYECKOMY

paspytienuo odpasiia) oopasios Tuma 1.
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Ta6amua 3.2.1. YcnoBus HarpykeHus M pe3yJbTaThl UCIBITAHUNA 00pa3IoB

tumna 1.
JlniHa TpemuHbI
Mapkuposka | Yeniue, kH Hanpamxere, [nkibr 1P
MIla pa3pylLICHUEM,
MM
spl 8,8 244 51200 |7,70
sp2 8,5 236 140350 | 7,80
sp3 8,5 236 93280 |8,12
sp4 8,8 244 38260 | 7,47
spS 8,8 244 46840 |7,84

Ha PUCYHKC 3.2.3 IMpCaACTABJICHBI 3KCIICPUMCHTAJILHBIC 3HAYCHHA TCIIJIOBOI'O

IIOTOKAa U JJIMHBI TPCIIWHLI AJIAA CCPHUH UCIIBITAHHBIX 06pa311013.

35 .
3+ 7F
= 6l
@ 2 ——sp1, 244 MMa
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a) 0)
Puc. 3.2.3. DxcriepuMeHTaIbHBIE JAHHBIC JIJIST CEPUH 00Pa3IoB: (a) — TEIIOBOU

MOTOK, (0) — AJIMHA TPEIIUHBI.

Kak BuaHO W3 rpaduKkoB, NMpeACTaBICHHBIX Ha pUCYyHKE 3.2.3, OOJbIIYIO

JaCTb BPEMCHM MCILITAHUS 3aHUMACT IIPOHCCC 3apOXKACHUSA TPCHIWHBI, IIPpH
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KOTOpOM HEI6JIIOI[&€TC$I IIOCTOAHHOC 3HAYCHUC AMCCHIIaIMHK TCILIA. Ha PUCYHKC
3.2.4 INpCACTABJICHA XapaKTCpHasd 3aBUCHUMOCTL TCIINIOBOTO IIOTOKAa B XOIC

OUKINYCCKOT'O UCIIBITaHMA.
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Puc. 3.2.4. XapaktepHblil BUJ] TETJIOBOTO TOTOKA B MPOIIECCE POCTA TPEIIHUHBI.

Ha pucynke 3.2.4 MOXHO BBIACIUTh TPU CTAJAUM C PA3HBIM XapaKTEPOM
JIMCCUTIAIUY TeTLIa.

[Teporie 100 cexynn HabmromaeTCs POCT AUCCUMAIIMU TEIJIa U YCTAHOBJICHUE
HEKOTOPOTO TOCTOSIHHOTO 3HaueHus. Ha 53ToM »3Tame NpoucXoAuT Mpouece
YCTAHOBJICHUSI CTAIIMOHAPHOTO COCTOSIHUSI LUKJIMYECKOro AehopMUpOBaHUS,
KOTOpPBI OOYCIIOBJIEH TMPOIECCOM YCTAHOBJIEHUS TEIUIOBOrO OanaHca Bcel
cucteMmbl (0Opaszel, MaTydK, HUCIBITaTeIbHAsl MalllMHA, OKpYJXKamIlas cpena),
OKOHYATEeIbHON (uKcalueld oOpasiia B 3axBaTax HCHBITATEIBHOM MAaIIUHBI MPHU
Harpy>KeHHH, >KECTKOCTHIO UCIIBITATEIbHON MAIIUHBI.

B wunrtepane 100 — 2400 cexynn HaOmomaeTcsi ciabo HU3MEHSIOIIEECs
3HAQYEHUE TEIUIOBOr0 TMOTOKAa, MPU KOTOPOM CKOPOCTh JUCCHUIIAIIMM TEIlia

YPaBHOBEILIMBACTCS TEIUIOOTAAYE B OKpYyXawllylo cpeay. B 310 Bpems
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OPOUCXOAUT OOpa3oBaHME M HAYajJO JIBIKEHUS YCTAJIOCTHOM TpPEIIMHBI.
[Ipupamenre yCTaJOCTHOM TPEIIMHBI HE MNPUBOJUT K CYIIECTBEHHOMY pPOCTY
JTUCCUTIAIINN SHEPTUH, BEI3BAHHOMY IUIACTUYECKON nedopmarueii B €€ BepIIvHe.
[InacTuyeckass 30Ha B BEPIIMHE TPEIIMHBI MEpEMENIAaeTCs B MaTepuaiie 0e3
CYLLECTBEHHOI'O  yBEJIMYEHMsI XapaKTEpHOIrO pa3Mepa W  MHTCHCUBHOCTH
nedhopmarum.

Ha 3aBepiuaromieii craguu nporecca HabMIOJaeTCsl pe3KUil poCT TEIUIOBOTO
IIOTOKA, BBI3BaHHBI aKTUBHBIM PaCIPOCTPAHEHUEM YCTAJIOCTHOW TPEIMHBI, U KaK
CJIEICTBUE, YBEIIMUYEHUEM XAPAKTEPHOTO pa3Mepa U MHTEHCUBHOCTH TUIACTUYECKON
nedopManuu B €€ BEpIIMHE.

Touka mepexoja OT BTOPOM K TPEThEHl CTaausiM Ha rpaduke AUCCUIALUU
TEIUIa MOXET OBbITh OINpejesieHa 0 MAaKCUMaJIbHOMY 3HAYEHHIO KpPUBHU3HBI
dbynkuuu k(x) o gpopmyne 3.2.1.

k(x=—21 (32.1)

(v
rae Y=f(x) — uccnemyemast pyHKIms.

Pesynbratel ompeneneHuss TOYKM Iepexoja Ha rpapukax 3aBHCHUMOCTH
JUCCUTIALIMU TEIJIa U JJIMHBI TPELIMHBI OT BPEMEHH JJIs cepuu 00pa3uoB Tuma 1
npeacTaBiieHbl Ha pucyHke 3.2.0.

CorylacHO MOJYYEHHBIM peE3ysibTaTaM, W3MEHEHHE XapakTepa AUCCUIALUU
HaOmoAaeTcst mpu BeauuuHe TerioBoro noroka 0.3 — 0.4 BT u ayivHe TpeuivuHbl

0e3 yueTa pazmepa Hajpesa 1.0 — 1.5 mm.
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Puc. 3.2.5. MomMeHT u3MeHEeHHsI XapaKTepa AUCCUTIAIIUN SHEPTUHU TIPH
pacmnpoCTpaHEHUH YCTAIOCTHBIX TpeluH (0003HaueH cuMBosioM “0”): (a) —

TEIJIOBOM MOTOK, (0) — JUTMHA TPEITUHBI.

JlJ11 mOCTpOEHUs 3aBUCUMOCTH CKOPOCTU pOCTa TPEIIMHBI OT KO3 duureHTa
unTeHcuBHOocTH Hanpspkenuit (KMH) Opu1 mpoBenén pacuér KWMH nns mannoi
reometpun obOpasuoB. KWMH Si1 paccuutThiBaics METOIOM T'paHUYHOU
kotokarnuu [105]:

Ky :s\/EFl( B aalW.

) 2 ) (3.2.2)
F(a)=112 -0231a 40552 21.72a 30.39

rae U — mpuioxkenHoe HampsbkeHne, O — JUIMHA TPENMHBI (C YY4ETOM BBIPE3a),
W — mmmpuna obpasiia.

Kunernueckass nuarpamma ycCTajJOCTHOIO pa3pylLICHUSs, MPEICTABICHHAs Ha
pucynke 3.2.6, moOKa3bIBaeT, YTO pACIPOCTPAHEHWE TPEIIMHBI MPOXOAWIO B
pexume Ilapuca. Ha rpaduke oTMeueHBl TOYKU MEpexofa MEXKIy CTaIusMU
pacnopoCTpaHEHHs] YCTAJIOCTHOM TPEILIUHbBI, ONPEICIICHHBIE IO AUCCUNIAIlU TEeTIa.
BunHo, uto oHM HaxonATcs B Hawane nuHedHoro ydactka KWMH pasnom 18.5

MIla*mY2, Tne He HaOMOAaeTCs KAaKUX-THO0 OCOOBIX TOYEK.
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Puc. 3.2.6. Kunetnueckas quarpaMmma yCTaJIOCTHOTO Pa3pyIICHUS IS CEPUH

HUCIIBITAHHBIX 06pa3u013 C BBIJICJICHHUECM IBYX CTaI[I/Iﬁ.

3aBUCUMOCTH CKOPOCTH POCTa TPEUIMHBI OT JAUCCUNAIMU TEIUla JJisi CepUuu
UCIIBITAaHHBIX 00pas3ioB mpencraBieHsl Ha 03.2.7. 'paduku 1eMOHCTPHPYIOT
JMHENHYIO0 3aBUCUMOCTh MEXAY TEIJIOBBIM MOTOKOM B BEPIIMHE YCTATOCTHOU
TPEIIMHBI U CKOPOCTBHIO €€ PAaCIpOCTPAHEHHS IO MOMEHTA HEKOHTPOJIUPYEMOTO

POCTa TPEIINHBI.
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——sp1, 244 MNa
—sp2, 236 MMNa
1r sp3, 236 Ma 1
sp4, 244 MMNa
——sp5, 244 MI
0.8 | [T—3P% 2 1
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CKOpOCTb pocTa TpelwuHbl, M/UuKN
o o
N (2]

0 [ L 1 L 1 1
0 0.5 1 1.5 2 2.5 3 3.5
Ouccunauuma Tenna, Bt

Puc. 3.2.7. 3aBUCUMOCTD CKOPOCTH POCTa TPEIIMHBI OT TETIOBOTO MOTOKA.
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CrenyeTr OTMETHTb, 4YTO 3HAUYUTEIbHBIE HW3MEHEHHUS TEIUIOBOTO MOTOKA
HOSIBJIIIOTCS. OJIMKE K cepelvHe JIMHeHHOW Jactu KpuBoM Ilapuca (cM. pucyHOK
3.2.6). MOXHO TMpennoiokKuTh, YTO HEOOpaTUMbIe W3MEHEHHS B MaTepuae,
COJEpKAIllMM YCTAJIOCTHYIO TPEUIMHY, HAYMHAIOTCS paHbIIE, YEM 3TO MOKHO
OpEINoJIOKUTh Ha OCHOBaHMU 3akoHa I[lapuca. DT u3MEHEHMs, OIHAKO,
OTPaXKaroTCs Ha MPOIECCE TEIJIOBBIACIICHUS B BEPILUHE TPEIIHHBI.

KMH u TenioBoi MOTOK aHaJIOTMYHBIM 00pa3oM XapaKTepU3yIOT KUHETHKY
pacmpoCTpaHEHHUs] YCTAJIOCTHON TPEIIMHBI, HO C Pa3IMYHBIX, C TOYKH 3PEHUS
(U3HUKH, CTOPOH — C CHJIOBOM M C SHEPIeTHUYECKOW. DTOT BBIBOJI MOATBEPKIAETCS
aHaJIM30M  3aBUCUMOCTH CKOPOCTH  pOCTa  yCTaJOCTHOM  TpELUMHBI  OT
HOPMHPOBAHHBIX coriacHo ypaBHeHHsM (3.2.3) m (3.2.4) Benmmumnam KUWH u

TEIUIOBOTO TIOTOKA (pUCYHOK 3.2.8).

DKnorm = : (3.2.1)
Dmax = Bhin
Q- Qi
Cnorm = o (3.2.4)
Qmax = Cmin

rae Q — rertoBoit motok, DK - pazmax KIH.

Kak BuaHO U3 rpadukoB, MPEACTABICHHBIX Ha pUcyHKe 3.2.8, KaueCTBEHHO
3T nBe xapaktepuctuku (pasmax KWUH wm nguccunanus sHepruu) BemyT ceOs
CXOXXUM 00pa3oM, MOCTENEHHO HapacTas B XOJI€ PacIHpOCTPaHEHUsSI yCTAIOCTHOM
TPEIIMHBI, YTO MOXKET ObITh KOCBEHHBIM CBUACTEIHCTBOM HJICHTUYHOCTH JTHX
MapaMeTpoB I OMMCAHUSI KUHETUKH PACIpPOCTPAHEHUs TpeluHbl. OCHOBHBIM
MIPEUMYIIECTBOM TOAX0/a, MCIOJB3YIOWIETO TEMIoBOM motok, a He KUH, nmma
OLIEHKM CKOPOCTH pACHPOCTPAHEHMS TPEUIMHBI, SBISIETCS  BO3MOXKHOCTH
AKCIIEPUMEHTAIBHOTO U3MEPEHUS TEIUIOBOTO MOTOKA HEMOCPEICTBEHHO BO BPEMS

nehopMUpOBaHHUS.
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CkopocTb pocTa TpeLluHbl, M/LUUKN

| i i i
0 0.2 0.4 0.6 0.8 1
KoadppuuneHT MHTEHCUBHOCTW HaNpPsKeHU A
W Auccunaums aHeprum

Puc. 3.2.8. CpaBHenue 3aBucuMocTeil ckopoctu pocta Tpemmnbl oT KUH u

teroBoro noroka (K — KMH, Q — TemioBoit moTok) /st 00pa3ios Tuma 1.

AHanu3 pe3yJbTaTOB JaJIbHEUIMX UMUKIMYECKUX MCHBITaHUU Oyaer
MIPOU3BOIUTCS AHAJIOTUYHBIM 00pa3oMm.

[{ukinyeckre OJHOOCHBIE MCIBITaHUS 00pa3loB TUMNa 2 ObUIM MPOBEJIEHBI B
NHCcTUTYyTE MEXaHUKHM CIUIOIIHBIX Cpel  YpalbCckoro otaeneHus Poccuiickoi
akagemMuu Hayk Ha 100 kH cepBo-ruapaBindeckoil McHbITaTeabHONH MarmHe Bi-
00-100,  pmcynox  3.2.9. OOpa3rpl  MOABEPTraIUCh  IMUKIMYECKOMY
nedhopmupoBanuio ¢ yactotor 10 I't, korddunmentom acummerpun 1ukiaa R=0.1

Y MIOCTOSIHHOM aMIUIUTYAO0U IIPUJI0KEHHOW HATPY3KH.



Puc. 3.2.9. CepBo-ruapasnuueckas ucnbitaTenbHas Mamuia Bi-00-100.

JlnnHa

noTeHnuana. B tabmuie 3.2.2 mpeacTaBiIeHbl YCIOBUS HarpyXeHus oOpasioB U
pe3yJabTaThl UKJIMYECKUX UCIBITAHUN HA POCT TPEIIUHBI (KOJUYECTBO IIUKIIOB JI0
IOJIHOTO  pa3pyLUCHUs

MaKPOCKOITMYECKOMY pa3pyIICHUI0 00pa3ia).
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TPCIINHBI

U3MCEPAIaCh

obpasna

METOI0M

A JJIAHA

IHaacHuUA

TPCIINHBI,

Ta6auna 3.2.2. CBogHas TabIMIIa MO UCTIBITAHUSIM 00PA3I[OB THIA 2

Mapiiposka Harpyska, | Hanpsokenue, e Jnuna
kH Mlla TPEIMHbL, MM
spl 14 155 112500 13,09
sp2 12 133 184650 13,58
sp3 12 133 201500 15,38
sp4 14 155 116000 13,07
SpS 14 133 184000 13,69
Sp6 14 155 126000 13,45

QJICKTPHUYICCKOI'O

MpcAmMCCTBYrOIast
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Ha 03.2.10 mpexacraBiieHbl HKCIEPUMEHTAIBLHO HM3MEPEHHBIE 3HAYCHUS
TEIJIOBOTO MOTOKA U JJIMHBI TPEUIUHBI B 3aBUCUMOCTH OT BPEMEHU UCIIBITAHUN JIJIs1

yKa3aHHOW cepuu 00pasIoB.
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—_—sp2, 133 MMMa L |=——sp2, 133 MNa
1F sp3, 133 MNa sp3, 133 MNa
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[AnuHa TpewmHbl, MM
(<]

Ouccunauusa Tenna, Bt

o 05 1 15 2 25 0 0.5 1 15 2 2.5
Bpewms, ¢ « 104 Bpewms, ¢ %10
a) 0)

Puc. 3.2.10. DxcnepuMeHTATbHBIE JaHHBIC TSI CEpUU 00pasIoB: (a) — TeTIOBOM

MOTOK, (0) — JJIMHA TPEIIUHBI.

Ha pucynke 3.2.10a sBHO BBIIEISETCS JBE TPYNNbl TIpadUKOB,
OTJIMYAIOIINECS YPOBHEM JIMCCHUMAIMU TEIJIa HAa JTare 3apoKACHUS TPEUIUHBI,
KOTOPBINA KOPPEIHUPYET C aMIUIUTYI0U MPUIOKEHHON HArPy3KHU.

Ha 3aBHCHMOCTH TEIJIOBOTO TOTOKa MOXKHO, AaHAJOTUYHO WCIBITAHUIM
oOpa3uoB Thna |, BBIIETUTH TPU CTaaAuUd. Bpems mepBod cTaguu COCTaBISET
nopsiaka 800 — 1000 cekyHI, YTO 3HAYMUTENIBHO OOJIBIIE YeM B HCIBITAHUIX
oOpazioB Tuma 1. 3ITO, BEpOSATHO, OOYCIOBJICHO pazMepaMud oOpaslna u
KOHCTPYKTUBHBIMU OCOOCHHOCTSIMHM HCIBITATEIbHOW MammHbel. Ha pucynkax
3.2.11, 3.2.12 o0o3HaueHa TOYKa TMEpexoaa OT BTOPOM K TPETheW CTaauu Ha
rpadukax TEIMJOBOTO ITOTOKA, JJIMHE TPEIIMHBI M KHHETHYCCKOW auarpamme

YCTaJIOCTHOTO Pa3pylICHUsI.
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CKOpOCTb pocCTa Tpelm Hbl, M/UUKN
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Puc. 3.2.11. Touka u3MeHEHUs XapaKTepa JUCCUTIAIIAU TeTIa: (a) — TeTIOBOM
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[nuvHa TpewmHbl, MM
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MOTOK, (0) — JJIMHA TPEIIUHBI.

1 1.5
Bpewms, c
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—sp1, 1565 MMNa
—sp2, 133 MMa
sp3, 133 MMNa
sp4, 155 MMNa
—sp5, 133 MMMa
- sp6, 155 MIa

-
o

10’

KUH, MMa*m1/2

10

2

Puc. 3.2.12. Kunetnueckas AuarpaMmma yCTajlOCTHOTO pa3pylIeHUs AJis1 CEpUU

HCIIBITAHHBIX 06pa3u0B THIIa 2 C BbIACIICHHUCM CTaI[I/II‘/JI.

W3menenue xapakrepa auccunanuu Haomomaercs npu yposHe 0.1 — 0.2 Bt u

JUTMHE TpellnHbl 0e3 yuéra Hajapesa nopsaka 2 MMm. Ha kuHeTnueckoil quarpamme

YCTAJIOCTHOTO PA3pyHICHHUA TOYKH IICPEXOJa HAXOAATCA B HaA4aJIC JIMHEHHOT'O



65

Y2 Kospdumuent

yuactka pexuma Ilapuca mpu yposue KHMH 15 Mlla*m
MHTCHCUBHOCTH  HANpPSDKEHUM S1  pAacCUMTHIBAICA  METOJOM  T'paHUYHOMN
xosutokaruu [105] mo gpopmyie (3.2.2).

3aBHUCHUMOCTH CKOPOCTH POCTa TPEIIMHBI OT TEIUIOBOTO MOTOKA MpEACTaBIcHa

aa 03.

x107®
1 T T T T T
X
=
=
—
208 ]
3
-
=
T 0.6 | ]
Q
o
=
©
504} -
(o) —sp1, 155 Mla
o —sp2, 133 MINa
A sp3, 133 Mla
5 o2t sp4, 155 MMa | _
(@) —sp5, 133 MIMa
8— — sp6, 155 MIMa
x
o 0 | | I | |

0 0.2 04 0.6 0.8 1 1.2

Ouccunauyunsa Tenna, BTt

Puc. 3.2.13. 3aBHCHUMOCTH CKOPOCTH POCTA TPEIIMHBI OT TEIIOBOTO MOTOKA.

[To rpaduky 3aBUCUMOCTH CKOPOCTH POCTa TPEIIMHBI OT AMCCHMALMHU Teruia
MOYHO TaK K€ MPEJNOJI0XKUTh UX JIMHEHHYIO B3aUMOCBs3b. Pe3ynbpTaT aHaIOrM4eH
MOJIy4YeHHOMY Ha 00pasnax tuma 1 ¢ Ipyroil reoMeTpueit U BUJIOM KOHIIEHTpaTopa
HaIPsHKCHUM.

Ha pucynke 3.2.14 npencraBneHo cpaBHeHue TerioBoro notoka u KUH nns
JIEMOHCTpAllUM CXOXKECTU TMpeJjaraeMoro mnoaxojaa u ypasHeHus: llapuca (c
UCIIOJb30BaHMEM HOpMUPOBOK (3.2.3) u (3.2.4)). BmecTe ¢ 3TuUM, NnpuHUMAs BO

BHHUMAHHC BO3MOXHOCTBH IIPAMOI'O 3KCIICPHUMCHTAJIIBHOI'O M3MCPCHHUA TCILJIOBOI'O
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NoTOKa B mporecce naepopMupoBaHHs, TMpeaIaraeMblii MOAXOA  HMEET

NpEUMYIICCTBO B KOHTCKCTC MOHUTOPHUHI'A TCKYIICI'O COCTOAHUA MaTCpHraia.

—K-sp1
== Q-sp1
—K-sp2
= = Q-sp2
K-sp3
Q-sp3
K-spd
Q-sp4
—K-spb
== Q-sp5
—K-spb
= = Q-spb

0 0.2 0.4 0.6 0.8 1

CkopocTk pocTa TpeLLlUHbl, M/UKKr

KoadbpUMEeHT MHTEHCUBHOCTW HaNpsKeHUK
WU guccunaunsa aHeprum

Puc. 3.2.14. CpaBHeHue 3aBUCUMOCTEN ckopocTu pocta Tpemunbl or KUH u

tertoBoro noroka (K — KMH, Q — TemioBoit moTok) /st 00pa3ios Tuma 2.

Kak BugHo wu3 rpaduka Ha pucynke 3.2.14 mOJyd4eHO KauyeCTBEHHOE
COOTBETCTBHE ONUCAHUSI CKOPOCTU POCTa TPEILMHBI KaKk Ha OCHOBE Koa(duimeHTa

HWHTCHCUBHOCTH HaHpHH(eHHﬁ, TaK 1 Ha OCHOBC JHUCCHIIAlIUHN TCILJIA.

3.3. YciaoBus IKCHepUMEHTa M Pe3yJbTaThl YCTAJOCTHBIX MCHbITAHUIA
IVIOCKUX 00pa3uoB u3 Hep:xkapewinedl craau 08X18H10 npu aByxocHom

HarpyxeHHuu.

[IpoBeneHo wu3MepeHUE MUCCHUIMALMK TeIUla B BEPIIMHE YCTaJOCTHOM
TPELIMHBI TIPU CJIOKHOM HANPSHKEHHO-/1e()OPMUPOBAHHOM COCTOSIHUM B yCIIOBUSIX
JIBYXOCHOTO Harpy>KeHHsl KpecToOOpa3HbIX OOpa3loB W3 HEPKABEIOIIEH cTanu
08X18H10. I'eomeTtpus obpasmoB mpeacraBieHa Ha pucyHke 3.3.1. TommuHa

oOpasuoB 3 MM. HcnbiTanus npoBoawiauch B Ka3aHCKOM Hay4YHOM LIEHTpE
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Pocculickol akanemun HayK Ha CEpBO-THAPABINYECKON HCHBITATEIbHOW MAIlIMHE
Bi-00-502 (pucynox 3.3.2). Jlug JoKaluM3alMM TPEIIMHBI Ha  oOpasiie
IPUCYTCTBYET KOHIIEHTPATOP B BHJE IEHTPAIBHOIO BBIpE3a IMHPHHON 1 MM H

mraHor 10 MM.

Q 0}
SR e — o |s
o 0
—— /%
$ "
i
T[]
@
Puc. 3.3.1. 'eomerpust 06pa3ios. Puc. 3.3.2. VcnipITaTrenpHas ManmHa

Bi-00-502, Biaxial test System.

JlniHAa TpemMHBI HW3MEpsIach C TOMOIIBID ONTHYECKOTO MHMKPOCKOTMA
MEePUOIMYECKU TI0 MEPE POCTA YCTAIOCTHON TPEIIUHBI. DKCIIEPUMEHT MPOBOIMIICS
C MOCTOSHHBIM 3HAQUYEHUEM AaMIUIMTYIbl MPUIIOKEHHONW Harpy3ku B 45 xH c
ko urmmenTom  acummeTrpun 1wmkia 0.1 W pa3AMYHBIM - TTApPAMETPOM
JIBYXOCHOCTH, YTO MO3BOJIMIO MOJYYUTh CMEIIAHHYI0 MOAY (HOPMaJbHBIA OTPHIB
U TIOTIEPEYHBIA CIBUT) pacCIpOCTpaHEHUs TpPEIIUHBL. YacTora HarpyXeHUs
cocrassuia 10 T

B Tabmume 3.3.1 mpeacraBieHbl MapaMeTpbhl HATPYKEHUS U PE3YIbTAThI
UCIIBITaHWK. VICIIBITaHUE OCTAaHABIWBAJIOCh, KOT/Ia TPEIIMHA JOXOAWJIA IO Kpas
paboueii obmactu oOpasma. Tak kak Ha oOpasiie MPUCYTCTBYET KOHIICHTPATOP

HaNpsDKEHWW B BUAE LEHTPAIBHOTO BBIPE3a, MPU LUKIMYECKOM HArpyKeHUU



oOpa3zyrorcs

ABEC

CUMMCTPUYIHBIC
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TPEILLIHHBI,

pacrpocTpaHsonecs B

IIPOTUBOIIOJIOKHBIX HAIIPAaBJICHHUAX. B Ta6J'II/IHC 3.3.1 YKa3aHa IIOJHasg JJIWHaA

TPEIIMHBI IEPE]] OCTAHOBKOM IKCIIEPUMEHTA.

Tabauua 3.3.1. [TapameTpbl Harpy»KeHus1 00pa3IloB.

Hanpsoxenue Jnuna
Harpy3ka, Koaddumment
Neo | MapkupoBka B paboueii [uknel | TpeKHEI,
kH JIIByXOCHOCTHU
yactu, MIla MM
1 |spl 45 176 0 97000 |70/4
2 |sp2 45 249 1 210000 | 69,0
3 |sp3 45 197 0,5 153000 | 74,6
4 | sp4 45 197 0,5 155000 | 78,1

Ha 03.3.3 mnpencraBieHbl XapaKTepHbIE HKCIIEPUMEHTAIbHbIC 3HAYCHUS

TCINIOBOI'0 IIOTOKAa M AJIMHBI TPCHIWMHBI IJIsI CCPHUM HCIIBITAHHBIX O6p33L[OB JIIA

KaXXJIOTO clly4asi Harpy»KEeHHSI.
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——sp2,249 MMa, =1
sp3, 197 MMa, =0.5
sp4, 197 MMa, = 0.5

0.005 |
0

Bpewms, ¢ x 104

Puc. 3.3.3. DkcniepuMeHTaIbHbIE JaHHBIE 1JI CEpUM 00pa3IoB: (a) — TeIIOBOM

MOTOK, (0) — AJIMHA TPEIIUHBI.
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[Tporecc aHanm3a 3KCIEPUMEHTAIBHBIX JIAHHBIX AHAJOTHYCH OIUCAHHOMY
paHee. Ha 3aBHCHMOCTH TEIUIOBOTO MOTOKA BBIACICHBI TPHU CTAJAMKA M Ha PUCYHKAX
3.34, 3.3.5 (muccumanus TeIUia, JJIMHA TPEIIMHBI, KUHETUYECKas auarpamma
YCTaJOCTHOTO pa3pylleHHs) 00O3HAUE€HAa TOUKa MEpexXoja K CTaJAUM aKTUBHOU
muccumanuu tera. Ctaausa 1 mepexona K CTalMOHAPHOMY PEXKHMY JUCCHITAIIUN

TeIUIa B 3TUX UCTbITaHUSIX JocTturaet 1500 cexyH.
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(1] ——sp1,176 MMNa, =0 = 25
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c sp3, 197 MMa, 5 = 0.5 o
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G 15 sp4, 197 MMa, = 0.5 )
L 1->2 E
= E
s @
E a
© 15
c 1t =
10
= = ——sp1, 176 MMa, =0
0.5 ——sp2, 249 MNa, =1
— 5 sp3, 197 MMa, = 0.5
sp4, 197 MMa, = 0.5
y 122
0 L L L | 0 s L
0 1 2 3 4 5 0 1 2 3 4 5
Bpewms, ¢ «10% Bpewms, c «10%
a) 0)

Puc. 3.3.4. /Ise craguu npu pacpoCTpaHEHUHU YCTAIOCTHBIX TPEUIUH: () —

TEIJIOBOM MOTOK, (0) — UIMHA TPEUIUHBI.

N3menenne xapakrepa nuccunanuu Hadmoaaercs npu yposue 0.2 — 0.4 Bt u
JUIMHE TpPEIMHBI 5 MM 0e3 ydeTa JUIMHBI KOHIIEHTpartopa HampsikeHuil. Ha
KMHETUYECKOU THarpaMMe yCTaJIOCTHOTO Pa3pylIeHUsI TOUKU MEPeXo/ia HaXOAsATCs
B Hauaje JHMHEWHOro ydacTka pexuma [lapuca mpu ypone KMH 22 — 35
MIla*mY2. Bonpmoii pa3bpoc B 3Hauenun KHWH, BeposTHO, CBs3aH CO
3HAYUTEILHON pPa3HULICH B YCIOBUSIX HArpy>KeHUs, MOBJIEKIICH pa3IM4HOE IMOJie

HaIPsDKCHUH B 00J1aCTH KOHIIEHTPATOPA.



70

10-5:' T T T "|""x""|""|""x""|""|:
L sp1,176 MNa, =0 ]
—sp2, 249 MMNa, =1
sp3, 197 MMa, 5 = 0.5
sp4, 197 MMa, n = 0.5
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CKoOpOCTb pocTa TpelwuHbl, M/c
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KWH, Na*m1/2
Puc. 3.3.5. Kunetnueckas quarpaMma ycTaJOCTHOTO pa3pyUIECHUs ISl CEpUn

HCIIBITAHHBIX o6pa31103 C BBIACICHUCM IBYX CT&I[PIﬁ.

KoahduimeHT WHTEHCUBHOCTH HANPSIKCHUA S1 PAaCCYUTHIBAICS METOJIOM
rpaHuuHON Koytokanuu [105].
Ha pucynke 3.3.6 mpeacraBieHo cpaBHeHHE TerioBoro motoka m KMH ¢

UCITIOJIb30BaHUEM HOpMHUPOBOK 3.2.3 u 3.2.4.
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Puc. 3.3.6. CpaBHeHue 3aBrcuMocTeil ckopocTH pocta Tpeutunsl o KMHa u

terutoBoro noroka (K — KMH, Q — temioBoii moTok).
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3aBUCUMOCTh CKOPOCTH pPOCTa TPEMIMHBI OT TEIJIOBOrO MOTOKAa IS

HGp)KaBCIOIHeﬁ CTaJIn IIpU ABYXOCHOM HAI'PYKCHHH IIPCACTABIICHA HA PHCYHKC

3.3.7.
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1.8 X10 : . . .
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(3]
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3 0.
(o}
ﬁ 0.6 - b
3
004+ 7
()
%
©o2} .
0 | 1 1 1
0 0.5 1 1.5 2 2.5

Ouccunauusa Tenna Q, Bt

Puc. 3.3.7. 3aBUCHMOCTH CKOPOCTH POCTA TPEIIMHBI OT TETUIOBOTO MOTOKA.

Takum oOpazom, [jIsi JABYXOCHOTO HArpy>KeHUs TIOJy4Y€Ha JIMHEWHas
B3aMMOCBSI3b MEXKY CKOPOCTBIO POCTa TPEIIMHBI U TEIUIOBBIM MOTOKOM. OHAKO
IapaMeTpbl 3TOM 3aBUCUMOCTHU Pa3HbIE JUIS KaKJI0r0 U3 YCIIOBUM HarpykeHus. Ha

JaHHOM 3TallC 3Ty 3aBUCUMOCTD HCJIb35 HA3BATh YHHBepcaHBHOﬁ.
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3.4. YcaoBusi 3KCIEPUMEHTA U Pe3yJbTAThl YCTAJOCTHBIX MCIBITAHUIN
IVIOCKUX O00pa3moB U3 THTaHOBOro cmiaaa BT1-0 npu oaHOOCHOM

HArpy:KeHUH.

[IpoBeneHo wu3MepeHHe AUCCUMNAIMU TeIjla B BEPIIMHE YCTaJIOCTHOM
TPEIIMHBI C WCIOJIH30BAHUEM KOHTAKTHOTO JaT4YMKa TEIUIOBOTO TOTOKAa Ha
IJIOCKUX oOpasmax wu3 TtuTaHoBoro ciaBa Btl-0. T'eomerpus o00pa3siioB
npenactaBieHa Ha pucynke 3.4.1. OOpasupl MNOABEPraivch MIHUKINYECKOMY
nedhopmupoBannio ¢ yactotor 10 'l ¥ MOCTOSSHHOW aMIUTMTYIOW TPHIIOKCHHON
Harpy3ku, kodddunuentom acummerpun 1uwkiaa R = 0.1. HWcnbeitanus
MIPOBOJUINCH B MHCTUTYTE MEXaHWKH CIUIONIHBIX Cpefl YPaTbCKOTO OTICICHUS
Poccuiickoit akanemuun Hayk Ha 100 kH cepBo-ruapaBInyecKoil MCMBITATEIbHON
marmmae Bi-00-100. Jlns jokanw3anmuu TPEIIMHBI Ha 00pasle HPHCYTCTBYET

KOHIIEHTpaToOp B BUJIe 60koBOro V-0o0pa3Horo Hajapesa.

R10
\. ¥ Y/
30043
| 30 40
| 190 50
| 13

Puc. 3.4.1. 'eomerpust 06pasnos u3 rexundeckoro tutana BT1-0 (tommuna 3

MM).

I[J'II/IHa TPCIIUHLBI HU3MCEPAIACh METOAOM naacHuAa QJICKTPHYCCKOI'O

noteHuuana [71,72]. Ha pucynke 3.4.2 npeacTaBi€Hbl SKCHEPUMEHTAIIbHbBIC



73

SHAYCHHUA TCINIOBOI'O IIOTOKAa MW JUIMHBI TPCHIMHBI AJiI CCPpUM HCIIBITAHHBLIX

00pasIioB.

1.2 T T T T 0.014 -

—sp1, 100 MMa
—sp2, 80 MMMa
1+ sp3, 80 MMa
sp4, 100 MMa
sp5, 100 MMa
—sp6, 80 MMMa
sp7, 80 MNa
0.002 -

)
e

0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 25
Bpewms, ¢ %104 Bpewms, ¢ %104

a) 6)

Puc. 3.4.2. DxcriepuMeHTaIbHBIC JAHHBIC JIJIST CEPUH 00PA3IoB: (a) — TEIIOBON

0.012 -

sp1,100 MNa
0.01 | ——sp2, 80 Ma
sp3, 80 MMa
sp4, 100 MNa
sp5, 100 MMa
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Ouccunauusa Tenna, Bt
¢ e <
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OnvHa TpewuHbl, M

e
)
M

MOTOK, (0) — JJIMHA TPEIIUHBI.

Ha pucynke 3.4.2a rpadguku Ha dTarne 3apoKIeHUs TPEIIMHBI Pa3eisioTCs Ha
JIBE TPYIIHI 110 YPOBHIO TUCCHUITIAIMN TEIUIa COTJIACHO aMIUIUTYIEC TPHIIOKCHHOU
Harpy3KHu.

Ha rpaduke 3aBUCHUMOCTH TEIJIOBOTO TOTOKA OT BPEMEHH MOKHO TaKXKe
BBIJICJINTh TPU CTaauu. Bpems mepBoi ctaguu cocrasisier nopsaka 500 cekyH.
Ha pucynkax 3.4.3, 3.4.4. o0o3HaueHa TOYKa MeEpexojia OT BTOPOM K TpeThe
CTaanM Ha Tpadukax AWCCHMAIMU TEIUla, JJIMHE TPEIIMHBI W KUHETHUYECKOU

JAuarpaMme yCTaJIOCTHOT'O paspyHICHHA.
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0.002

0

0.01

—sp1, 100 MMNa
—sp2, 80 MNa
sp3, 80 MMNa
sp4, 100 MNa
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Puc. 3.4.3. /IBe ctaauu mpu pacpoCTpaHEHUH YCTAIIOCTHBIX TPEIIUH: (a) —

TEIJIOBOU MOTOK, (0) — JUIMHA TPEUIUHBI.
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—sp1, 100 MPa
—sp2, 80 MPa
sp3, 80 MPa
sp4, 100 MPa
—_—sp5, 100 MPa
- sp6, 80 MPa
sp7, 80 MPa
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CKopoCTb pocTa TpewuHbIdO M/c
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~ (2]

107

108

KWH, MNa*m?1/2

Puc. 3.4.4. Kunetndeckas quarpaMMa yCTaJOCTHOTO Pa3pyLISHUs ISl CEpUn

HCIIBITAHHBIX O6p&3HOB C BBIICJICHHUCM JIBYX CTaHHﬁ.
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W3menenune xapakrepa auccunanuu Hadmonaercs npu yposuae 0.2 — 0.4 Bt u
JUTMHE TPeIUHBI opsiaka 1.5 — 2 mm. Ha kuHeTHYecKoi muarpaMmme yCTaIOCTHOTO
pa3pylieHus] TOYKU Mepexo/ia HaXOITCs Ha JIMHEHHOM ydacTka pexkuma [lapuca
npu yposHe KMH 8 MIla*mY?. Koa(ppuLUEeHT HHTEHCUBHOCTH HANPSKEHHH S 1
pacCUMTHIBAJICS METOIOM IpaHruHOM Kojutokaiuu [105] mo dopmyite (3.2.2).

Ha pucynke 3.4.5 npencraBieHo cpaBHeHue TemioBoro nortoka u KWUH nns
NPOBEPKH  AJCKBATHOCTH  MpeajaraeéMoro Tmoaxoia (¢  HCIOJIb30BaHHUEM
HopMupoBok (3.2.3) wm (3.2.4)). IlomydeHO Ka4eCTBEHHOE COOTBETCTBHE

aHAJIOTMYHOE UCIBITAHUSIM Ha 00pa3lax U3 HepKaBEIOIEH CTalu.

= -4
§ 10 —K-sp2
g - = Q-sp2
- —K-sp3
2 - = Q-sp3
3 107 —K-sp5
[} - = Q-sp5
E‘ —K-sp9
© - = Q-sp9
S 10 K-sp10
i. Q-sp10
5 K-sp11
8_ Q-sp11
g (07 | | | | | K-sp12
Q-sp12
0 0.2 0.4 0.6 0.8 1

KoadhpunumeHT MHTEHCUBHOCTU HaNps>KeHNU
N guccmnaymns aHeprum

Puc. 3.4.5. CpaBHeHue 3aBrcuMocTel ckopocTH pocTa Tpeutunsl oT KUH u

teroBoro noroka (K — KMH, Q — temioBoit moTok).

3aBHCHUMOCTbH CKOPOCTH pOCTa TPCIIWMHBI OT TCILIOBOI'O IIOTOKA IIPCACTABJICHA

Ha 03.4.6.
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95 x107°
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Ouccunauusa Tenna Q, Bt

Puc. 3.4.6. 3aBUCHMOCTH CKOPOCTH POCTA TPEIIMHBI OT TETUIOBOTO MTOTOKA.

Jlanapie Ha pucynke 3.4.6 IEMOHCTPHPYIOT aHAJIOTHYHYIO JIMHCHHYIO
B3aHMOCBSI3b MEKY TEIJIOBBIM MOTOKOM M CKOPOCTBIO POCTa TPELIMHBI, KaK U JIJIA
o0pa3IoB W3 HepKaBeroleld crtaau. B 3Toll cepuM HCHBITAaHWK BHUIHO, YTO
oOpasIpl pa3leNuiuch Ha JBE TPYyNNbl B COOTBETCTBUM C aMIUIUTYIOMU
MPUJIOKEHHON HAarpy3Ku. JTO, BEPOSITHO, CBSI3aHO C YCTaJOCTHBIMU CBOMCTBaMU

JTAHHOTO MaTepuaa.

3.5. YciaoBusi 3KcnepuMeHTa W Ppe3yJbTaTbhl YCTAJOCTHBIX HCHbITAHUIA
IVIOCKUX o0pa3moB u3 TUTaHOBOro cmiaaa BT1-0 npm aByxocHom

HAI'PY’KeHHMH.

[IpoBeneHO wW3MepeHWE MAWCCHUIALMK TeIjla B BEPIIMHE YCTaJOCTHOM
TPEIIMHBl MPU JBYXOCHOM HAarpy)XeHUH KpecTooOpa3HbIX 00pasloB U3
TexHuueckoro turaa Br1l-0. ['eomerpust 0oOpas3loB mpencraBieHa HAa PUCYHKE

3.5.1. Tonmuua o6pa3nos 1 mm. Mcneitanus npoBoaminch B KazanckoMm HaydyHOM
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nente PAH na cepBo-ruapasnnyeckoil ucnsitatenbHoit Mamuae Bi-00-502. dns
JOKaJgM3allMi TPEIIMHbBl Ha o0paslie MPHCYTCTBYET KOHLEHTPATOp B BHUJE

LIEHTPAJIBHOIO BhIpe3a IMUPUHOW | MM 1 mimHHOU 10 MM.

|
-0
st
]
Q 0]
N O — ORNES
0] )
r{,\?)

Puc. 3.5.1. 'eomerpust 06pa3moB i IBYXOCHBIX UCIIBITAHUN (TOIMKHA | MM).

JnuHa TpemuHbl H3MEpsAJach C IOMOIIBI0 ONTHYECKOTO MHUKPOCKOIA.
DKCHEPUMEHT MPOBOJIUIICS C MOCTOSIHHBIM 3HAYEHUEM TIPUKIIABIBAEMON HATPY3KH
C Pa3IUYHBIM KOA(DPHUITMEHTOM aCUMMETPHUH IMKJIAa U TapaMeTPOM JTBYXOCHOCTH,
YTO TIO3BOJMJIO TIOJIYYUTh CMEIIAHHYI0 MOJAY PaclpOCTPAHEHUS TPEIIMHBI
(HOpMaJbHBIM OTPHIB M MOTIEPEUHBIN cABUT). YacToTa HarpyxeHus cocrasisuia 10
['a. B Tabmune 3.5.1 npeacTaBieHsl mapaMeTpbl Harpy>KeHUS.

Ha O mpencraBieHbl 3KCIIEpUMEHTAIbHBIE 3HAUYEHHS TEIJIOBOIO MOTOKA U

JJIMHBI TPCIMHUHBI 1JI1 CCPHUH UCIIBITAHHBIX 06p213HOB.
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Ta6auna 3.5.1. [lapameTpsr HarpyxeHust 00Opas3IoOB.

Jnuna
Harpyska, | Acummerpus | Koaddumuent
No | MapkupoBka Hukmbr TPELIUHBI,
kH LHKJIa JIIByXOCHOCTHU
MM
1 |spl 7 0,1 1 365000 110
2 |sp2 12 0,1 1 42000 93
3 | sp3 10 0,1 0,5 50000 94
4 | spd 9 0,1 0 61672 86
5 | sp5 12 0,5 1 135000 99
6 |sp6 10 0,5 1 205000 93
7 | sp7 12 0,5 0,5 172500 90
8 : ; ; 0.1
sp1, 111 MMa, R=0.1, =1
7r ——sp2, 190 MMa, R=0.1, n=1 4
sp3, 125 MMa, R=0.1, n=0.5 0.08 -
- —— sp4, 112 MMa, R=0.1, =0
o6 sp5, 106 MMa, R=0.5, n=1 | | s
o ——sp6, 88 MIa, R=0.5, =1 -
Esl sp7, 84 Ma, R=0.5, 7=0.5 | | 2 0.06
2 3
S4r a
E 3l E 0.04
S g —sp1, 111 MMa, R=0.1, n=1
S e
= 0.02 ¢ —s§4: 112 MMa, R=0.1, Z:o'
1 e
= = _—— . ‘ ‘ . s;7: 84 MI'!a: R=0:5; 0.5 ‘
0o 0.5 1 15 2 25 3 35 4 0o 05 1 5 2 25 3 35 4
Bpewms, ¢ %104 Bpewms, ¢ x10%
a) 0)

Puc. 3.5.2. DxcriepuMeHTaIbHBIE JAHHBIE JIJIST CEPUH 00pa3IoB: (&) — TEII0OBOM

MOTOK, (0) — AJIMHA TPEIIUHBI.

Ha rpaduke 3aBUCMMOCTH TEIJIOBOIO MOTOKA BBIJICJIEHBI TPU CTAJIUU U Ha
pucynkax 3.5.3, 3.5.4 (muccunainus Terja, IJWHA TPEIIUHBI, KUHETUYECKas
JyarpaMMa yCTaJIOCTHOTO paspylleHus) 00O03HaueHa Touyka IMepexofa K CTauu
akTUBHOM pauccumnanuu Teruia. Ctagus 1 mepexoja K CTAllMOHAPHOMY PEXKUMY
JMCCUTIAIIUY TEIJIa B 3TUX UcTbITaHuAX qocturaet 1000 cexyH.

W3menenune xapakrepa auccunanuu Haomonaercs mpu yposae 0.2 — 0.4 Bt u

mHe TpeuHbl = 20 - 40 MM ¢ y4eToM HJIMHBI IIEHTPajlbHOTO BhIpe3a. Ha
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KUHETUYECKOW JuarpaMMme yCTajJOCTHOTO pa3pylIeHUsl TOUKH Mepexoa HaXoAaTcs
B HayaJie JIMHEHHOTo ydacTka pexuma Ilapuca mpu ypoBue KMH 12 — 35
MIla*mY?.  Bonpmoli pa3opoc B 3Hauenmu KHWH BepodTHO cBsi3aH €O
3HAYUTENIbHON pa3HUIeH B YCIOBUAX HArpyXeHHs, MOBJICKIICH Pa3IUYHOE TOJIE
HamnpsoKeHUH B oOmacth  KoHIeHTparopa. KosddummeHT WHTEHCUBHOCTH
HanpsokeHudt  Kip  paccuntaH  MOAM(DUIIMPOBAHHBIM  METOJOM  KOH(OPMHBIX

0TOOpakeHHI ¢ UCTOIb30BaHueM KoJutokamuu [105,106].

1.2 : : : : 0.1
—sp1, 100 MMa
—sp2, 80 MMa
1r sp3, 80 MMa
- sp4, 100 MMa 0.08 -
2] = sp5, 100 MMNa s
";08 L | - sp6, 80 MMa -
E . sp7, 80 MMNa é
o 5_ 0.06
T 06 2
=) =
g g 0.04 ——sp1, 111 MMa, R=0.1, 7=1
304t s ——sp2, 190 MMa, R=0.1, =1
o |'::[ sp3, 125 MMa, R=0.1, =0.5
|:=[ O ——sp4, 112 MMa, R=0.1, 5=0
C 0.02 sp5, 106 MMa, R=0.5, 5=1
0.2y~ —— sp6, 88 MMa, R=0.5, =1
sp7, 84 MNa, R=0.5, =0.5
QO 12
ol I L 1 L 0 ! 1 1 1 1 L L T
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25 3 3.5 4
Bpews, ¢ x10* Bpews, ¢ x10*
a) 0)

Puc. 3.5.3. /IBe craguu npu pacipoCTpaHEHUHU YCTATOCTHBIX TPEUUH: () —

TETJIOBOM MOTOK, (0) — UTMHA TPEITUHBI.
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L% ]
e
=
d
:
g 105 ¢ —— 1
a
=
1]
= 2
g 4 ——sp1, 111 Ma, R=0.1, 7=1
2 / ——sp2, 190 MMa, R=0.1, 5=1
a 10°r / sp3, 125 MMa, R=0.1, 5=0.5
E ——spd, 112 MMa, R=0.1, 7=0
] sp5, 106 MMa, R=0.5, 7=1
2 —— sp6, 88 Ma, R=0.5, 7;=1
= sp7, 84 MMa, R=0.5, ;=0.5
& : , :
. 1>2
10 10

KWH, MMNa*m "
Puc. 3.5.4. Kunernueckasi quarpamMma ycTajaOCTHOTO pa3pyLICHUS ISl CEPUU

HCIIBITAHHBIX 06pa3u03 C BBIJICJICHHUCM JIBYX CTaHHﬁ.
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CpaBHCHHe teryioBoro mortoka u KHWH 1 IIPOBCPKH  aACKBATHOCTH

npeuiaraeMoro noaxona (C HMCHOJb30BaHMEM HOPMHpPOBOK 3.2.3 u 3.2.4)

MPECTABICHO HA PUCYHKE 3.5.5.

S 10

Er —K-sp1

= = = Q-sp1

5 —K-sp2

= == = Q-sp2[~

=] —K-sp3 =

)

e 5 == Q-sp3

© 10 K-sp4

o Q-sp4

o

Q K-sp5

= Q-sp5

8 K-sp6

8' Q-sp6

Cz) 10-6 1 1 1 1 1
0 0.2 04 0.6 0.8 1

Koadh(pu1umMeHT MHTEHCUBHOCTWN HanpsXXeHumn

n anccunaumna sHeprmm

Puc. 3.5.5. CpaBHeHue 3aBHCUMOCTEN ckopocTu pocTa Tpemmubl oT KUH u

terutoBoro noroka (K — KMH, Q — temioBoit moTok).

3aBHCHUMOCTH CKOpPOCTH POCTa TPCUIMHBI OT TCILJIOBOI'O ITOTOKA IIPCACTAaBJICHA

Ha 0. Jlna kaxmoro oOpasiia HaOrOMaeTCs JUHEHHAsS 3aBUCUMOCTH, OJHAKO JIJIS

PAa3HBIX YCIOBUW HArpy»KE€HUS OHA CBOSL.
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Puc. 3.5.6. 3aBUCHMOCTH CKOPOCTH POCTA TPEIIMHBI OT TETIOBOTO MOTOKA.

P€3YHBTaT VUCHBITAHUNA TEeXHWYecKkoro TtutaHa Btl-0 Inpun JIBYXOCHOM
Harpy>xXC¢Huu1 aHaJIOTUYCH HUCIIbITAHUSAM HepmaBeIomeﬁ cramu. Ha KHMHCTUKY POCTa
TPCIIMHBI MW JUCCHUIIAIMIO  TCIJIa OKa3bIBACT BJIIMAHHUC KaK aMIIIMTYyJ4d

MIPUJIOKEHHOW HATPy3KH, TaK U IMAPAMETP JABYXOCHOCTH.

3.6. CoBMecTHBIIi aHAJIU3 Pe3yJabTATOB IUKIUYECKUX HCNBITAHUNA 1NpH

OJHOOCHOM H JIBYXOCHOM HAIPYKCHHUAX

B pe3ynbraTe MpoBEAEHHBIX UUKIMYECKUX WCIIBITAHUM MOJIYYEHBI JAHHBIE O
KUHETUKE PaclpOCTPAHEHUs TPEIIMH AJIsl IBYX MaTepuasoB (HEep>KaBerollas CTallb
08X18H10 u tTutanoBsii criaB Brl-0) u TerminoBoM NOTOKE B BEPIIMHE TPEIIUHBI.
HccnenoBanuch 00pasmpl € pa3HOW TEOMETpUed W TIPH Pa3HBIX YCIOBHX

Harpy>KeHHs.

[To xapakTepy auccumnanuy Terjia UMEET MECTO CTaJUHUHOCTh YCTaJIOCTHOTO
pa3pylleHus: CTagusi TMOJArOTOBKM MaTepuasia W 00pa3oBaHHE TPEIIUHBI,

XapaKTepU3YIOLIasICs MMOCTOSHHOM IUCCcUNalen Temnia, u cTagus
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pacnpocTpaHeHHUs] TPEIIMHBI MPYU aKTUBHOM auccumnanuu tera. B Tabmume 3.6.1
IPEJICTABJICHBl HEKOTOPBIE I1apaMeTpbl, XapaKTEPU3YIOLIME TOUYKY Iepexoaa

MCIKIAY CTaaAUsAMU.

Ta6auna 3.6.1. CBogHbIC pe3yabTaThl YCTATOCTHBIX UCIIBITAHUH.

POBCHb [Ipunoxennas Jnrna
Marepuan Tun HMOCTOSHIOTO Harpyska TPEUTUHBI KIH, /
Harpy>k€HHs | TEIJIOBOTO MiIa ’ VM > | MITa*mY2
MoTokKa, Bt

OnnoocHoe, 0,3 236 15 16

v 1 0,4 244 2 16

OnHoOCHOE, 0,1 133 2 15

08XISHIO ™ 2 0,2 155 2 15

JByxocHoe 0,2 176 11 22

0,4 249 12 35

OnHoocHOE 0,2 80 15 8

BT1-0 0,4 100 2 8

JsyxocHoe 0,2 84 44 12

0,4 190 18 35

AHanmm3upysl JaHHbIE TpeAcCTaBlieHHbIe B Tabmuie 3.6.1 MOXXHO cHaenarh
CICAYIOIINE BBIBOJIBI. YPOBEHb IIOCTOSHHOTO TEIJIOBOTO IIOTOKA Ha CTaauu
3apOKJICHUSI TPENIUHBI 3aBUCHT OT aMIUIUTYIbl TPWIOKEHHOW IHUKJIMYECKON
Harpy3kd ¥ OT Tuma Harpykenus. [lepexon guccuranmuu Teria oT CTallmOHAPHOTO
3HAUYCHUS K aKTUBHOMY YBEIIMYEHUIO TMPOUCXOAUT TIPU ONPEICIEHHOW THHE

TpEeIMHbI U KO3 (OUIIMEHTE UHTEHCUBHOCTU HAIIPSKEHUH.

Ha pucynkax 3.6.1, 3.6.2 mpeacraBieHa 3aBUCHMOCTh CKOPOCTH POCTa
TPEIIMHBI OT TETUIOBOTO MOTOKA B €€ BEPIIUHE JIJIST BCEX MPOBEAEHHBIX UCTIBITAHUN
IIPY OJTHOOCHOM M JIBYXOCHOM Harpy>KeHHH B 00pasmax W3 Hep)KaBEIOIIeH CTaau

08X18H10 u Trexanueckoro turana Brl-0.
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Puc. 3.6.1. 3aBUCUMOCTb CKOPOCTH POCTA TPEIIMHBI OT TETJIOBOTO MOTOKA B

Hepxkageronel ctanu 08 X18H10 npu 0IHOOCHOM U ABYXOCHOM HAarpyKEHUSX.
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—— OIHOOCHOE HATPYKEHHE,
—— JIByxocHoe Harpy:KeHue,

0 1 2 3 4 5 6 7 8
Ouccunauma Tenna Q, Bt

Puc. 3.6.2. 3aBUCUMOCTBH CKOPOCTH POCTa TPEIIMHBI OT TEIJIOBOTO MOTOKA B

TexHuueckoM Tutane BT1-0 nmpu 0oJHOOCHOM UM IByXOCHOM Harpy eHUsX.
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BriBoabI

[IpoBenéHHBICE DKCIEPUMEHTHI IO  IUKIWYECKOMY  Je(hopMUpOBAHHIO
o0pa3lloB € KOHIEHTpaTOopaMu HampsbDKeHW  moka3anud  3QQGEeKTUBHOCTD
UCIIOJIb30BaHUsl Pa3pabOTaHHOTO KOHTAKTHOTO JaTydKa Tella B YCTAJIOCTHBIX

HUCIIBITAHUAX.

Bo Bcex mnpoBenEHHBIX HKCIEPUMEHTaX TEIUIOBOM TIOTOK B BEPIIMHE
YCTaJIOCTHBIN TPEUIMHBI UMEIN JIBYXCTaJAWNHBINA xapakrep. [Ipu 3ToM mepexon oT
OJHOM CTaAuHM K JAPYrol HaONIOAAaeTcs TpPHU JBWKEHUH TPEIIUHBI B PEXKUME
[Tapuca W He NPUBOJUT K TOSIBICHHUIO OCOOOM TOYKM Ha KHHETHYECKOH
nuarpamme. JIuHeilHas 3aBUCUMOCTb MEXKIY CKOPOCTBIO POCTa YyCTaJOCTHOM
TPEIIMHBl M JHUCCHUINALMEN Teria B €€ BeplIMHE HaOmomaercs Aid 000uX
UCCIIEJOBAaHHBIX MAaTEPHUAJIOB U PA3IMYHBIX YCIOBMH HArpy>Ke€HUs MpH OOJIBLIMX

CKOpPOCTAX TPCIINHEI.

B pesynbTare, ncnosib30BaHME TEIUIOBOTO MOTOKA KaK mapamMerpa mpolecca
SABISIETCA 0OoJiee COJACpP)KATEIbHBIM, YeM KJIACCUUECKUU TapamMerp MEXaHUKH
yctaniocTHOro pazpyuieHus — KMH — u mo3BosisieT TMIIOTETUYECKH BBIJICJIUTD J1Ba
MCTOYHHMKA JIHCCHUIAMU TEIUIA, OMNPEACISIIOIMMNX MPOLECC PACHPOCTPAHEHUA

YCTaJ0CTHOM TpelnHbI B pexxnume [lapuca.

BapuanT (opmanuzanuu 3TUX HCTOYHHUKOB M TIOCTPOSHHMS Ha MX OCHOBE
arMmpOKCUMAIlMOHHOW 3aBUCHUMOCTH, CBA3BIBAIOIICH TEIIOBOM IMOTOK B BEPIIMHE
TPELIUHBI U CKOPOCTh €€ PACpPOCTPAHEHUS NPEACTABICH B 3aKIIOUYNATEIHLHOM IJ1aBE

JUCCEePTAIIH.
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I'naBa 4: nporHo3UpoBaHHE CKOPOCTH POCTA YCTAJOCTHOI TpemMHbI HA

OCHOBC JAHHBIX KOHTAKTHOI0O JaTYHMKA TCIIJIOBOI'O IOTOKA.

HecMoTpst Ha ynOBIETBOPUTENIBHOE OINMCAHHE IPOLIECCA PACHPOCTPAHEHUS
YCTAJIOCTHBIX TPELIMH B METa/lIax Ha OCHOBE 3akoHa [lapuca u 3HaYMTENBHBIC
BO3MOXKHOCTH €r0 YCIIOKHEHUs JUI1 AaIllIPOKCUMAallMy IIHPOKOIO CIEKTpa
HKCIEPUMEHTAIbHBIX PE3YJIbTATOB €r0 (PEHOMEHOJOTUYECKUI XapaKTep MOPOAMI
3HAYNTEIIBHOE YHCJIO IOMNBITOK MOCTPOCHMS aJIbTEPHATHBHBIX COOTHOLICHWM, B
TOM YHCJIE Ha OCHOBE aHaju3a OajlaHca SHEPruM B 00JACTH BEPUIMHBI TPELIUHBI.
Pa3BuTuEe METOJOB HW3MEPEHHS] CKOPOCTH MAMCCHUMNAIMUM SHEPrMH B BEPILHUHE
TpelmMHbl (MHPpaKpacHOW TepMorpauu, KOHTAKTHBIX METOJIOB HW3MEpPEHUs
MOTOKOB TEIJIa) MOBBICUJIO MHTEPEC K JaHHBIM IMOJXOJlaM W TO3BOJIMJIO CHSTh
HEOOXOMMMOCTh  pacy€éToB  BedMYMHBl  3ddexTuBHOrO  KOodPduIneHTa
WHTEHCUBHOCTU HANpPSDKEHUM M MPEUIOKUTH NPSIMbIE METOABl M3MEpPEHUs
BEJIMYMH, BXOJAIIUX B YPABHEHUS.

B nmanHOM TiaBe mpu aHaidu3e mpouecca AUCCUIIAUKA dHEPTUHA B IPOLECCE
pacnpoCTpaHEHUsl YCTaJOCTHBIX TPEIIMH B MeTalaX MOKa3aHa HEe0OXOJAMMOCTb
pazzie’eHusl TUCCUITALIMKM SHEPTHH, BBI3BAHHOM MJIACTUYECKUM JAe(POPMHUPOBAHUEM
METAJIJIOB B IMKJINYCCKOW U MOHOTOHHOM 30HAaX IJIaCTHYSCKOM IedopMarium.

[IpensioxkeHO HOBOE ypaBHEHME, MO3BOJIIIOIIEE MPOrHO3MPOBATH CKOPOCTH
pacupoCTpaHEHUsI YCTAJIOCTHBIX TPEIIMH Ha OCHOBE JAHHBIX O JIUCCUIIALUU
sHepruu. [Ipym 3TOM MOKa3aHO, YTO JWCCHUINALMS SHEPTUHA B LUKIMYECKOW 30HE
macTu4ecko nedopmanuu npu nocrosiHcTBe kodpduuuenta Teinopa-Kynnuu
OpsIMO TPOMOPIIMOHANIBHA CKOPOCTH PAcCHpOCTPAHEHUsl YCTaJIOCTHBIX TPEIIUH.
Juccunanus 3HEpruv B 30HE MOHOTOHHOM IMJIaCTUYECKOU AeopMaliii, HApOTUB
Hapsly C BEIMYMHOM J-UHTErpalia BXOJUT B 3HAMEHATellb YPAaBHEHUS U HEJIMHEHHO
BJIMSIET HA CKOPOCTh PaCHpOCTPAHEHUS TPEILUHBI.

B paznene 4.1. onuceiBaeTcs moaxoAd [Uisl pacyéTa dHEPIHM IJIACTUYECKOTO
nedopMUpOBaHMS W JIUCCUIALIMM TeIula B O0JacTH BEpPUIMHBI yCTATOCTHOU
TpEelMHbBl Ha OCHOBe ypaBHeHUsi PambGepra-Ocryna. IIpuBoauTCS COOTHOILIEHHE
JUISL OLEHKH CKOPOCTH POCTA YCTAJIOCTHOW TPEHIMHBI MO JAaHHBIM O JUCCUIIALUN
Teria B €€ BEpIIUHE ISl IPOU3BOJIBHOIO HAIPSHKEHHOTO COCTOSTHUS.

JIns mpoBepKH OCHOBHBIX rumote3 pasnuena 4.1 B pazgene 4.2. npuBeAcHBI
pe3ysbTaThl 3KCHEPUMEHTAIbHOIO HCCIeAOBaHUA MOJsA aedopManuu B obOjacTu

BEpPIIMHBI  YCTAJOCTHOM  TPEIMIMHBI  METOJOM  KOPpeIsAluu  IU(POBBIX
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N300paKeHUH. DKCIEPUMEHTAIBHO MOKAa3aHO, YTO C MCIIOJIb30BAHUEM THUIIOTE3bI
JIMKCOHa HaIpsKEHHO-1€(POPMUPOBAHHOE COCTOSHUE B BEPIIMHE TPEIIUHBI C
JIOCTaTOYHOM CTETMEHbI0 TOYHOCTH MOKET OBITh ANmpOKCUMHUPOBAHO HA OCHOBE
peleHus TMHEWHOM yIpyro# 3ajaun 0 6ECKOHEYHO TOHKOM pa3pese.

B 3axmrountensHOM paszzgene 4.3. npoBoauTcs BepU(UKALUSA MOTYyYEHHOIO
COOTHOILICHHMSI, CBA3BIBAIOLIETO CKOPOCTh POCTA YCTAIOCTHOW TPEIIMHBI U
JUCCUIIALIMIO TeIUla B €€ BEpIIMHE HA OCHOBE pE3YyJIbTaTOB LUKINYECKHUX
UCIBITAaHUN 00pa3lioB ¢ KOHIIEHTPATOPOM HANPSKEHUM MPHU Pa3IMUHBIX YCIOBUAX
Harpy>XeHHsl.

Pe3ynbTaThl pemieHns MoCTaBICHHON 3aauu omyOIrMKoBaHkl B padorax [107-
111].

4.1 Pa3pa60TKa YHUBEPCAJIBHOI0 COOTHOIICHUHA MOJdA CKOPOCTH POCTa

yCTaJIOCTHOﬁ TPEIIHUHBI H TCILJIOBOI'O IIOTOKA.

['mnore3a, BBICKa3aHHAas B MTOIE TPETbEH TJIABBI, O HAIWYUU JABYX
VCTOYHHUKOB JUCCUIIALMKA DSHEPrUM B BEPUIMHE TPEIIMHBI COIVIACYETCA C
pe3yNbTaTaMH aHAIM3a MOJIsl TEMIEPATYPhl B BEPLIMHE TPEIIUHBI BBIIIOJHEHHOIO €
UCTIOJIB30BaHUEM MeTo1a HH(ppakpacHoit Tepmorpaduu [112].

Ha pucynke 4.1.1 npencraBiieHbl XapaKTepHbIE paclpeesieHUs] TEMIIEPATYPbI
B BEpPUIMHE TPEUIMHBI IPU LHUKINYECKOM Ie(OPMUPOBAHUH OOpPa30OB TUTAHOBOIO
crutaBa OT4-0.

Pasmep oGnactu undpakpacHor cbémkm 1.2x1.4 mm. OOpaser; moasepraics
[UKINYECKOMY J1€(OPMUPOBAHUIO C TIOCTOSIHHOW aMIUTUTYJOW TMPHUIIOKEHHON
Harpy3ku u ko3¢ dunrmenTom acummeTpuu mukiaa R=0. [lns npocTtoThl aHanmu3a Ha
pucynke 4.1.2 mpuBeneHbl nBa MEpBBIX LUKIAa Harpykenus. Ha pucynke 4.1.1
MO>XHO BBIJIEIM [IBa MEPUOJUYECKH BO3HUKAIOMIMX HCTOYHHMKA MOBBIIICHHON
TEeMIIepaTyphl B BEPIIMHE TPEIIMHBI IIPU pacTshkeHUuH odpasia (puc. 4.1.1a) u npu
cusituu Harpys3ku (puc. 4.1.1B) cooTBeTcTBytoIHE (GOPMUPOBAHUIO MOHOTOHHOMN
30HBI TUIACTUYECKOW jAedopManui U [UKIMYECKOW 30HBI  TUIACTUYECKOU

nedopMaimm, COOTBETCTBEHHO.
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)
Puc. 4.1.1. PactipeneneHus TemrepaTypsl B BEPIIUHE TPEUTUHBI TIPU ITUKITUICCKOM

nehopMUPOBAHUM HA PA3HOM YPOBHE HArpy3KH B ITUKJIC HATPY>KCHUSI.

HopmMmupoBaHHOE HampsHKeHNE

Bpewms, ¢

Puc. 4.1.2. Hanpspkenue B JByX NEPBBIX LIUKJIAX HATPYKEHUS,, HOPMUPOBAHHOE HA

MaKCUMAaJIbHOC 3HAUYCHUC.

JIns OUEHKH BEJIWYMHBI JTUCCUIALIMM SHEPTUM OT Ka)KJI0r0 HCTOYHUKA B
OTJIETFHOCTH HCTOJB3YEM THIOTE3y O CBSI3M MOJHOU JehopMarviii B BEPIIUHE
TPEIIMHBI C ymnpyrod naedopmaryend, MOTYYEHHONH B PE3yJNbTaTe pPEIICHUS

JIMHeHHO-ynpyroi 3agauu [113]:
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ef _
g =

) & (4.1.1)

Qo
m
o

i

S

rae O- moxyns FOHra, O — cekymmid IiacTHYECKHA MOIYJIb, Aaiee HHaekc ef
COOTBETCTBYET 3HAUCHHUSAM IIOJHBIX HampsokeHuid W gedopmarmu el 1
HaMNpsODKEHUAM U JaeopMaIisaM, MOJydeHHBIM B PE3Y/IbTaTe PEIICHUSA 3adaud O
0ECKOHEYHO TOHKOM pa3pe3e B YIPYroi CIUIOIIHOM Cpee.

Hcnons3ys COOTHOIIICHHE Pam6epra-Ocryna (Ramberg-Osgood)

o

g:i.bb\a[
G ¢

n.,

e .

¢ M CIeAysd MeToJauKe, NpemiokeHHoW B [114] MOXHO MONTYYHUTH
o =

CBSA3b MEXKIY PEATbHBIMU HANPSKEHUAMH U JedopMalusiMyd B OKTa3qpHYECKON

MJIOCKOCTH.
YuuteiBass  cootHomieHuss £, =G, g, (=G §, MOXHO 3alHcaTh

BCIIOMOTI'aTCJIbHOC COOTHOIIICHUEC

n-1 npdi
Gy AGe L g gyt
G to &t ot

S

[IpyHMMas BO BHUMAHHE CBSA3b MEXKIY AMarpaMMaMH PACTSKECHHS M CIBHIa,
al- :n 2(1+n)
= £

BBIPA’KCHHYTO COOTHOIIICHHUCM E s 3 G
¢

G o
K., npeodpazyem

S

COOTHOIIIEHUE ¢, =G, g, CIeAYOIHM 00pa3oM

N

1
a1-n 2(1+n)G B, G, 1&42n 21+)G 2
[ :G :G + .. © _& + e..’
oct s at sgb‘ 3 K':‘s 9 oy G g 335 6_3
1581051
. 1
gé+ 2(1;/7) Byl ?_
t =% = 1.
o= e b (4.12)
GAar. © t
rae B :—ae—} O, X= ;“ , [, —TIpeaen yIpyrocTu Ha CJIBUT.
o C - e

CootHomenue (4.1.2) cBs3bIBaeT HANPSXKEHUS B OKTadAPUUYECKON TIOCKOCTH
C pelIeHMeM HEKOTOPOM MOJIEIBHOM YIPYroM 3aJayd MU IO3BOJSAET IO JaHHBIM
MEXaHWYECKUX HWCHBITAHUM HAa OJHOOCHOE pACTSHKEHUE OLICHUTh pEaJIbHbIC
HaIIpsDKEHMS B MaTepralle.

PaccMoTpuM TpelMHy npu MOHOTOHHOM Harpy»keHuu. PaboTa niactudeckoit
nedopmaliii, OTHECEHHAasE K HEKOTOPOMY IPEICTaBUTEIIBHOMY OOBEMY, MOXKET
OBITh pacCUMTaHA CIEIYIOINUM 00pa3oM:
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3. 3 An "
Up:E”OCtd gt :ém eln b (413)

[IpupamieHne 3HEPrUU NPU NPOPACTAHUKM TPELIMHBI HA BEIUUUHY Q OMOXKET

OBITH 3aMIMCAHO B BUJE

du, =3 an, b2l (4.1.4)
2 dl
rae Ok JIIMHA TPEIIUHEL.
1 1
te _Kfz oarf, %
BBoas BemuunHy a =% =——2- &P ° ¢ MOXHO TepenucaTh COOTHOIIICHUE
t, 3T croos
(4.1.4) xax
du, =3 A, p@X 4 4y (4.1.5)
2 da dl
3nech + — KOIPQPUIMEHT WHTEHCUBHOCTH HATPSUKECHHUH, |  — XapaKTepHBIH
pa3sMep 30HBI ILIACTHYECKOW aedopMamuu, | — IOJNApHas KOOpAMHATa, Q —
GyHKIMS ~ TOJMAPHOM  KOOpAWHATHl  (,  ONpeAensomas  3aBUCHUMOCThb

OKTA3IPUYECKUX HAPSHKEHUM OT (.

HJ'IaCTI/I‘-IeCKyIO 30HY B BCPIIMHC TPCUIWHBI MOKHO YCIIOBHO pasaCIMTL HaA JIBC

da _dadr d & g
—=—— +—— 7B, KOTOPOE€ MOXKET, TPAKTOBATHCS
dl  dr d dg d

KaK HEUTpasbHAas JIMHUSA, HA KOTOPOU MPU HNPUPALIEHUU TPEIIUHBI HE U3MEHSIETCA

9aCTH, UCIIOJIB3YsS YCIOBHC

JHEPrus MaTepuania.

COOTBETCTBEHHO, 1O OJTOW JMHUM B 30HE MPOUCXOJIUT YBEJINYEHUE
HalpsDKEHUsT M pacTeT JIUCCUMALMS  SHEPruM, BbI3BaHHAs IUIACTHYECKOU
nedopmarmeit. [locne 3Toil TMHUM MPOUCXOAMUT Pa3rpy3Ka, U B JJaHHOM 00yacTu
JUCCUTIALUS SHEPTUU OTCYTCTBYET.

[IpuHUMas BO BHUMAHUE CIIEIYIOIIHUE IPeoOpa3oBaHus:
dr _ rcos(g) dJ _rsin(q)

dlz'd, ’ 2 !

dl r di r

1 L . L
dérf, B 1 &r Bdaf, sldf, Tr,
aFr 278, A& 92?} Bar
daf, 6d fadrod f, & & df ,
— 5— — 5t— —* % CO sin §—=,
d& Zar rFd %g r & 2 9) Fsin d ¢
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1 1
da 1 ar ©13 618 f  Bdr
— =70 CcO +S] —_€ 3 e
2 g, O g 29) #si 9 2%, Sar
1 1
1 81 ® df, §1af, @dr,
=—I e co +si — ¥ =
2oy Gd.coda) sl 950 om T gy
¢ e ¢
1 ar,3 d g,dr, 0
= in ¢+, co f,—=>
ARTkik () Heood 9 ok o
YpPaBHEHHUE HEUTPAIIBHOW JINHUW UMEET BUJL:
da 1 a ra_. df 80
— =——f.C +2gsin(g)—= #,co 56 € 4.1.6
d2)rfs gefe r 8§ (q)dq -cod ¢ 00 ( )

.t
Ecnm mpennonokute, 4YTO NMPU HANPSIKEHUH X :tLC‘ Ha4yMHaACTCsA IIPOIIeCC

e

t
paspyllieHusl MaTepuana, a Mpyu HaNpsKEHUU X:t_e 4 HAyMHAETCS IIaCTUYEeCKas

e

I[G(l)OpMaHI/IiI, TO IIOJIHOC IIPpHUPAIICHHUC 3SHCPIHH IUIACTUYECKOM IIC(i)OpMaLIHI/I B

BCPIIMHEC TPCIIMHBI MOKHO OIICHUTDL KaK

dUy 3, i~ dxda
= a@ iji 4.1.7
d 2 NGz ar i o Ps e (4.L.7)

e o6mact "YR'Y — BEIienenb! BeToM Ha pucynke 4.1.3.

/l‘ .
// h D
a ;
'8 \\\
\
< I \
. [ ‘\
N \ \
d o=
! /
2\
V4 \ 1 L /
\ [ /'/
/ \\\ /// q

Puc. 4.1.3. Cxema UHTETpUPOBAHUS MIPU pACUETE TPUPALIEHUS TIIIACTUIECKOM
nedopMalvy B BEPIIUHE TPEIIMHBI (HEUTpaibHAst TUHUS ISl TPOCTOTHI

NpeACTaBICHa NpsMOii mpu ~  TT(cM. Beipaxkerue (4.1.8))).
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Konkpetusupys cootHomieHue (4.1.7), moaydum:

a é _ndx 0]
By r=gdal T g A ra i ')
ga r=ry ft./a, I 2 rc::ar éafec-i-Tpééln(q)_ +fe COi q Odgird q-1
ple o'l\ pld T_:T
du ,
e =3y, b% ! y (4.1.8)
d 2 (53] ?r)(” dx 1]
2q rrgfel @l da & C _'Lpé in % i co ad d
%r(]r:gr(],') ,:\zrfer?e r(i;é()dq e qég@\d g
e P (0]
% I y
rac
A A S [1+8x")
0o~ - 1
te het h P
4y 2(1+n) By g
C 3 =
_ 1+B
al = T
a 2(1+n) _ D
ad+ ( 3 g 0
¢ =

ros 5
g, — perenne ypapHeHus: f.C +T"§§in(qo)g—i; g Hecog g g £,

g_f;q:g +, coq ¢ -_g:@,

PaccMmoTpum mpocteiimuii ciydaid: pa3Mep 30HbI TJIACTHYECKON JAeopMaliuu

r o
g, — petenue ypaBuenus: f.C +Tpg§in(ql)
¢

a_ dr
MaJIO MEHSETCS NPU MNPUPALLIECHUU TPEIIUHBI aglzd—lp ¥ U BEIMYHHA 30HBI
G

pa3pyliieHus MpeHeOpeKUMo Maja (x* - o )
[Ipu+  TTypaBHEHHE HEUTPAIBHOM JIMHUHU IPUHUMAET BUL:
sin(q)g—z;+ f,cof § =C (4.1.9)

rac fe B ITIOJISIPHBIX KOOpAMHATAaX UMCCT BU.
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f =12 -|-1=y2 £ f, 3f|-X2y

Bemnuuna r =r f /a, - Onpu x - @,

BLIpaJKeHI/Ie JUTsl IPUPAICHUS] YSHEPTUH TIACTHYECKON ehopMaliuu ¢ y4éTom

da _1éar,f, ?f
— = —ae— ¢MOXXET OBITh 3aIIMCAHO B BUJE:

3
dr 29 :

dU 3
i 2An‘ brpm '@a_aém( )q— +,co{ ) %

rneq = 79.F — peuienue ypasuenus (4.1.9).

Wurerpupys cootHomenue (4.1.10) nomyunm:

du, ner,d1+n & t, 0 (1- )A
—e =777 In
di n-1 §G k<3 +GA_2(g €A '’

Jns cnyvasan =1/2:

du ne2r a
Mo 11685 e |8
dl ‘*t'

(n-1)G

to

(4.1.10)

(4.1.11)

OcHOBHOUM 0cOOCHHOCTBIO cooTHOIIeHHS (4.1.9) sBIsAeTCS BO3MOXKHOCTH

MNPOBCACHHUA OLCHKHW OUCCHIIAIMWKW JHCPIUU IIPpU IIPOU3BOJIBHOM HaHpH)KéHHOM

COCTOSIHUM. 3aBHCHUMOCTH OT HaHpiI)KéHHOFO COCTOAHHUA OIIPCACIICTCA BHAOM

¢ynkuun "Q Hampumep, His TpEemIMHBI HOPMAaJIbHOTO OTpPHIBA U TOMEPEYHOTO

CABHUT'a MOXKHO 3aIliuCarTthb.

St f(|,u)>u
Si,)’/“ = ||| !
K
o 1,
Sxy _\/ﬁ f(I,II Xy

TOTJa BBIpOKCHUE T QIPUHAMACT BUI:

f,=(f

IX

Rrf,)" M, RE) (& § R+ £))-6(f +REL),

rac R — oTHOIIEHNE IMPHUIIOKCHHBIX HaHpH)KeHI/Iﬁ OTpbIBa U CABUIA.

Jns casura pacnpeneneHue HarpsKeHU B BEpLIIMHE TPEIIMHBI UMEET BUJL!

14 ag o 3%
fix =—a5Sing" § 3sin ,
I 4(; 8’?5 0 ?3

nsé’q
z

- O=Ol

34 éq
f = —
ly 4$§ &2 S
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aq o, 3&
fiy = aé?osaea 0 3005:@9
g -
VYpaBHeHue st onpenesieHus: HelTpaibHou kpuBoit (4.1.9) nns 3amannoro R
pemaerca uyuciaeHHo. OneHka g TpUpAlICHUS SHEPruu  IUIaCTUYECKOU

nedopmariii MOKET OBITH 3aMCaHO B BUJIC:

(4.1.12)

U, 5; 40 ra1+n a t, ”(1 n)A
= — In
2(} 5

dl 91 G‘*i+GA2(geA)

Jlnsg  TpemmwHbl TpU  LMKIMYECKOM HarpyxkeHuu (pucyHok 4.1.1), B
COOTBETCTBHM C paHEEe BBICKA3aHHOW TUIIOTE30M, IMOJIHAS JHUCCUIALMS SHEPIHH
(mpupallleHue SHEPruu IUIAaCTUYECKON aedopMannu) CKIaabIBaeTCs M3 JIBYX

HNCTOYHHUKOB.

cyc

dU™ = dU™ 4dU;

raedU]® — mpupanieHde SHEPTUU IUIACTHYECKOH aeopManuv B MOHOTOHHOH

30He (puc. 4.1.3a), dU, — mpHpalIeHHe SHEPTUU IUIACTUYECKOH ne(opMaly B
HUKIIM4YecKoi 30He (puc. 4.1.1B).

PaccMoTpum  mporiecc  HMKIMYECKOro  eOPMUPOBAHMS B BEPIIUHE
TpemmHbl. Pacu€Tel OyaeM TpOW3BOAWUTH I OJHOTO IIMKJIA HArpyKEHUS.
CxeMaTHYHO 3aBHCHMOCTHb HAmpsOKeHHS OT naedopmarnuu  mpeicTaBieHa Ha
pucyske 4.1.4. Ha pucyHKe BBEIEHBI CIEIYIOIINE OOO3HAYCHUS: [ox, - Pa3Max
TIPUIIOKEHHBIX HAMPSHKEHHUH B OKTadAPUUYECKOi MIIOCKOCTH, [ - pa3sMax YIpyTrHx

HAIPHKEHUH B OKTadAPMYECKOM IUIOCKOCTH, ¢, — pasMax IJIaCTHYECKUX

nedopMaiuii B OKTadIpuIECKON IMITOCKOCTH.
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Toct [
5 'll_aroct
_: ------------------------------------------- ‘<- i:)?_- 3
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Toct ) = =
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Puc. 4.1.4. 3aBUCHUMOCTH OKTad3APHUYCCKOT'O HAIIPAKCHHUSA OT OKTAa3APpUICCKOH

Ile(bOpMaHI/II/I IIpU MUKIINYCCKOM I[C(i)OpMI/IpOBaHI/II/I B BCPIIHUHC TPCIIUHBI

Benuunna pasmaxa

macTU4ecko  aedopmali B
MJIOCKOCTH MOXET OBITh OLICHEHA KakK

a1
gp—( & - e)fg?G—t

PaboTa nukinnyeckol MiaacTU4ecKol AedopManuu AJig NPeICTABUTEIbHOTO
b

OKTa3IpUYECKOU

o0BbeMa paBHaA IO IICTIN IT'ICTCPC3UCa, MOKET OBITH 3aIMcaHa B BHUJIC

cyc

3~

Up =t g = 2

ek g

~el

|<'DI\)

53”
G 272G

aGS ﬁl

)(x 1)

VYUTBIBAS, YTO foct = Aok —336 G oct; 3AMUIIEM BBIPAKEHHE JUTST

t oct
OIpeeIeHHs CEKYIIEr0 MOAYJIs caBura Gs = —

BBeném Benmunny

~el

t oct

= 8

¢

arpf,
e
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DHeprusi IacTuuecko naedopmaiui B 30HE IUKIWYECKON MIaCTUYECKOU
nedopmaly y BEpIIUHBI TPEUIMHBI 32 OAUH HUKI AehOPMHUPOBAHUS MOXKET OBITH

3allrucaHa B BUJIC.
0= 2 e 1 g 0 =

M,p 5h (X 1)3(2/)(3 Zd)qxd( (4.1.13)
° (S I

II€ Iy — XapaKTEPHBIH pa3Mep 30HbI HUKINYECKON IIaCTUYECKOM Ae(opMalu.
Wuterpupys Beipaxkenue (4.1.13) morydnm:

2 2
_4.328 or? (W )35 S(r 1+7) 2522y 2

@ziv 12 (B ¢t ) (4.1.14)
( ) é 1+/
rae, Zozw

d 2G d’
1507051
~2
ddLIJ\Ipzsfe(G/- 1)'757 r.rﬁf/ e d)(da dq _
r=r ao, da dN y
. ¢ o
G 1 2dN S
% (X(l+ / x ))3’ '§
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PaBenctBo Hymo cootHomieHus (4.1.15) o3HavaeT, YTO MNpPH JBHIKCHHH
TPEIIMHBI DHEPTHS TUIACTUYECKON nedopmaliis B MUKINYECKON 30HE B BEPIIHUHE
TPEUTMHBI HE U3MEHSACTCS U Ha 3aBUCUMOCTH MHTEHCUBHOCTH JAUCCHUTIALIMK YHEPTUU
OT BPEMEHU MOXKET HaOJI01aThCs MI1ATO.

st pa®oThl mIacTudeckon aedopmalii B 30HE MOHOTOHHOM TUTACTUYECKON
nedopMan U3 aHajau3a CXEMbI, IpeAcTaBieHHOW Ha pucyHke 4.1.5 (momanb

3aIITPUXOBAHHON 00JIACTH) UMEEM:
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3 dg, 3dr,dg 3¢ d gt 3 £
u ==¢ p oct ct /1 oct M~ /1 oct ,
"2 N 2 aN N 2 6t/ Yo 2 )aeg dN ¢
C TOYHOCTBIO A0 ClIara€MbIX BTOPOI'0 IIOPsAJAKa MAJIOCTH IMOJIydacM:
2
=3le (g dxdad
PT2G da di dN

st paGoTel TUTacTHYECKOW JaegopMaliid B BEpUIMHE TPEIIMHBI B 30HE

u

MOHOTOHHOH IIJIACTUYECKON JeOopMalnu M0 aHAJIOTUU ¢ cooTHomeHueM (4.1.8)

3aIlUIICM.

3. rrﬂ,fe P te( +1) ‘ad 91, sin( (),)% d B g
d

P 2r(; r=ry /aoTX rer dq d_

o™

¢ d 2 0 , 4.1.16
¥+ d s dggll@) T (4.1.16)
G dnfd ,'1+/(x-1) :

e
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! 4y |/

GEEWRC Y
¢ ¢

HNHuTterpupys BelpaxeHue (4.1.16) MOJTYYUM:

rae x =

1O

(@]}

&,

U _3889/-13 tir a%
"6l (1- )deNana@ 1R 3

(4.1.17)

1OO: "™

-1-0: O:

Hcnonb3ys COOTHOLICHUS (4.1.14) u (4.1.17) nmomydum BbIpaXEHHE IJIs
paboTHI MIaCTUYECKON AedhopMallii B BEPIIMHE TPEIIUHBI.

- azZ(1+ /+2) 2 2z2- +0
UB=U % g a.326 7 (1 J ( f )( °)er‘;{z) 6
- p p = e Z + '2 Z: I Q
G(/-1)" ¢ & (1) —— §
¢ i (4.1.18)
3 é.o } 66
,3889/-3 tir, aa’-l%J_ 4ag 1 0.8
L B
G/ (R AN X2 2 (1-R(/ 37 9 o0
¢ ¢ &
0] 041
ot dl
UL =w(s?) wy( §,)d—N (4.1.19)

CootHomienue (4.1.19) MOXXHO HEMOCPEJACTBEHHO UCIIOJIb30BaTh IS
MOCTPOCHUSI KOPPEISUOHHON 3aBUCUMOCTH CKOPOCTH YCTaJOCTHOM TPEIIMHBI OT
BEJIMYMHBI JUCCUITUPYEMOM DHEPruM, mpeamnoaaras Y U, WM UCIOJIL30BaTh

CTO IJi1 IOCTPOCHUA YPAaBHCHUSA, OIIMCBIBAIOIICTO POCT YCTaJIOCTHOﬁ TPCIIUHBI.
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[Tpenmoinarasi, uro Oonpmas (HUKCHpOBaHHAs) YaCTh PAOOTHI MIACTUYCCKOM
nedopMaui  TEPEeXOIUT B TEIUIO, PACCMOTPUM OalaHC SHEPTrUU B BEPIIHHE
TPEIINHBL:

U=fVvdv +rfgv @ - (4.1.20)
rae U — CKOpOCTh U3MEHEHHS BHYTPEHHEH SHepruu, fjVdV — U3MEeHEeHHe yIpyroi

SHEpruu, fy 'gvV — dHeprus paspylleHHs (BKIo4das oOpa3oBaHHMe CBOOOJHOM

MOBEPXHOCTH U 30HBI pa3pyIICHUS), 0 — JMCCHIALHS TEIUIa, ¥ — BHEIIHHUE TOTOKH
Tera.
OHOBPEMEHHO M3MEHEHHE PHEPTUU PaBHO pabOTe BHEIIHUX CHUJI M MPUTOKY
TeIia B CUCTEMY:
U =fyuds + (4.1.22)
CpasuuBas cootHomeHus (4.1.20) u (4.1.21), momy4dum:
iy gv+Q = TjfdS - W (4.1.22)
[lepexonst B cuUCTEMY KOOPAWHAT, CBSI3aHHYIO C BEPIIMHOW TPEIIUHBI

(= _iTT’ rpeanosaras W

ot

ko2 duuenta Telinopa-Ksurn Q= HU;' MOKHO 3amucaTh

=0 W WCIOJBb3Yys OINPENCICHUE s BEIUYHUHBI

A e W g

.3 U c”)S . d
TR I

R LS T
nJIn
s ue W g
hai“..sij “ml - Up 8\/ - By
j=—C = (4.1.23)
7 av-J - 4,
X
o e ~
OKOHUaTeNbHO, 3aMeyas, 4TO I%u%' % 8V — CKOpPOCTb H3MCHCHHUS
g -
paboThI TUIACTUYECKON AedhopMaliiu
(- 6)U, (4.1.24)

| =
U,-J {1 b)U,
[Tepexoast K MEXaHMYECKUM NapamMerpaM B cOOTHouueHuu (4.1.24) mMoxHO
3anMcarth

Dt (6.6, & )0 (1 R KL,
r-r, K2 K?2

max

f(G,.G.x, & ). (4.1.25)
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Ananmu3 cootHomeHuit (4.1.24), (4.1.25) nokassIBaeT, 4YTO POCT AUCCUMIAIIUN
PHEPrUM Kak B MOHOTOHHOM, TaK W B IUMKIMYECKOM 30HAX IUIACTUYECKOMN
nedopManul MPUBOAUT K POCTY CKOpPOCTH TpeuruHsl. [Ipu sTomM ckopocThb
TPEIIMHBl MPSMO MPOMOPLMOHANIbHA JUCCHUMAIIMA B LUKIWYECKOM 30HE
iactudecko nedopmaruu. PocT muccumanuu SHEPTUUM B MOHOTOHHOW 30HE
miacTuuecko nedopmainuu, Kak M POCT BEJIMYMHBI J-UHTErpana BeldéT K
YMEHBIICHUIO 3HAYEHUS BBIPAKEHUS, CTOSIIIIETO B 3HAMEHATEIIe, U, KaK CJIEJICTBHE,

K POCTY CKOPOCTH YCTaJIOCTHOM TPEIIUHBI.

4.2. JKCIepUMeHTAIbHAs Bepudukanus THNOTE3bI JAukcona
(AKBHBAJICHTHOCTH PpeaJIbHbIX M YHOPYrux jAedopmMaunmii y BepUIMHBI

TPEILMHBbI)

KitoueBbIM 7151 00OCHOBaHUSI TOJX0J]a, MpPEAJIOKEHHOro B pazzaene 4.1,
SBJISIETCS CHPABEIMBOCTD rumnoTe3bl Jukcona (cootnomenue (4.1.1)). Hecmotps
Ha €€ AKCIEPUMEHTAIbHOE MOATBEPKACHUE, BHIIIOJIHEHHOE B Psijie MPEIbIAYIINX
pabot [113,115], coBpemMeHHBIN H3Tam pPa3BUTHS METOAOB AKCIEPHUMEHTAIHHOU
MEXaHUKU JepopMupyeMoro TBEPIOTO Teja, MO3BOJSIET MPOBECTH €€ MPSIMYIO
MPOBEPKY MJIA UCCIEAYEMBIX MaTEPUATIOB C MCIOJIb30BAHHEM METO/a KOPPEISLIUU
I (PPOBBIX N300paKEHHUH.

Jliis mpoBepku runoTe3nbl Jlukcona B padorax [113,115] kaxmpiii oOpaserr ¢
[EHTPAJIbHBIM Pa3pe30M IMOJIUPOBAJICS B HECKOJIBKO HSTalOB C 3aBEPIIAIONIAM
MOJIMPOBAaHUEM  AJIMA3HOM MACTOM. 3aTeéM  METAJUIMYECKYH) IOBEPXHOCTH
00e3:XKUpPUBAJIM U HAHOCWIIM cJION 3mokcuaHoro kiest Araldite CT200 TommuHON
npuonusurenbHo 0.4- 0.8 MM jaina peanm3anuu  (HOTOynpyroro aHaiausa. B
HAHECEHHOM CJIO€ JeNajicsi HaJpe3, COBMAJNAIIIMKA C Haape3oM B oOpasue. B
MPoIIeCcCe IKCTIIEPUMEHTA B 00pasIie 3a CUET MPUIIOKEHUS IUKIMYECKONU HATPY3KH C
ko3 uieHToM acuMMeTpuu 1ukia R>0 BeIpaiiyBaiach yCTaJOCTHAsI TPEIMHA.
[Ipy nmoCTWXXKEHMM HEOOXOAMMOW JUIMHBI (AOCTAaTOYHOM JJis TPOBEIACHUS
W3MEpPEHU W MaJol M0 CpaBHEHUIO C pa3MmepamMu oOpasia) K oOpasiy
MPUKJIAABIBAJIACH TIOCTOSIHHAS HArpy3ka u (oTorpagupoBaIUCh pachpeneacHue
WHTEHCUBHOCTU WHTEPHEPEHITMOHHOW KapTHHBI (KAPTUHBI H30XPOMATHYECKUX

nosioc). B pesynapraTe ObumM ompeneneHbl pacmpenenieHus aehopMaru s
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Pa3IMYHBIX YPOBHEH HANPSHKEHUSI B BEPUIMHE YCTAJIOCTHOM TPEUIMHBI U TIOKa3aHa
BO3MOKHOCTh MCTIOJIb30BAHUS BBEIEHHOMN TUIIOTE3bI.

B pab6orax [114,116] Ha ocHOBe rumoTte3nl JlMkcoHa mMoKa3aHo, 4TO padoTa
MJIACTHYECKOW nedopmaruu M, Kak CIEACTBUE, JHWCCHIIANMS TEIJia B BEPIINHE
TPEIIMHBI, MOKET OBITh pa3JieieHa Ha ABE YaCTH, COOTBETCTBYIONTUE ITUKINYECKON
(oOpatumoOii) M MOHOTOHHOM TUIACTUYECKHM 30HaM. OTOT BBIBOJI HAIE]
DKCIIEpUMEHTaIbHOE TOATBepkAcHUe B padorax [117,118], rme Ha ocHOBe
HHEPreTUYECKOro MOJX0Ja IMOKa3aHa YAOBIECTBOPUTENIbHAS KOPPENSALUS MEXIY
CKOPOCTBIO POCTa YCTaJOCTHOM TPEHIMHBI M CKOPOCTHIO TUCCUIIALMU TEIUIa B
00acTu ee BEpIINHBIL.

Peanbnubie hopMa u pasmep 30HBI IJIACTUYECKOW nedopMaiivu 3aBUCST OT
Oosbiioro Habopa (axkTOpoB, BKIIOYAIOIIMX CBOMCTBA MaTepuana M yCJIOBUS
Harpykenuss [119-121]. Tak B pabGore [122] mnokazaHo, 4YTO yBEIWYCHUE
kodddummenta [lyaccoHa mpUBOIUT K 3HAUYUTEITHHOMY YMEHBIICHHUIO pa3MEpPOB
MJIACTUYECKOW 30HBI, 3HAUYUTEIBHOE CYXEHHE HAOJI0JaeTCs BAOJb HaIpaBICHUS
ocu TpeuwHbl. OTHUM U3 pe3yapTaToB paboThl [123] sABisETCS yCTaHOBIICHHE
CBsI3U  KOdh(UIIMEHTa AaCMMMETPUM IMKJIa C COOTHOIIEHHEM TJIyOWHBI
MOHOTOHHOM U MUKJIMYECKON IJIACTUYECKUX 30H MO/ MOBEPXHOCTHIO YCTATIOCTHBIX
U3JIOMOB TIPH JJIMHE TPEUTUHBI, PABHOW JJIMHE 30HBI CTAOMIBHOTO POCTa TPEIIUHBI
Ha MOBEPXHOCTU YCTAJOCTHBIX H3JI0MOB. CTENEHb COOTBETCTBUSI PE3YJIHTATOB
AHATMTUYECKUX PAcUYETOB C MOJISIMU HANPsDKEHUH U teopmaruii onpenesnsiercs Ha
OCHOBE  TMpPSMBIX  HATYpHBIX  WJIW  MOJYHATYPHBIX  JKCIEPUMEHTOB.
DKCNEepUMEHTANIbHBIE CIIOCOOBI PETUCTPALMU PEATBHOrO MO jAepopMaluii y
BEPIIMHBI YCTAJOCTHOM TPEIIMHBI HAayajdu CBOE Pa3BUTHE C METOJMUK Ha OCHOBE
doroynpyrux mokpeiThii  [124]. CoBpeMeHHBIE TEXHOJOTHH PAacCIOiararT
ONTUYECKUMHU KaME€paMH  BBICOKOTO  pa3peuieHus, KOTOpbI€  MO3BOJIAIOT
OCCKOHTAaKTHO PETUCTPUPOBATH HU300pKEHUS TOBEPXHOCTH Marepuaia B
mpoiiecce aAeopMUpPOBaHUS U C TOCIHSAYIONIMM TMPUMEHEHHWEM METoja
Koppensiuuu  [UGPOBBIX HM300paKEHUM Tody4daTh Mojs  aedopmanuu B
uHTEpecyroniei obactu [125,126].

Jlnst pacu€ra cekyliero MoayJisi Matepuana B cootHomenunn (4.1.1) cnenano

JOIYILIIEHUE O PaBEHCTBE APPEKTUBHBIX XapaKTEPUCTHK U OCEBBIX.
S, :\;L_E\/( S —y)ZS ( i §)2 _( s, _)92 SG( -zxyS Zyz N ZX) .
% Z\Q_E\/( x€ Y)Z e( y + Z)(Z:—' (- ,€ )2+gé 2)()7 éyz g'_x) gy
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Hanpsokenue oy u gedopmanust €y ONPEAENAIOTCS W3 JKCIEPUMEHTA 10
OJIHOOCHOMY pacTsDKeHHUI0. [l KaXaoi TOYKH Ha auarpamme JaedopMupoBaHUs

(puc. 4.2.1) paccuntan cexymui Moayis (puc. 4.2.2).
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0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Dedopmauusn Oedopmauus

Puc. 4.2.1. lnarpamma Puc. 4.2.2. Cexymuii Tu1acTUYECKU
neopMUpPOBaHUS MOJ1yJIb

Jis  monenupoBaHMsl mpouecca AeQOpMHUpPOBaHUS IIOCKOro oOpasma c
OOKOBOW TpEIIMHON pa3IMyHON [JIMHBI pellaeTcd 3ajada JIMHEWHOW Teopuu
YOPYrOCTA ISl  TUIOCKOTO-HANPSHKEHHOTO  COCTOSIHMSL B MMAKETe KOHEYHO-
anemeHTHoro MozenupoBanuss Comsol Myltiphysics Ha ocHOBe cHUCTEMBI

YPaBHEHHI:

MD:

be
En

(1+ (2 2)Ir1( R

1e [

e=5g@ +ud ¢

— TeHzop Jnedopmanui, S _ TEH30D HaIpPsHKCHUH, Il(e) — TIEpBbIU

—) —) =)

ig =

D —— = —

rae
MHBapHaHT TeHsopa pedopmarnu, Y — BexTop mepemerneHuii, 9 _ enuHmaHbI
TeH30p, vV — Koadumuent Ilyaccona.

[Ipn MopenmupoBaHWM TOBEACHHsS] 00Opasla MPU OAHOOCHOM PACTSKECHUHU
3aJaBAINCH CJIEAYIOIINE TPAHUYHBIE YCIOBHUS: OJUH TOPEL )KECTKO 3aKPEIUICH, HA
BTOPOM TOpPIIE — YCUJIME, COOTBETCTBYIOIIEE MAKCUMAIbHOMY YCHUJIMIO B IIMKIIE,
pea30BaHHOMY B JIa0OpPaTOPHBIX IUKJIMYECKUX HCIBITAHUSIX OOpasIloB.
Tpemuna 3amaBanach B BUAE TPEYTrOJBHOTO BbIpE3a ¢ paanycom KpuBusHbl 100

MkM. Pacuérnas o0nacTh pa3OuBaiach Ha KOHEUHBIE 3JIEMEHTHI C YMEHBIICHUEM
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X pa3Mmepa OT KpynHoro (Topupl o0Opasia) 10 MUHMMaIbHOTO (00JacTh mepen
TPEYTOJIbHBIM BbIpe30M). [[71s onpeneneHus TomyCTUMOTO MUHUMAIBHOTO pa3Mepa
KOHEYHBIX JJIEMEHTOB IMPEIBAPUTENBHO OBLIO MPOBEIECHO HCCIEIOBAaHUE Ha
CETOYHYIO CXOAMMOCTh. Pa3mMep KOHEUHBIX 3JIEMEHTOB YMEHBINIAJICS JO TE€X TIOP,
noka HM3MEHEHHe OceBOM JedopManud B palioOHE BHIpe3a IO CPABHEHHUIO C
IPEeAbIAYIIUM IIaroM (pasMepoM 3J1eMEHTOB) MpeBbIano 5%. Utoroseiit pazmep
KOHEYHOTO JJIEMEHTa B OOJIACTH BEPIIMHBI TPEIIMHBI cocTaBui 22 MkM. [lpum
pacuére WCIOIb30BANACh JIMHECHHAS alIpPOKCHMAIHUS IOJIA TEpEeMENIeHN Ha
aneMenTe. [ mepecuéra mosisi KOMIOHEHTHI TeH30pa Aeopmariiu (€y) BIOIb OCH
oOpasiia, MOJy4eHHOE B pe3yibTaTe YHCICHHOTO pEIICHUs YOpPYyrod 3adauu, B

MOJIE OCEBOM KOMITOHEHTHl TEH30pa TMOJHBIX JedopManuid, HCIOIb30BaAlACh
dbopmyna:

F (4.2.2)

e .
rae ¥ - KOMIIOHEHTAa MOJHOW aedopMalud BAOJbL OCH 00pasla M3 pEIICHUS

ef

yOpyrou 3aj1aud, € - KOMIOHEHTa MOIHOI nepopManuu BIOJIb OCH 00pasla.
Cexkymuii wMoxayns B dopmyine (4.2.2) ompemensercs #W3 —JUarpaMMBbl
nedopMUpPOBAaHMS M 3aBUCUT OT MOJHOW Aedopmainuu. B pesynbrare Tpedyercs

peminTh TPAHCHCHACHTHOC YPABHCHUC!

st ymporeHus: pemieHuss B JaHHOW paloTe MpeasiaracTcss B KauecTBe

aprymeHTa GyHKIUUA CEKYIIEro MOAYJS MCIOJIb30BaTh YNPYTyIo AedopMaIuio us3

ef _el‘

o e . o
yuciaeHHoro pacuéra Y Y. Torma ypaBHeHHE sl pacuéra TOJTHOU
nedopmarii IpUHUMAET BUI:

E
(] !

Bepuduxkarus #Cmonp3yeMoro COOTHOIICHUS JUIsl pacuéra TMOojs TOJHON

ef

|oo:dz‘“
< o
™m

mﬁ&g Qo

nedopManui BOJIM3M BEPUIMHBI TPEIIMHBI IPOBOJMIIACH IO pe3yibTaTaM MPSIMOro
U3MEpEeHHUs MoJIs AepopMaliii B MPOIECCE POCTa YCTAJIOCTHON TPEIIUHBI.
Jns peructpaumu nosst n1eopManuu y BEpIIMHBI YCTaJTOCTHOM TPELIUHBI

UCIIOJIB30BAJICSI  METOJl  KOppensiuMd  UU(pOBBIX  M300pakeHHil.  3amuch
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M300paXeHU MPOM3BOAMIACE ONTHYECKOM Kamepoil Basler acA2440-75uc c
oowektBoM TC23007 OptoEngineering st TOCTHXEHHUS MPOCTPAHCTBEHHOTO
paspelieHrsi He MeHee 3 MKM. Yactora 3amucu JaHHbIX cocTtaBisuia 100 I
OO6paboTKa TOJIYYEHHBIX JAHHBIX MPOBOJWIACH HAa OCHOBE IPOTPAMMHOTO
obecnieuenus Lavision. [lepen mpuMeHeHHEM METOJOB KOPPEISAIUH HU(DPOBBIX
W300pKEHUI JUIsl KaXJI0ro Kajpa MPOU3BOIWIACH KOPPEKTUPOBKA IO YPOBHIO
JUCTOPCUU JIMH3bI, KOMIIEHCAllMU OTHOCHUTEJILHOTO JBWXEHUs ofpasla u
pEeryJaupoBKa OCBEIIEHHOCTH.

[Tnockue oOpasnbl ¢ OOKOBBIM KOHIICHTPATOPOM HampsbkeHui (puc. 4.2.3),
U3TOTOBJICHHBIE U3 TEXHMYeCKoro TuTaHa Bnl-0 B cocTossHUM MOCTaBKU
MOJIBEPTaIUCh  LUKIWYECKOMY  1e(OpPMHUPOBAHMIO  C  OAHOBPEMEHHOMU
perucrpauuen noss aegopManuu B 001acTH KOHLEHTpaTopa HanpsbkeHuid. [lepen

Ha4daJIOM 3KCIICPUMCHTA ITIOBCPXHOCTDH o6pa3u03 IMOJIUPOBAJIACH.

50 790
t X
S A
’ o
N Y \ J

30°
f~—

a7

ad

Puc. 4.2.3. 'eomeTrpust 00pa3noB (TONIMIKHA JINCTA TEXHUIECKOTO TUTaHA

BT1-0, Hauano koopauHAT B BEpIIIMHE BHIPE3Q)

[{ukaeckoe HarpyXeHue o0pasmos MTPOU3BOHIIOCH Ha
CEpPBOTHAPABIMYECKON ucnbITarenbHOM MarmuHe Bi-00-100 ¢ mocrosiHHOM
MaKCHUMaJIbHOW Harpy3koil B mukiie 7.5 kH. Yacrora Harpyxenus cocrasisiia 10
[, xodddunment acummerpun mukina — R=0.1. JlnuHa TpemuHbBI B X0H€
UCITBITAaHUS M3MEPSIach METOAOM TMaJCHHUS 3JICKTPUYECKOro TMoTeHmuana. [lose
nedopmarui B 001aCTH BEPIIMHBI YCTATOCTHON TPEIIMHBI PETUCTPUPOBATIOCH TIPH
Pa3HBIX JIJIMHAX TPEITUHBI.

Ha pucynkax 4.2.4 — 4.2.6 npencTaBlieHbl XapaKTEepPHBIC TOJIST KOMIOHEHTHI
TeH3opa aedopmanuu BAOJb OCH oOpasila B 00JIaCTH BEPIIUHBI TPEIIUHBI,
MOJIYYeHHBIC METOJOM KOPPEIISIIUH [MUPPOBBIX N300paKEHUH B X0J1€ YCTATOCTHBIX

UCTIBITAHUM  00pas3loB W pe3ynbTaThl BhUMCIEHWUW. B pacnpenenenuu
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nedopmalinii, MOJIYYEHHBIX METOJOM KOPPENSIUU LUPPOBBIX H300pAKEHUI,
HaOJIIOAAeTCsl OTCYTCTBUE CUMMETPUH. DTO, BEPOATHO, BHI3BAHO HEUJI€ATbHOCTHIO
yCIOBUM  HarpyxeHus  (3akperieHne  oOpas3la, COOCHOCTh  3aXBaToOB),
MOCTOOPaOOTKON JaHHBIX BUACOCUCTEMBI (KOPPEKIUS JUCTOPCUU U yTIiia ChEMKH,
KOMITCHCAIIMSI JBMKEHUS OOBEKTa KaK KECTKOTO IIEJIOr0), KOTOPHIE CTAHOBSTCS
3aMETHbl Ha wu3MepseMoM Mmacmrtabe mopsaka 2 wMMm. W3 nuarpambl
nedopMUpOBaHUST  MaTEpPUAIOB  OMpeneN€éH Mpeies  MPONOpUUOHATBHOCTH,
KoTopbiii cooTBercTBYeT nedopmanuu 0.34 % npns BTI1-0. Dto 3HaueHue
nedopMariii  COOTBETCTBYIOT — TpaHUIAM,  OTJACISIONIMM  TUIACTUYECKYIO
nedopmariio oT ynpyroil B obsactu BepmuHbI TpemuHbl. Ha pucynkax 4.2.4 —
4.2.6 BBIIENICHA W3OJWHUSA, pa3ACIAONIasl YOPYTYI0) H  IHIACTHYECKYIO

nedopmariuio.
0 0
0.016 0.016
0.2 0.2
0.014 0.014
0.4 0.4
0.012 0.012
0.6 0.6
0.01 0.01
3 s
0.8 2038
= 0.008 = 0.008
1 0.006 1 0.006
1.2 0.004 1.2 0.004
1.4 0.002 14 0.002
1.6 0 1.6 0
0 0.5 1 1.5 0 0.5 1 1.5
X, MM X, MM

a) 0)

Puc. 4.2.4. [Tone KOMIIOHEHTHI TEH30pa JieopMaIruy BJI0JIb OCH o0pasia
B 0071aCTH BEPIIMHBI TPEIIMHBI B TeXHUYeckoM TuTaHe BTl-0, momyuennoe
METO/I0M KOPpEeALUU HU(PPOBBIX N300pakeHH () M pacCUUTAHHOE

aHanuTH4ecku no popmyse Jlukcona (0) mpu 1auHE TPEIIMHBI 7 MM
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1
0.016
0.014
0.5
0.012
0.01 X
0.008 5
0.006
-0.5
0.004
0.002
-1 .
9.8 10.3 10.8 11.3
X, MM

a) 0)

¥, MM
o

Puc. 4.2.5. [Tone koMIOHEHTHI TeH30pa ehopMaIuy BI0JIb OCH o0pasiia
B 00J1aCTH BEPIIIMHBI TPEIIMHBI B TeXHUYecKoM TuTaHe BTl-0, momydennoe
METO/I0M KOPpEeALUU HU(PPOBBIX N300paKeHHI () M pacCUUTAHHOE

aHanuTrdecku no popmyne Jlukcona (0) mpu niuHe TpemuHbl 10 Mmm

0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

X, MM

a) 0)

0
0.016

0.014

0.012 0.5

s

H
0.008 =
0.006 1
0.004

0.002

1.5

Puc. 4.2.6. Ilone koMIoOHEHTHI TEH30pa Jiepopmaluy B0JIb OCU o0pasiia
B 00J1aCTH BEPIIMHBI TPEIIMHBI B TeXHUYecKoM TuTaHe BTl-0, momyuennoe
METO/I0M KOppeaUU HU(PPOBBIX U300pakeHH (a) M pacCUUTAaHHOE

aHanuTHuecku no popmyne Jlukcona (0) npu JiauHE TpeluHbl 17 MM

Ha puc. 4.2.7 mpencraBieHO CpaBHEHHE pa3Mepa 30HBI TUIACTUYECKOU
nedopmarii B 00JIaCTU BEPIIMHBI TPEIIMHBI, TOJYYEHHOE B DKCIIEPUMEHTE H

paccuutaHHoe aHanuTudeckn (ock OX HampaBieHa BIOJb HaNpaBICHUs
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pacnipocTpaHeHusi TpeuuHsl). [IpencraBnensl pe3ysibTaTbl U3MEPEHU ISl TPEX
BEJIUYMH JJIUHBI TPEIIUHBI.

O 3KcnepuMeHT O  3JKcnepumeHT
+ Pacuért + Pacuér

O  JKcnepumeHT
{ + Pacuér

0.5

0.5

-0.5 -0.5

-1 -1 -1
6.8 7 7.2 7.4 7.6 7.8 9.8 10 10.2 104 106 10.8 16.8 17

X, MM X, MM

17.2 17.4
X, MM

17.6

a 6 B

Puc. 4.2.7. XapaktepHblil pa3Mep 30HbI INTACTHUECKUX JAedhopMariuil s
JUTHH TpettuHbl 7 MM (89¢3 nukiios) (a), 12 mm (97e3 uukiios) (0), 17 mm (100e3
IIMKIJIOB) (B) Ha 00pa3iax u3 Texandeckoro Tutana Brl-0.

B Tabmune 4.2.1 mpencraBieHBl JKCHEPUMEHTANBHBIE W AHAIUTUYCCKHUE
3HAUEHUA pa3Mepa 30Hbl IUIACTUYECKOM JedopManuu B 00JACTH BEPIIMHBI
TpewuHbl. Ilog pasmepom oOnacTu muIacTUYeCKOW Aepopmaluu MOHUMAETCs
JUaMeTp OKPY)KHOCTH, B KOTOPYIO BIMCHIBAE€TCS M3OJUHUS JepopMaiiu

(BeIIETIEHA HA pUC. 4), COOTBETCTBYIOIIAS MPEETy MPOMOPIIUHOHATIEHOCTH.

Ta6anua 4.2.1. Pazmep 30HbI macTuueckoit nedopmannu B 007aCTH BEPIIMHBI

TPEIIUHBI.
JlnnHa .
DkcniepuMeHT, | Yucnennsiit | Ommoka,
Marepuan | TpemmHa, . 0
MM pacuér, Mm | %
MM
BT1-0 7 1,22 1,15 5,74
BT1-0 10 1,27 1,2 5,51
BT1-0 17 1,33 1,28 3,76

Honyquo Ka4€CTBCHHO YAOBJICTBOPUTCIbHOC COOTBECTCTBUC OLICHKH pa3Mcpa

30HBbI

IIACTUYECKOU

nedopmanuu

Ha

OCHOBC

THUITOTE3BI

Jukcona wu

9KCIICPUMCHTAJIbHBIX 3HAYCHUH BEJIMYMHBI 00JACTH IJIACTUYECKUX )le(bopMauHﬁ,
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OLICHEHHBIX METOJOM KOppessiuu HUPPOBBIX H300pAKEHUNM Jlaxke TMpH
3HAUYMUTENBHBIX IJMHAX TpeuwH. Ha ocHOBe runoTe3bl JJukcoHa IpeaioxKEeH METOT
nepecyéra ynpyroro peueHus ajid nojisg JegopMaiid B BEPIIMHE YCTAIOCTHOM
TPEIIMHBI, MOTYYEHHOTO YHUCIEHHBIM METOJOM B TOJIE TIOJHBIX AchopMaIimii ¢

WCITOJIb30BAHUEM CEKYIIEr0 MOIYJIS YIIPYTOCTH.

4.3. Bepuduxanusi COOTHOLIEHHSI [Js1 CKOPOCTH POCTAa YCTAJOCTHOM

TPEIUHBI HA OCHOBE TaHHBIX NaTYUKa TEIJIOBOI'0 IMMOTOKA.

YuuThIBas MOJY4YEHHOE COOTHOLIEHUE Ul CBA3UM DHEPIUMHU IUIACTUYECKOU
nedopMaui B 00JIACTH BEPIIMHBI YCTAJIOCTHOM TPEUIMHBI, MPOBENEH aHAIU3
DKCIEPUMEHTAJIBHBIX JAHHBIX O KHUHETHKE pPOCTa YCTAJIOCTHOM TPEIIMHBI B
HepkaBeromiedt cramu 08X18H10 u texnamueckom tutane BT1l-0 mpu ogHOOCHOM
Harpy)xeHuu. IlpuHumMas BO BHUMaHue, 4YTO OOJbIIAs YacTb HHEPrUU
IJIACTUYECKON JepopManuu NEPEXOAUT B TEILUIOBYIO IHEPTUI0 MOYKHO CHENaTh
IIPEAIIOJIOKEHNE, YTO CKOPOCTh TPELIUHBI IIPONOPLIMOHAIIBHA TEIJIOBOMY IIOTOKY,
Kak 3To ObUIO MMOKa3aHo B riaBe 3. B pesynbrate, npeaiokeHa anmpoKCUMAaIus
JUISl COOTHOILEHHUS], CBA3BIBAIOIIETO TEIJIOBOM MOTOK M CKOPOCTh POCTA TPELIUHBI,

YUUTHIBAIONIAS YCIIOBUS HATPYKEHUSI.
Q° U™ =A(1L R)’ *sB(t R)- 2%, (4.3.1)
raie Q — TemIoBOM MOTOK B 00JacTH BEPIIMHBI YCTAJIOCTHOW TPEIIUHBI, G —

aAMILIUTyAa IPUITO0KCHHOTO HUKIIMYCCKOI'O HArpyKCHUA, A, B — koHCTaHTHI.

[Io »3KCcHepUMEHTANbHBIM  JAaHHBIM, TOJY4YEHHbIM TP  OJIHOOCHOM
Harpy>keHuu oOpasloB, ompezaesieHbl KoHCTaHThl A, B B cootHomenun (1) mms
UCCIENYEMbIX MaTepHalOB. 3HAYEHUS KOHCTAHT Ui HEP>KaBEIOLIEH CTalu

08X18H10 u Texunueckoro tutana Br1-0 npeacrasnens: B Tabnuie 4.3.1.

Ta6auua 4.3.1. 3HaueHuss KOHCTAHT B cOOTHOUIEHUH (4.3.1).

A, AA, OA, B, Bt/ AB, Bt/ 0B,

Marepuan 5 5 5 5
Br/(ITa”) | Br/(ITa”) | % | (Ila"m/mukn) | (ITa*m/mukor) %
08X18H10 | 5,66E-18 | 2,67E-19 | 4,72 | 4,34E-11 3,02E-12 6,97
Br1-0 3,60E-17 | 1,28E-18 | 3,56 | 3,32E-12 1,03E-13 3,11
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Ha pucynke 4.3.1a npeacrtaBiieH XapakTEpHbIA BHJ KPUBOW, OTPaKAIOIICH
TEIUIOBOM TOTOK B MPOLECCE POCTa YCTAIOCTHOM TPEIIMHBI, C BBIICICHHBIMU
XapaKTEePHBIMUA CTAIUsAMH. Ha cTaauy C TOCTOSHHBIM WIIA CJIA00 MEHSIOIIUMCS
TEIUIOBBIM TOTOKOM ompenenseTcss kKoHctanta A B coorHomeHuu (4.3.1). Ha
pucynke 4.3.10 npencraBiieHa XapakTepHas mpsAMas, OTPaKarollas 3aBUCHMOCTb
CKOPOCTH POCTa TPEUIMHBI OT TEIUIOBOTO MOTOKA, MO TAaHIE€HCY YyIJIa HaKJIOHa

KOTOpOﬁ OIIPCACIIACTCA KOHCTAHTA B.

%10°°

-
F -3
~

2

12} =6
= 3
@ gt Is
©
S 3
C 2 4
@08 _ 2
= =
= [S]
=06 g 3
s 2 )
8 04 g 2 tg(0)=Bo
= =%
= g

%2* 1 o1

AG —
0 : ‘ ‘ ' ‘ % 0.5 1 1.5 2 25 3
0 500 1000 1500 2000 2500 3000 ’ ’ )
Bpems, c Duccunauma Tenna, BT
a) 6)

Puc. 4.3.1. Onpenenenre KOHCTAaHT B COOTHOIIEHUH 4.3.1 17151 CBSI3U TETJIOBOTO

IIOTOKa U CKOPOCTH POCTa YCTaHOCTHOﬁ TPCIINHLI.

C ucnosib30BaHUEM IMOJTYYEHHBIX KOHCTAHT M cooTHouieHus 4.3.1 npoBenén
pacy€r TEIUIOBOr0 IMOTOKA IO JKCIEPUMEHTAIBHBIM JAHHBIM O CKOPOCTH pOCTa
TPEIIMHBI B TIPOIIECCE JIBYXOCHOTO HArpyXeHus 0OpaslloB M3 HCCIEIYEMBbIX
MarepuasioB. CpaBHEHHUE PACUYETHBIX M HW3MEPEHHBIX TAHHBIX MPEACTABICHO Ha

pucyHkax 4.3.2 u 4.3.3.
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—sp1,176 MNa, n=0
——5p2,249 MMNa, =1
5p3,197 MNa, n=0.5
—s5p4,197 MNa, 5 =0.5
= = =s5p1, Pacuér
- = -5p2, Pacuér
sp3, Pacuér
= = =5p4, Pacuér

g
tn

4]

Ouccunaumn Tenna, Br
—
[3,]

|
0.5 1 1.5 2 2.5 3 3.5 4 4.5
BPEMH! c X1D4

Puc. 4.3.2. TermoBoii MOTOK MPH JABYXOCHOM HArpy>K€HHUH 00pa3lioB U3

Hepxkaerouel ctanu 08 X18H10: usmepeHHoe U pacCUMTaHHOE.

——sp1, 111 MMa, R=0.1, ;=1
| ——sp2, 190 MMa, R=0.1, =1
8 1 sp3, 125 MMa, R=0.1, 5=0.5
——35p4, 112 MNa, R=0.1, 5=0
=7 sp5, 106 MNa, R=0.5, =1
@ —— 5pB, 88 Ma, R=0.5, =1
E 6 sp7, 84 MMNa, R=0.5, y=0.5
= = = =5p1, Pacuér
E 5 - = =5p2, Pacuér
= sp3, Pacuér
= - = =sp4, Pacuér
g 4 sp5, Pacuér
c - - -sp6, Pacuér
33 sp7, Pacuér
3]
=
g2
1 ______.4-“"
0! i e ——— | | | | |
1 1.5 2 2.5 3 3.5 4
Bpewms, ¢ x10*

Puc. 4.3.3. TennoBoii MOTOK MPH IBYXOCHOM HarpyeHuu o0Opa3loB U3

TeXHUYEeCKOTo TuTaHa BT1-0: u3sMepeHHOe 1 paccuyuTaHHOE.

Ha mnpexacraBieHHBIX TrpaduKax BHIHO COOTBETCTBUE H3MEPEHHOTO U
pacCUMTaHHOrO TEIUIOBOro TmoToka. Takum oOpa3zom, ypaBHenue (4.3.1) c
yJIOBJIETBOPUTENBHOH  TOYHOCTBIO  MO3BOJSIET  CBSA3aTh  CKOPOCTh  pOCTa
YCTAJIOCTHOM TpEUIMHBI U TEIJIOBOM MOTOK B €€ BepliMHe. Takum o0pa3om, ¢
MOMOIUIBIO Pa3pabOTaHHOTO JaTUMKA TEIJIOBOTO MOTOKA MOKHO OIIEHUTHh CKOPOCTh
pocTa YCTaJIOCTHOM TPEIIMHBI M CIPOTHO3MPOBATh XapakTep €€ AalbHEHIIero

pPa3BUTHS.
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JIis  neMOHCTpalMM  BO3MOXKHOCTH — PAaCIIMpEHUs  MPUMEHUMOCTHU
IPEUIOKEHHOTO COOTHOIICHHUS Ha CiIydail JIBYXOCHOTO HAarpyKeHHs MOCTPOCHA
3aBUCUMOCTH (pUCyHKH 4.3.4, 4.3.5) CKOpOCTH pocTa TpelUHbI OT napamerpa Q*
(HOPMUPOBaHHBIN TEIJIOBOM MOTOK), ONPEAEIISIEMOTO KaK:

- Q ,_d
QR A (4.3.2)
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a) 0)
Puc. 4.3.4. 3aBUCUMOCTb CKOPOCTH POCTA TPELIMHBI OT TEMJIOBOTO NMOTOKA (a) U

HOPMUPOBAHHOTO TEIJIOBOrO MoToka (0) /st Hepxkaseronieit ctanu 08X 18H10.
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Puc. 4.3.5. 3aBUCUMOCTH CKOPOCTH POCTA TPEIIMHBI OT TETJIOBOTO MOTOKA (a) U

o
-

HOPMHPOBAHHOT'O TEIJIOBOTO MOTOKA (0) 1y1st TexHuueckoro Tutana BT1-0
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CootHomenue (4.3.1) comepXUT JBa cllaraéMbIX, OAHO M3 KOTOpPBIX HE
3aBUCUT OT CKOPOCTH pOCTa TPELIMHBI, & ONpPENENSETCA TOJBKO W3 YCIOBUU
Harpy>KeHusl.

W3 sToro cienyer, 4ro Ha 3Tale 3apoKIEHUSA TPEIIWHBI TEIUIOBOM MOTOK
OTIpEJIEISIETCSl PHEPrueH IuIacTHUecKon naedopmaluu B HUKIMYECKOW 30HE U HE
3aBUCUT OT CKOPOCTH JABWXEHUS TpemuHbl. C  pa3BUTHEM  TpPEIIUHbI
YBEJIMYMBACTCS BIIMSAHHE 30HBI MOHOTOHHOM TuTacTUYeCKOW nedopmainuu Ha
MpOIECC AWCCUNALMA HHEPruM, BEJIMYMHA KOTOPOM HAuMHAET BO3pacTaTh

IMPpONOPHUOHAIIBHO CKOPOCTHU pOCTAa TPCIIHNHBI.

BuiBoabI

AHanm3 JaHHBIX WHQpakpacHOW Ttepmorpaduu, omucaHHbXx B [112], u
DKCIIEPUMEHTAIIBHBIX PE3YJIbTATOB, MOJYYEHHBIX B TPEThEH IJIaBE AUCCEPTALUH,
MO3BOJIMJI  IPEIJIOKUTh TEOPETUYECKUUA MOAXOHA JJIsi OLEHKU MOILIHOCTH
JUACCUIIALIMN DHEPIUU B BEPILIUHE TPEIIUHBI U PA3ACIUTh MUCTOUYHUK JUCCUNALIUU
Ha JBe cocraBipomux. Mcnons3oBaHnue runore3sl JIMKCOHA  ITO3BOJIMIIO
000CHOBaTh BHJ aIlIPOKCUMALMOHHOTO COOTHOIUEHUS, CBS3BIBAIOIIETO IMPOIIECC
JACCUTIAIIMK SHEPrUM B BEPUIMHE TPEUIMHBI U CKOPOCTh €€ pachpOCTPAHEHHS.
Hanmnume fAByX COCTaBISIIOIIMX B MCTOYHHUKE JUCCUNALMM  TTO3BOJIMIIO
chOpMyIMPOBATh TUIOTE3Y O CBS3U COCTABISIONIMX JIUCCUIIAIIMK C MPOIECCaMHU,
MPOUCXOJAIIMMUA B LHUKIAYECKOM M MOHOTOHHOM 30Hax IUIACTHYECKOU
nedopmaru y BepIIMHBI TpemruHbl. KOoHKypeHIHs BBEAEHHBIX COCTABJISIOIIMX
MOTOKa TEIJa, TEHEPUPYEMOrO B BEPIIMHE TPEIIMHBI, YIOBIETBOPUTEIBHO
ONMCHIBAET IBYXCTAINUHBIA XapaKTEP AUCCUIIALIMHU SHEPruu. B wacTtHOCTH, OAMH
M3 UCTOYHUKOB JUCCHUMNALMM SHEPTUHM, ACCOUMUPOBAHHBIA C IUKIWYECKOW 30HOU
MJIaCTUYECKOW neopmariui, HE 3aBUCHUT OT CKOPOCTH pOCTa YCTaJIOCTHOM
TPEIIMHBI U ONpENesieT HAJUYKe IUIaTo Ha Tpaduke 3aBUCHMOCTH MOTOKA Teruia
OT CKOPOCTM TPEUIMHBI JUISI MaJbIX CKOPOCTEW pa3BUTHS TPEWMHBL. BTopou
UCTOYHUK MOXXET OBITh TIPEACTABICH JIMHEWHOW (YHKIIMEH OT CKOpPOCTH
pacnopoCTpaHEHHs] TPEUIMHBI U SBHO OMHUCHIBAET POCT AMCCUIIAIMA SHEPTUM Ha
3aBEpUIAIOIIEH CTAIMH MPOLIECCA PA3BUTHS TPEIIUHBI.

JIns mpoBEpKH OCHOBHOM THIIOTE3bI, 3AJI0KEHHON B TEOPETUUECKYIO MOJEIND,
HKCIIEPUMEHTAJILHO HKCCIEOBAaHbl TOJs JAehopMaliii B BEPIIMHE TPEIIUHBI

METOJI0M ITU(PPOBOM KOoppensanuu n3oodpaxennii. C HCIOJB30BAHHEM ONTHYSCKOM
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kamepsl Basler acA2440-75uc ¢ oOwektuBoM TC23007 OptoEngineering
JOCTUTHYTO TPOCTPAaHCTBEHHOE paspelnieHue He Oonee 3 MKM M TIOKa3aHa
BO3MOXXHOCTh TMPUMEHEHUS TUNOTe3bl JIUKCOHA nJi1 aHajau3a YCTaJOCTHBIX
TPEUIMH B METaJlJIax.

Ha  ocHOBE  MNpEeMIOKEHHOr0  aNNpOKCHMAIMOHHOIO  COOTHOUIEHUS
UCCJIEIOBAH MPOIECC PACTIPOCTPAHECHUS] YCTAIOCTHBIX TPEIIMH U JUCCUIIALUU
SHEpPruM B 0Opaslax, M3rOTOBJICHHBIX W3 Hepkamewried cramm 08X18HIO0 u
texHudyeckoro tutaHa Brl-0. KoncranTel, purypupyroiume B 3TOM COOTHOIICHUN
U OMpeeIEHHBIE IO AKCIEPUMEHTAIBHBIM JIAHHBIM TEIJIOBOTO MOTOKA U CKOPOCTH
pocTa TpEIMHbI MPU OJHOOCHOM HArpy>X€HUHU, HCIOJIB30BAIKUCH ISl pacuera
JMCCUTIAIIUM HSHEPrMM Ha OCHOBE [JIAaHHBIX CKOPOCTH POCTa TPEIIUHBI MpHU
JIBYXOCHOM HAarpy>KeHUHU. DKCIIEpUMEHTAJIbHbIE JAHHBIEC TETJIOBOTO MOTOKA B 3TUX
YCIOBUSIX HArpyXEHHs TMOKa3ad  YAOBJIETBOPUTEIBHYIO  KOPPEISLUUIO C
pacCUUTAHHBIMM 3HAYECHHUSIMU. OTO IMO3BOJISIET TOBOPUTH O BO3MOXKHOCTH
pacliupeHusT MPUMEHUMOCTH TMPEIJIOKEHHOTO COOTHOIIEHUS Ha  Clydai

ABYXOCHOI'O HArpy>XCHH:I.
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3AK/IIOYEHUE

HToru BbINOJIHEHHOT0 HCCICI0BAHUSA

B pesynbraTe BbINMONHEHHS PAOOTHI MPEIOKEHA METOAMKA H3MEPEHUS
TEIUIOBOTO TOTOKA MPU MPOBEAEHUU YCTAIOCTHBIX HUCIBITAHWM, OCHOBaHHAas Ha
WCIIOJIb30BaHUM OPUTMHAJIBHOTO KOHTAaKTHOIO JaTyMKa TEIUIOBOIO IOTOKA.
Pa3paboTansl w peanu3oBaHbl METOAMKHA KaMHOPOBKM KOHTAKTHOTO JaTYHKA
TEIUIOBOTO MOTOKA M MOKA3aHbl €ro MPEUMYIIECTBA MPU W3MEPEHUU TEIJIOBOTO
MOTOKa OT 00paslia B MPOIECcCce MUKINIECKOTO 1e(hOpMUPOBAHUS TIO CPABHEHUIO C
METO/1I0M MH(paKkpacHOU TepMorpaduu.

C wucnonp3oBaHHEM pPa3pabOTAHHOTO TMOJXOJa MPOBEACHBI HU3MEPEHUS
CKOPOCTH JTUCCHUIIALIUU YHEPTUH B BEPIIMHE YCTAJIOCTHON TPEIIMHBI B 00pa3lax u3
HepxkaBeroniel cranmu 08X18H10 u turane Btl1-0 mpu o1HOOCHOM M JIBYyOCHOM
neopMupoBaHUH. DKCIIEPUMEHTATIBLHO MOKA3aH YHUBEPCAIBHBIN JBYXCTaIUNHbBIN
XapakTep AUCCHNAUMAM DSHEPTUM B BEPIIMHE  YCTAIOCTHOM  TPEIIUHBI,
pacnpoctpansironiericss B pexume Ilapuca. BeiaBuHyTa rumore3a o CBSI3M
WCTOYHUKOB JWCCUMAIIMU HDHEPTrUM C 30HAMM IUIACTUYECKON Jedopmaivi B
BeplIMHE  TpeuHbl. OIMH W3  HCTOYHHUKOB  JUCCUIIALIMM  SHEPIUH,
ACCOIIMMPOBAHHBIN C IIUKINYECKON 30HOM MIIACTUYECKON AepopMaliiu, He 3aBUCUT
OT CKOPOCTHM POCTa YCTaJOCTHOM TPEUIMHBI M OMNpeleiseT HaJIWYMe IIaTO Ha
rpaduKke 3aBHCUMOCTH TIOTOKa TEMJIa OT CKOPOCTH TPEIIMHBI JJIS MajbIX
CKOPOCTEH pa3BUTHS TPEIIUHBI. BTOPOMl HMCTOUYHHUK MOXET OBITh MpPEACTaBICH
JUHENHON (QyHKUMENH OT CKOPOCTU PACIPOCTPAHEHUs TPEIIMHBI U SBHO OIMUCHIBAET
POCT JMCCUIIALMHA DJHEPrUM Ha 3aBEPILIAIOLIEH CTaJAUM MPOLECCa Pa3BUTHUSA
TPELIUHBI.

Jlnst o0ocHOBaHHMS  TPENJIOKEHHOTO  MOAXOJa  DKCIEPUMEHTATBHO
MOATBEPKACHA TUIIOTE3a O BO3MOKHOCTH OIEHKH IOJIsl HEYNpyTrux Aedopmaiuu B
BEPIIMHE TPEUIMHBI HA OCHOBE PEUICHMS 33Ja4M JIMHEWHOW TEOpHUM YNPYrOCTH
(runotesa [{ukcoHa) u npesyioKeHa oreHka paboThl IJIaCTUYECKON nedopMaiiviu B
MOHOTOHHOM W IMKJIMYECKOM 30HAX IUIACTHYECKOW jaegopManud B BEpIIUHE
TPEILIHUHBI. Ha OCHOBE MTOJTy4YEHHBIX COOTHOLIEHHM MPEIIOAKHO
AIMpPOKCUMAlMOHHOE COOTHOIIEHUE JJISI OLUEHKHM CKOPOCTH POCTA YCTaJIOCTHOM
TPEUIMHBI 110 JJaHHBIM JMCCHUIIALNK TEIjia B €€ BEPIIMHE, CIPABEIJIMBOE KaK IS

OJIHOOCHOTO, TaK M JIByXOCHOIO JIepopMHUpOBaHUs 00pa3lia.
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PexoMeH1anuu 1 nepcrneKTUBLI JaJIbHelel pa3padoTKu TeMbl

Mertonuka MMEET BBICOKHIM MOTEHUHAN MPU U3MEPEHUM TEILUIOBOIO MOTOKA
IpU TUIACTUYECKOM Je(OPMHUPOBAHWU W pa3pylieHnd MeTauioB. OHa aKTHUBHO
WCIOJIB3YETCS MPH MPOBEACHUN SKCIIEPUMEHTAIBHBIX McclienoBannii B IHCTUTYTE
MEXAHUKH CIUIOLIHBIX Cpell YPalbCKOro OTAENEHUs] POCCHUICKON akaJeMuu HAYK,
[IepMCKOM HAIMOHATBHOM HCCIIENOBATENBCKOM MOJIUTEXHUYECKOM YHUBEPCUTETE,
KazanckoM HayyHoM 1ieHTpe Poccuiickoil akanemMuum HayK, YHHUBEPCUTETE
OynnecBepa B MrionxeHe, TOJNBATTUHCKOM TOCYyAapCTBEHHOM YyHuBepcurtere. C
byHTaMEHTATBHOW TOYKMA 3PCHHS TOJYYCHHBIC PE3yJIbTaThl WJUTFOCTPHPYIOT
BO3MOXKHOCTh IPUMEHEHHUS TEPMOJMHAMHYECKOTO TMOAXOAAa JUIsl ONHUCAHUA
MEXaHUKU Je(POopMHUpOBaHUS W paspylleHUs B NOpakTUYeCKUX MNPUIOKEHUSIIX
pa3paboTaHHAsE METOAMKA MOKET MCIIOJIb30BaThCA U JETEKTUPOBAHUS Ipoliecca
3apOXKJICHUSL YCTAJOCTHBIX TPEIIMH U OLEHKHU YCTaJOCTHOI'O PECcypca peabHbIX
VH)XEHEPHBIX KOHCTPYKLIHH.
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