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BBEJEHUE

N3yyeHnne MHULIMMPOBAHHBIX JIOKAIM3AIIMEH BHYTPEHHUX HaIpsDKe-
HUW Ha HEOIHOPOJHOCTSAX IPOIECCOB pa3pylieHus Ae(hOpMUPYEMbIX
TBEPBIX TeJl SBJSIETCS BaXKHOW Hay4yHOW mpobiemoii. s ee pemieHus
HeoOXoauMa pa3paboTKa CIEUATbHBIX METOJOB pacueTa CMEIICHHH,
neopManuii ¥ HANPsHKCHUH, YYUTHIBAIONIMX HAKOIUICHUE MOBPEKIC-
HUM, YeMy TOCBSIIEHBI (YHIaMEHTAIBHBIC TPYAbl M3BECTHBIX -YUCHBIX
IO.H. Pa6ornoBa, [1.A. Burszs, B.B. Knybosuua, H.K. MpeimknHa,
IO.M. IIneckauesckoro, FO.B. Bacunesuua, A.B. Yurapesa, FO.B. Hu-
rapesa, [ .1I. MuxaceBa, B.M. ®enoctoka, M.A. Kypaskosa, M./]. Map-
TeiHeHKO, D.U. CraposoiitoBa, B.1. Bnamumuposa, C.B. Illunsko, JI.W.
Mupkuna, A. JlsBa u ap. AKTyanbHOCTb NpoOIEeMaTHKH MpHBeENa K TO-
My, 9TO B HacTosIiee Bpems c(hOpMHUPOBAJIOCH COBPEMEHHOE HAYYHOC
HampaBJICHHE. MUKpPO- M HAaHOMEXaHWKa, pa3BHUBacMoe B PecmyOmunke
Benapyce nox pyxoBoacteom C.A. Umkuka.

B pamkax MexaHuKH IeOPMHUPYEMOTO TBEPAOIO Tela MPH HCIIONb30-
BaHUU TUIOTE3bI CIUIOLUIHOCTH CPEMbI CYILIECTBEHHOE Pa3BUTHE MONTYyYHIa
KOHTHHYAIbHAS TEOPUsI TUCIOKAIIUH, B OCHOBY KOTOPOH MOJIOXKEHO abCT-
parupoBaHue OT ATOMHOT'O CTPOCHUS BELIECTBA, YTO MO3BOJMIO B paMKax
MEXaHUKH pPa3pad0TaTh MUCIIOKAIIMOHHBIA IOAXO0J K MOJICITUPOBAHUIO
paspylieHusi MaTepuanoB. HecMoTps Ha TOCTH)KEHHS COBPEMEHHOM Me-
XaHUKH pa3pylIeHUs, HeIOCTATOUHOEC BHUMAHUE YJEICHO UCCIECIOBAHUIO
BIIMSIHUSL BO3HMKAIOIIMX B TBEPABIX TelaxX IMpPH CUIOBOM BO3ACUCTBUU
JIBYMEPHBIX Je()EKTOB Ha MPOIECC 3apOXKCHUS MHUKPOTPEIINH, YTO HE
OIpaB/IaHO, TaK KaK JIAHHBIC NE(PEKTHI CITIOCOOCTBYIOT SHEPTrETHYCCKON
BBITOJIE TPOLIeCCa Pa3pyIIeHHS HA TAKUX CTAIUAX JAe(HOPMHUpPOBAHUS Ma-
TEPUAJIOB, KOTIa KX PECYPC MPOYHOCTH €Il HE UCUEPIIaH.

Pemenve 3amad MexaHuwku JaeOpMHUPYEMOro TBEpPAOro Tela, B
OOJILIIMHCTBE CIyyaeB HE IMPEAToNiaracT yd4eT HaIpsHKeHUH, KOTOphIe
CO3/1at0T AC(PEKTH KPUCTAUTHYSCKON pelIeTKA. Takue NBYMEpHBIC Jc-
(EKTHI, KaK BOMHUKU B aHU3O0TPOITHBIX TENIaX W MPOSIBICHUE HErOMO-
TEHHOU TUIACTUYHOCTH B U30TPOIMHBIX TBEPABIX TElaX, CO3/al0T JOKAIU-
3aIUI0 HANPSOKEHUM, YPOBEHb KOTOPBIX MHOTJA COM3MEPUM C MPEAEIOM
MPOYHOCTH MaTepuaia, 4YTo MPUBOIUT K 00pa30BaHUIO MUKPOTPEUINH U
nocienyrneMy paspyiieHuto. [loatomy npeHeOpe:KeHHEe PONBI0 JBY-
MEpHBIX J1e(hEeKTOB, 00pa3yroIUXCcs B Ae(GOPMHUPYEMBIX CILUIOIIHBIX Cpe-
Jlax, BEACT K 3aBBIIICHUIO OLICHKH MIPOYHOCTHBIX XapaKTEPUCTUK MPUME-
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HSIEMBIX Ha MPaKTUKE MaTepHajoB. DTO 0COOEHHO HEAOMYCTHUMO B KOH-
CTPYKUUSIX, TPEOYIOINX MPH UIUTEIBHOH HMX JKCILTyaTallid BBICOKOM
CTETIEHU HaJEKHOCTH.

Takum oOpa3zoM, B HacTosIee BpeMsi Haspena BayKHas HaydHas Mpo-
Onema, cBsi3aHHAs C HEOOXOIUMOCTBIO Pa3sBUTHS TEOPHUH JTBOWHHKOBAHUS
Y HErOMOT€HHOM TUIACTUYHOCTU U UCTONb30BaHMA PE3yIbTaTOB 3THX TEO-
pHii B pelieHnH 3aJa4 MeXaHWKd Jedopmupyemoro TBepaoro tena. Pe-
LIeHNE B JaHHOW paboTe 3Toil MpoOIeMBbl MTO3BOINIIO BIUCATh B MEXAHUKY
nehopMHPYEMOTO TBEPIOTO TeNla HOBBIM pa3men «MexaHuKa JABOWHHUKO-
BaHUS U HETOMOIE€HHOW MIACTUYHOCTH», KOTOPBIA CYIECTBEHHO. JOMOM-
HHUJI B HAYYHOM M TPaKTUYECKOM HalpaBJICHUAX pasnen «MexaHuka pas-
pymenus». Hannure HOBoro paszena, MOCBSIEHHOTO paHee He paccMar-
PHUBABIIMMCS C TIO3ULIUM MEXaHWKH POJICTBEHHBIX Pa3pyIICHHUIO SBICHUM,
OTKpBIBA€T HOBBIE BO3MOYKHOCTH ISl IIMPOKOTO MPAKTUUECKOIO HCIOIb-
30BaHUsI METOJIOB MEXaHUKH Je(OPMHUPYEMOro TBEPAOro Tela JJisi HaXo-
JSIIUX Bce Oosee MHMPOKOe MPaKTUIeCKoe IPUMEHEHHE MaTepHaioB HO-
BOTO TIOKOJICHHUSI TaKHX, KaK MaTepualibl € MaMsATbi0 (hOPMBI, HAHOKPH-
CTAJUINYECKNE MATEPHAIIBI, METAIUINYECKHUE CTEKNIA U JIp.

OBIIASA XAPAKTEPUCTHUKA PABOTbBI

CBsi3b paGoThl ¢ KPYNHBIME HAYYHBIMH NporpaMMamMu (Ipoek-
TaMH) H TeMaMH

JuccepTanoHHbIe HCCIEIOBAHUS HEOIHOKPATHO MOAAEPKUBAINCH
Benmopycckum  pecmyOmukanckuM  GoHIOM  (DYHIaMEHTaIbHBIX
ucclieoBaHu B-paMkax mpoekToB: ®IIM-025 «Peanuzanus niactu-
yeckod aedopManuy ABOMHMKOBAaHHEM MPH HAHOWHIACHTHPOBAHUHU
MOHOKPHCTAJIOB  BHCMYTa, OONYYECHHBIX MOHAMH pa3lUYHBIX Be-
mrectB» (1999-2001 rr.); ®05M-009 «TexHomoruss moayueHus u Hu-
3udeckue CBOWCTBa (a30BBIX AU(PAKIMOHHBIX PELIETOK, cHOopMHUpoO-
BaHHBIX Ha OCHOBE SIBJICHUS TOJHMCHHTETUYECKOTO JBOMHHUKOBAHUS
MoHokpuctamio» (2005-2007 rr.); ®07M-045 «Martematudeckoe U
¢u3nIecKkoe MOJIEIMPOBAaHNE MPOIIECCOB TBOMHUKOBAHUS KPUCTAIIOB»
(2007-2009 rr.); ©08-106 «MonenmupoBanue MpoueccoB aedGopMupo-
BaHUSl MOHOKPHUCTAJUIMYECKUX U aMOP(HBIX TBEPABIX TEJ MPHU COMYT-
CTBYIOIICH JIOKaNM3allMu HANpsDKEHHH Ha JBYMEPHBIX jAedeKTax»
(2008-2009 rr.); T03-144 «MccnenoBaHue OcoOEHHOCTEH Mporecca
TUIaCTHYECKOH AedopManny aMOp(HBIX MaTEpPHUaIOB Ha OCHOBE JKee3a
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C HAHOCTPYKTYPHBIMU (pa30BbIMH BKiItoueHUsIMH» (2003-2005 rr.);
®13-021 «MexaHn4eckoe IBOHHUKOBAHHUE, OCOOEHHOCTH IIJIACTHYECKOHN
nedopmanyy 1 MexaHnka (popMOM3MEHEHUSI MarHUTHBIX CIUIaBoB I eiic-
niepa ¢ mamsTbio Gopmer» (2013-2015 rr.). MunucTepcTBOM 00pa3oBa-
Hust PecriyOnuku benapycs mognepskansl npoektsl Ne 20012106 «Mo-
IGUIMPOBaHUE MOBEPXHOCTHBIX CIIOEB METAJIMUECKUX JAETajel BBI-
COKOPHepreTuueckoi obpaborkoit» (2001-2002 rr.) u «PemicuHue
KOHTaKTHBIX 33124 HAHOMEXaHUKH C Y4eTOM JBOMHMKOBAHUS 1 HErOMO-
reHHoi ruactuaHocTr» (2010-2011 rr.). PaGora BBINONHANIACE B paM-
kax ['TIHU «Kouseprenmus» (2014-2015 rr.).

HuccepraunnonHasi paboTa COOTBETCTBYET MPHOPUTETHOMY HAampas-
JeHn1o (yHIaMEHTAIBHBIX U MPUKIAAHBIX HAYYHBIX HcclaenoBanuii Pec-
nyonuku benapyce na 2011-2015 roapr: «7. Mammuoctpoenue. Cucre-
MBI ¥ KOMIUIEKCHI CETbCKOXO3IHCTBEHHBIX MainH. KOHTpOIb U AUarHo-
CTHKa B MAaIIMHOCTPOEHUH: 7.1l. MexaHuKa, HaJeXHOCTh, 0OE30MacCHOCTh
W 3KOJOTMYHOCTh MAIIHMH, TPEHHE U U3HOC B MAIIMHAX, METO/bI pacyera,
MOJETHPOBAHUS, MPOEKTHUPOBAHUS, KOHCTPYHPOBAHUS W HCIBITAHUN
MammH, arperatoB u y3noB» (ITocranoBinenne CoBera Munuctpos Pec-
nyoiuku benapyce ot 19 anpenst 2010 roma Ne 585).

Heas u 3a1a4u uccjae10BaHUsA

Lenbio paOoOTHI SIBUIOCH PA3BUTHE TEOPUN ABOMHHKOBAHUS U HETO-
MOT'eHHOU IMacTU4eckod Aedopmanuu U pa3paboTka METOJOB pacyera
HaNpPsDKEHHOTO COCTOSHUS NEePOPMUPYEMBIX TBEPABIX TEl Ha CTaJuu
HAKOIJICHUS MOBPEKACHUH. JIIs NOCTHXKEHHS MOCTAaBICHHON LIENH He-
00X0IMMO PEINTh CIACOYIONINE 3a0a4H

. HAa OCHOBAaHMH OKCIEPUMEHTAJILHBIX [aHHBIX pa3paboTaTh
JIUCIIOKAITMOHHBIE MOZCTH KIMHOBUIHBIX WM MapauieNbHBIX JABOMHUKOB,
MO3BOJIAIOUINE HE TIpuOeras K MO TOHKOT'O ABOMHHMKA PACCUUTHIBATH
Ha Pa3IMYHBIX MacIITaOHBIX YPOBHSX IOJISI CMEIIEHHH, nedopmannii u
HanpsDKEHUH B NeopMUpPYyEeMBIX TBEPIBIX TeNax MPH HaJUYUMH B HUX
JIBOWHUKOB,

J HA OCHOBaHHM CPAaBHUTEIBHOI'O aHAN3a PE3yNbTAaTOB pacue-
TOB HANpsDKEHHOTO COCTOSHHSI B YIPYIOM OJHOPOJHOM U HEOAHOPO.I-
HOM TIONYIIPOCTPAHCTBAX, Ae(GOpMUPYEMBIX COCPEIOTOUCHHON HITH pac-
MPEAEIeHHON Ha ydacTKe TMOBEPXHOCTH HArpy3KOH NMpH HAJMYUH U OT-
CYTCTBMM JBOHHMKA, TIOKa3aTh HEOOXOJWMOCTb y4yeTa BKJajaa
JIBYMEPHBIX 1e(peKTOB B POPMUPOBAHUH AePOPMALIIOHHON KapTHHBI,



. pa3paboraTh METONHMKY pacdera HampspKeHHOro u aedopmupo-
BAaHHOT'O COCTOSIHUM B 0CO0OW TOYKE — BEPIIMHE KIMHOBHHOIO IBOMHUKA,
a TaKKe M3y4IUTh POJib ucOanaHca KOMYEeCTBA AUCIOKALUA Ha JBOHHHUKO-
BBIX IPaHUIaX Ha HaNpsDKEHHOE COCTOSIHNE Yy KITMHOBUIHOTO IBOMHHUKA,

. MOTYy4YUTh YCIIOBUE PABHOBECHS KIMHOBHIHOIO ABOMHHWKA IMpU
JMCKPETHOM M HENpPEpbIBHOM CYMMHPOBAHUM BKJIAJA JBOMHHUKYHOIINX
JMCIIOKAIIUI B TPOLIECC MEKIUCIOKAIIMOHHOTO B3aUMO/IEHCTBHS, IPOBECTH
aHaJIN3 ATOT0 YCIIOBUS U Pa3paboTaTh MOJIEb PAa3BUBAIOIIETOCS IBOMHUKA;

. MPUMEHNUTH ME30CKOMNYECKYIO0 IUCIOKAIlMOHHYIO MOAEIh
IUIsl pacuera IMojieil HamnpshDKeHUH y HaHOIBOWHHUKA JTMH30BUAHOU (op-
MBI, U3y4UTh POJIb KOHIIEHTpaTOpa HANpPSLKEHUH BHYTPU HAaHOpPa3MEpHO-
ro IBOWHUKOBOTO 3apoAbllia B (POPMHUPOBAHUHM Yy HEro HamnpsHKEHHOTO
COCTOSIHMSI M IPUMEHUTh IMPUHIUN JIEKTPOCTATUYECKON aHAJOTHH AJS
pelIeHusl TPEXMEPHOM 3ajauM 0 pacdeTy Mojel HanpsyKeHUH y JINH30-
BHJIHOT'O ABOMHUKA;

. Ha OCHOBAaHUU SKCIEPUMEHTAIBHBIX JAaHHBIX, YKa3bIBAIOLIMX
Ha aHAJIOTHIO PA3BUTHS IPOIECCOB JBOMHUKOBAHWS M HETOMOI'E€HHOMH
TIacTHYEcKOl aedopMannu, 00OCHOBATH LIENeco00Opa3HOCTh KBa3HIHC-
JIOKaIIMOHHOTO MOAXO0Ja K MOJETHUPOBAHWIO HETOMOTE€HHOM IJIacTHye-
ckoil nedopmanun amMOpHBIX MaTepHanoB, pa3padboTaTh KBAZHUAWCIO-
KallMOHHBIE MOJIENY, ONMCHIBAIOLINE PA3IMYHBIE TUIIBI MOJIOC CABUTA B
aMOp(HBIX MaTepuanax, W MOKa3aTh BO3MOKHOCTh pacuera Ha OCHOBA-
HUU JAHHBIX MOJIENIEN MoJiel HanpspKeHUH Yy eAMHUYHBIX, BETBSIIUXCSA U
MapaiyIedbHBIX M10JIOC CABUTA.

O0BeKTOM HCCIEeNOBAHUSA SBJSUINCH U30TPOITHBIE U AHU3O0TPOIHbIE
TBepbIe Teja, MOABEpP)KEHHbIE MPH MX e OpPMHUPOBAHUH JBOHMHHUKOBA-
HUIO WX HEFOMOT'€HHOM IIIaCTUYHOCTH.

IIpeamer uccaeaoBaHusi — HAPSHKEHHO-IE()OPMHUPOBAHHOE COCTOS-
HHe, c(hOPMUPOBAHHOE ABOMHMUKAMHU U TOJIOCAMHU CIBHTA B JedopMUpye-
MOM TBEPIOM TeIIE.

Bb100p 00BEKTOB M IpeaMeTa UccieNoBaHUs OOYCIOBIEH TEM, YTO
peleHre 3a1ad MeXaHuKH 1e()OpMUPYEMOro TBEpAOro Tefa sl IBOM-
HUKYIOUIMXCSI U aMOp(HBIX MaTepHalioB 00JiagaeT OONbIIOW HETOYHO-
CTBIO, TaK KaK JBOMHHUKH U TOJOCH! CABUTA SIBJIAIOTCSA KOHIIEHTPATOpaMu
00X (COM3MEPUMBIX C MPEACTIOM TEKYYeCTH, a MOPO, U MPEICIoM
NPOYHOCTH MaTepHaja) BHYTPEHHUX HANpPsDKEHUH, CyIIeCTBEHHBIM 00-
pa3oM HCKaKalomuMH JIeGopManuoHHYI0 KapTuHy. OTCYTCTBHE B pe-
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LICHUU COBPEMEHHBIX 33124 MEXaHUKH 1eOpPMUPYEMOTo TBEPIOTO Tena
ydeTa JBOMHMKOBAHHS M HETOMOTCHHOHM NMIACTHUYHOCTH JUIS psiia MpH-
MEHAEMBIX Ha MPAKTUKE ABOMHMKYIOIIMXCS M aMOpP(HBIX MaTepHuajoB
MPUBOIUT K CYIIECTBEHHO 3aBBIIIEHHOM OI[€HKE MX MPOYHOCTHBIX Xa-
PaKTEpUCTUK, TaK KaK BBICOKUN YPOBEHb HAIPSDKEHUM y JBOWHUKOB H
MOJIOC CABUTA CTIOCOOCTBYET 3apOXKACHUIO Y HUX MHUKPOTPEIINH, IPUBO-
JSIINX K pa3pyLICHHIO.

Iosoxenns1, BBIHOCMMbIE Ha 3AIIUTY:

1. YucrneHHO-aHAIMTHYECKUH METON  pacyera  HalpsHKEHHO-
neopMHUPOBAHHOTO COCTOSIHUSI B JBOWHUKYIOHIEMCS Je(OpMHUpPOBaH-
HOM TBEPJOM TeJe MPU HAIMYMHM B HEM MEXaHMYECKOro HaHOJBOWHUKA,
WCTIONIB3YIOIIUN NPUOMMKEHNE ITUCKPETHOTO paclpeneieH s IUCIoKa-
LIWH Ha TPaHUIAX ABOMHHMKA U MO3BOJSIOUIMM YUHTHIBATH POJb BHHTO-
BOH M KpaeBoil cocTaBisromieil Bekropa broprepca 4acTu4HONU 1BOHHM-
KyIOIIEW MAWCIOKAllMM B XapaKTepe paclpeleleHns HOPMAJIBHBIX H
CIBUT'OBBIX HAIPsDKEHUI Yy HEKOTE€pEeHTHOIO0 HaHOABOWHMKA. MeTon mo-
3BOJIMJI PACCUMTATH ONMACHBIE AN 3apOXKAEHUA paspyLICHUs MOJs BHYT-
PEHHUX HaNpsDKEHWH, cMeleHni u gedopMalri y KIMHOBUAHBIX, JIMH-
30BUIHBIX M MapajlIeNbHBIX HAaHOPA3MEPHBIX JBOMHMKOB M MOKa3asl He-
00XOIMMOCTh YydeTa JBOWHUKOBAHHSA B MEXaHHKE JepOpPMUPYEMOro
TBEPOTO Tela B METOAWKAX MPOTHO3MPOBAHMS 3apOXKAECHHUS paspylie-
HUS B IIMPOKO HCIONB3YyEMBIX Ha NMPAKTUKE IBOWHUKYIOIIMXCS MaTe-
pHaiax Takux, Kak CIlJIaBbl HA OCHOBE JKele3a, HUKeIs, KoOanbTa, MeH,
LMHKA, TUTAaHA, aJIOMUHMS U Jp.

2. OCHOBaHHBIA Ha ITOJIOXKCHUSX MEXaHUKU Pa3pyIICHUs, pe3yibTa-
Tax OKCIEPUMEHTAJIBHBIX HCCIENOBAHUH M  TIYyOOKOM  (HU3UKO-
MEXaHMYeCKOM  OOOCHOBaHMM  METOZ  pacyera  HalpsbKEHHO-
JIe(OPMUPOBAHHOTO COCTOSIHHUA Y KIMHOBUJIHOTO MEXAHHUYECKOTO BOM-
HUKA, MCHONB3YIOIIMH NpUOMKEHHE HEMPEepBIBHOIO pPacIpeneneHus
JIBOMHUKYIOIUX AUCIOKAllMA Ha NBOMHUKOBBIX TpaHUIaX. Meroxa mo-
3BOJIMJI OLEHUTHb YPOBEHb KOHIIEHTPALMU OMACHBIX JUIS 3apOXKACHUS
paspylieHns HanpsDKEHUH y OCTaTOYHBIX HEKOTEePEHTHBIX, HE TOHKUX U
HEIUIOCKUX JIBOMHMKOB, YTO paHEe HE MO3BOJISIIM CIEIaTh METOJBI, OC-
HOBaHHBIE Ha MOJAEIN TOHKOIO JBOWHHKA. DTO JaJi0 BO3MOXHOCTH I10-
BBICUTH TOYHOCTH TPOTHO3UPOBAHUS 00YCIOBICHHOTO IBOMHUKOBAHUEM
pa3pyllieHHsa Ha CTaJUHM HAKOIUIEHUS MOBPEXACHUU B IIMPOKO HCIONb-
3yeMbIX Ha IPaKTHKe JBOMHUKYIOIINXCS MaTepHaax.



3. Meromuka 4YMCICHHO-aHAIMTUYECKOTO pacyera IMOJIeH HarpsbKe-
HUI B yIIPyroM MOJYIPOCTPAHCTBE, K MTOBEPXHOCTH KOTOPOTO MPHIIOKE-
HBl COCPEIOTOYCHHBIC HJIHM PACHpECICHHBIC HArpy3KH IMpH HaIHMYHU
OCTaTOYHBIX MEXaHWYECKHX KIMHOBHHBIX JBOHHHMKOB C Pa3IHUYHOMI
(opMoit rpaHuII, KOTOpast MO3BOJIMIIA YUECTh HANPSIKEHHS, CO3/IaBacMbIe
KJIMHOBUIHBIMH JBOMHUKAMHU M TIOKa3aTh, HEOOXOIMMOCTh yueTa JIBOM-
HUKOBaHHUS B ()OPMHUPOBAHUH HAIPSHKEHHO-1e() OPMUPOBAHHOTO COCTOS-
HUSI B JIBOWHHUKYIOIIMXCS MaTepuaiax, Tak KaKk HeKOTepEHTHBIC IBOIHM-
KH CIocOOHBI cymectBenHo (Gonee 10° pa3) yBenuunBaTh ypoBeHp Ha-
OpsHKEHHH B TeX 0O0JIacTsAX, B KOTOPBIX COTJacHO KIaCCHYECKUM
METOJ]aM pacyeTa BBICOKHI YPOBEHb HANPSDKCHUH HE MPOTHO3UPYETCS.
Meroauka gana BO3MOKHOCTh pa3paboTarh Croco0 ympaBiIeHHs MPOY-
HOCTHBIMH XapaKTEPUCTUKAMH JBOHHUKYIOIINXCS MAaTEPHAIOB C MOMO-
IBIO PACTIPEACICHHBIX HATPY30K H YIYYIIHTh IPOTHO3HPOBAHUE 3aPOIK-
JICHUS Pa3pyILCHUS B IBOMHUKYIOIIMXCS MaTepuaiaX Ha CTaJud HaKOI-
JICHUSI TOBPEKICHHIH.

4. Meroauka pacuera TOJIeH HANpsHKCHHH y YacTo SIBIISIFOLIMXCS
NPUYMHON 3apOXKICHUS JBOWHHKOB 3JICMEHTApHBIX KOHIIEHTPAaTOPOB
HaIpsDKEHUH — TOYEYHOr0 UCTOYHHKA PACIIMPECHHS MM TTOJHOM AMCIIO-
KaIliH, B CIydae UX HaXOXKJICHUS BHYTPH JIMH30BUIHOTO HAaHO/IBOWHHKA.
B omimume OT W3BECTHBHIX, pa3paboTaHHash METOAWKA YHCIICHHO-
AQHAJIMTHYECKOrO pacyera BICPBBIC MO3BOJIIIA BBISBUTH 3aKOHOMEPHO-
CTH HBOJIOIMH TOJICH HANPSUKEHUI Yy SBISIOMIETOCs IBOMHUKOBBIM 3a-
pOBIIIEM HAHOABOWHUKA B 3aBUCHMOCTH OT MOIIHOCTH HaXOJSLIECTOCS
BHYTPHM HErO KOHIIGHTPATOpa HANpsDKEHUH. Pe3yabraThl O3BONMIN pas3-
paboTaTh crocod. yrmpaBieHHs HAa CTaIMU HAKOIUICHHS TOBPSKICHHN
MPOLIECCOM 3APOJKACHUST OOYCIIAaBIMBAIOLICIO 3apOXKICHUE TPEUIMH
JBOIHUKOBaHWS B Ba)KHBIX U MAalIMHOCTPOCHHS CILIaBaX Ha OCHOBE
Kenesa, HUKeNsl, Ko0alibTa, MeIy, IIMHKA, TUTaHa, aTFOMUHUS U JIp.

5. OcHOBaHHBIC Ha KBa3UIUCIOKAIIMOHHOM MOAX0E METO/IbI pacyera
HaIpsDKEeHHO-1e() OpPMUPOBAHHOTO COCTOSTHHSI B HU30TPOITHBIX TBEPABIX
Tellax Ha JTalle HErOMOTEHHOM IJIACTHYECKON NedopManuu — siBICHUH,
POJICTBEHHOM JIBOWHMKOBAHUIO M pa3pylIeHUI0. B orinnume ot m3Bect-
HBIX, pa3pa0OTaHHBIC METOJbI TO3BOJMJIM BIICPBBIC YCTAHOBHTBH, YTO
pachperneneHue HanpspKeHUH y 1MoJIoc CIBUTa B aMOp(HBIX MaTepuaiax
NPOSIBIISIET CXOXKECTh C MX PaclpeeiieHHeM y TPaHUIl TBOMHHUKOB. J[aH-
HBIE METO/IbI OTKPBLUTH BO3MOXKHOCTh ITPOTHO3MPOBAHMs 00IacTel 3apo-
JKJICHUS pa3pyLICHUsI MPU TPOSIBIICHUM BO BpeMs Je(OpMHUpPOBaHHS He-
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TOMOTEHHOH TJIACTHYeCKOW aedopManuy B TAaKUX MaTepuanax HOBOTO
MOKOJICHU S, KaK METaJUTMYeCKHe CTeKIa.

JIMYHBIA BKJIAX COMCKATES

TeopeTnueckue U SKCIEPUMEHTATIbHbBIC HCCICAOBaHM, 0000IIeHHbIE
B MIPEICTaBICHHON paboTe, BBHIMOIHEHBI aBTOPOM KaK CaMOCTOSTEIbHO,
Tak u B coaBTopcTBe. OCHOBHBIE MOJIOKEHHS, BHIBOJABI U PEKOMEHIAINN
MpUHAANIEXKAT aBTOPY, KOTOPBIH BBIOpan HaydHOE HaIlpaBJeHHUE, OIpe-
JeTuIl LeNb U 3aauu, pa3padboTai METONOJIOTHIO uccieaoBaHuid. O0cy-
XKJICHHE PE3yNbTaTOB M KOHCYJBTHPOBAHHE IO OCHOBHBIM BONPOCAM
JICCePTAIMKA  OCYIIecTBIsIOCh mpodeccopom HO.B. Bacumesunuewm.
AmMopdHBIe CTIIaBBI TS BEJCHUS SKCIEPUMEHTAIBHBIX pad0T 1Mo H3yde-
HUIO HErOMOT€HHOHM IJIaCTUYeCKOW aedopManuy MpefaocTaBIEHBl IpPo-
¢eccopom M.H. Bepermariuueiv, KOTOpBIH y4acTBOBaJ B OOCYXICHHH
PE3yNbTaTOB, CBS3aHHBIX C MHCCIICIOBAHUEM CTPYKTYpPbl M CBOMCTB
aMop(dHBIX MaTepuaioB. B o0CykIeHnH U aHaln3e pPe3yabTaToB pado-
THl, MPOBEACHUU PEHTTCHOCTPYKTYPHBIX HCCIEIOBAHUN M H3Yy4CHHU
CBOMCTB aMOp(HBIX MaTeprasioB yyactBoBal mpogeccop B.I'. llenerne-
BUY. Jlpyrue coaBTOpHI B COBMECTHBIX MyOJHKAIUSAX OKa3bIBald II0-
MOIIb B MPOBEACHUH 3KCIIEPUMEHTANBHON YacTH paboThI, BHIIOIHEHUN
OTAEIBbHBIX KOMIBIOTEPHBIX PACUETOB.

AnpoOanus pe3yabTaTOB IHCCEPTALMHA

PesynbTaTel paboThHl 10MOKEHB! U 00CYKJIEHBl Ha KOH(epeHIUsIX:
VIl u VIII Mexaynapoaubsix koHpepeHIUAX «CTPYKTYpHBIE OCHOBBI
Monu(UKaIuyd MaTepUalioB METOAAMH HETPAJUIIMOHHBIX TEXHOJO-
ruit» B 1. O6nuHcke; X u X| Poccuiickux konpepennusax «CtpoeHue
W CBOMCTBA METAJUIMYECKUX U IIIAKOBBIX PacIIaBOB» B I'. ExaTepuH-
Oypre; MexnayHapoanoit kongepenuu «Mechanics of Composite
Materials» B 1. Pure; MexnynaponHoir koHdepeHuun «Me3ocTpyk-
Typa» B.T. Cankr-Ilerepbypre; XXXVII Mexaynaponnom ceMunape
«AKTyanbHBIE TpOOJIeMBbl TpoyHOcTH» B T. Kuese; MexayHapoaHoi
koH(pepenun «Multiscale Materials Modeling» B r. boctone; Il To-
MEJIbCKOW pernoHajJbHOW KOH(pEPEHIHH MOJOABIX Yy4eHBIX «HoBbie
(yHKIMOHANBHBIE MaTepUalibl, COBPEMEHHBIE TEXHOJIOTHH U METOJBI
uccinenoBaHus» B r. ['omene; MexayHapoJHON Hay4YHO-TEXHUYECKON
koH(peperuun «I[IporpeccuBHble TexHONOTUH 00pPabOTKN MaTepHalIOB
JaBlieHneM» B T. MuHcke; MexIyHapoqHOM Hay4HO-TEXHHUUYECKOU
koH(pepeHun «CoBpeMeHHbIe MPoOIeMbl MalIMHOBeNeHUA» B T. ['0-



Mmene; 1V benopycckom KoHTpecce Mo TeOpeTHYeCKO U MPUKIaJHON
Mexanuke «Mexanuka — 2009» B r. MuHcke.

Ony0IMKOBAHHOCTD Pe3yJbTATOB AU CCEPTANH

ITo Teme nuccepramyu onyonukosaHo 100 HayyHbBIX paboT, cpean Ko-
TopbiXx 1 MoHOrpadus, 81 craTeu B peleH3UPYEMBIX HaYUHBIX JKypHAIaX
u cooprukax (cpemr Hux 70 crareil cooTBeTcTBYIOT [lepeuHro HaydHBIX
m3naauii Peciyonmuku benapyce n Poccuiickort @eneparyin, omnpenenieH-
HbeIX BAK 1151 omyOnmkoBaHus pe3yabTaTOB THCCEPTALMOHHBIX MCCIIENO-
BaHWii), 16 Te3ncoB MOKIanoB Ha MeEXIyHapOIHBIX KOH(PEPSHIUIX U 2
naTeHTa Ha u3o00perenus. OOmmi oobeM myOnukanmii cocraBun 321 aB-
TOPCKHM JIUCT.

CTpykTypa u 00b€M qUCCepTAIUU

Juccepranusi COCTOMT U3 BBEICHUS, OOIIEH XapaKTEpPUCTHKH pado-
THI, TISITA TJIaB, 3aKJIFOUEHHUS, CIIHCKA JIUTEPAaTyphl U YETBIPEX MPHIIOAKE-
Hull. Pabora nznoxena Ha 190 crpannnax, o0muii ee 00beM cocTaBiseT
392 crpanunsl, Briarodas 260 pucynko, 4 Tabmuilel, Oubnmorpaduro u3
204 sanmeHoBaHuA U 4 npunoxenus Ha 132 crpaHunax.

OCHOBHOE COJEPKXAHUE PABOTHBI

B raase 1 «CoBpeMeHHBIE NPODJIeMbI B 00J1ACTH HCCJIET0OBAHMIT
ABOMHUKOBAHUSI W HErOMOI'eHHON IIACTHYHOCTH AedOpMHUPYeMBbIX
TBEPAbIX TeJI» ClIeNiaH 0030p IKCIEPUMEHTAIBHBIX U TEOPETUUECKHUX Pa-
00T B 00acTH HCCIeNOBaHMs ABOMHUKOBAHNS W HETOMOT€HHOM ILIACTHY-
HOCTH M30TPOIHBIX M aHU30TPOITHBIX 1€POPMHUPYEMBIX TBEPABIX TE.

PaccMoTpeH BKJIaj M3BECTHBIX MEXAHMKOB B TEOPHIO AMCIOKAIIMM.
[Ipu 3TOM B pe3ynapTaTe HCTOPUUECKOTO PACCMOTPEHHS BOMpoca MoKa3a-
HO, YTO MEXaHMKa AWCIIOKauWi Oblia pa3paboTaHa 3aJ0ir0 10 UX OT-
KpBITHL. Pasmidre B paccMOTpeHHH ITUCIIOKALUK B MEXaHUKE e OpMHU-
pPYEMOro TBepAoro Tena U B (pU3MKEe KOHAEHCHPOBAHHOTO COCTOSHHS
COCTOMT B TOM, 4YTO B MEXaHMKE IUCIOKALMS paccMaTpUBaeTCs B
CIUIOLIHOM cpeze 0e3 ydyera ee aTOMHOIO CTPOCHUS, a B (QU3UKE — C T0-
3UIMIA aTOMHOI'O CTPOEHHSI BELIECTBA.

IlokazaHo, 4TO B HacTosIIEE BpeMs CYLIECTBYET ITOCTAaHOBKA 3aJa4u
0 nedopMUpPYEMOM TBEPAOM TeJe C IUCIOKALMIMH, KOTopas B paboTe
C.II. Kucenesa npezncTaBieHa B CIEAYIOLIEM BU/IE!
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FpaHI/I‘-IHI:IC YCI0BUA i1 paCCManI/IBaGMOf/'I 3ala4ui HCHAIr'Ppy>KCHHO-
T'o YIIpyroro nojaymnpocTpaHCcTBa UMCHOT BU/

fi =Gijnj, Skj|nj(1|i =O,

rae fi — IIOBCPXHOCTHAs CHUIA, nj — KOMITOHCHTBI BEKTOpa HOpMaJil K

MTOBEPXHOCTH.

[IpuBeneHHast TOCTaHOBKA 3aJa4H C YCIIEXOM MOXET OBITH MTPUMEHE-
Ha ¥ U1 Je)OpMHPYEMOro TBEPAOro Tela ¢ ABOMHMKAMU U MOJIOCAMHU
cnsura. IIpobnema 3akmiodaercs B pacueTe BHYTPEHHUX HaIlpsDKEHUH,
00YCIIOBIIEHHBIX JBYMEPHBIMU AedeKTaMu. PereHuto 31oi npodieMbl 1
MOCBsIIIEHA JaHHAs padoTa.

JIBOITHMKOBaHHE KPUCTAIIMYECKUX TBEPABIX TEIL U 00pa3zoBaHHUE MO-
Jloc cABHTa B aMOp(HBIX MaTepuasiax Mo JeHCTBUEM BHEUIHEH HArpy3-
KM SIBJISIFOTCSI TIPOLIECCAMHU POACTBEHHBIMH pa3pymieHuto. C TOYKH 3pe-
HUSI MEXaHUKH JIByMEpHBIE e eKThl, BOSHUKAIOUINE B 1eOPMUPYEMOM
TBEPIOM TEJ€, PacCMAaTPUBAIOTCS Kak HEOJHOPOJHOCTU B CIUIOIIHOM
cpelie WM KaK KOHIIEHTPAaTOpbl HampsKeHHWH. J[BOMHMKOBaHHME aHM30-
TPOIHBIX TBEPABIX TEN MPOSABIAETCS NMPEUMYIIECTBEHHO B CIy4asx, KO-
I71a 3aTPpYJHEHO CKOJBbXEHHE. B TO ke BpeMs, MOJIOCH! CABUIa, SIBIISIO-
myecsl KaHallaMH HErOMOTEHHOM IIACTHYECKOW NedopMaluu B H30-
TPOMHBIX TeNaX, MPOSBIIOTC, KaKk MPaBUiIO, TOrAd, KOrJa HcYeplaH
pe3epB rOMOTr€HHOMN MIACTUYHOCTH.

OObenMHUTD paspyllieHre, IBOMHUKOBAHHME M HETOMOI'CHHYIO Ilia-
CTUYHOCTb B KJIACC POJCTBEHHBIX SIBIECHUH MO3BOJMJIA CXOXECTh IPO-
LIECCOB Pa3BHUTHUS JAHHBIX KAaHAJIOB PEAKIIMH TBEPIOro Tena Ha aedop-
MUPOBaHUE U OOIIHOCTH OCHOBAHHOT'O Ha METOJaX KOHTHHYaJIbHOH TEo-
pUM  AHCIOKALMH MaTEeMaTHYeCKOro amnmapara, HCIOIb3yeMOoro JUIs
OlMcaHus JaHHBIX sBJIeHUH. PaccmarpuBaemble mporeccsl B 1edopMu-
PYEMBIX TBEPIBIX TEIAaX YacTO MPOTEKAIOT OJHOBPEMEHHO, HAKJIAAbIBas
JIpyT Ha Jipyra cymecTBeHHOe BiusgHue. C TOUKH 3peHUs] MEXAHHUKH Jie-
(hOpMHPYEMOro TBEPAOIo TeNla 3TH ABJICHUS 00bEOUHSAET OOIIHOCTH I10-
CTAaHOBKM 3aJa4 U METOJIOB MX PEIIECHUSA, OCHOBAHHBIX Ha IpEACTaBIIe-
HUSAX CIUIOIIHOCTH CPEJBI.

B Hacrosiiiee BpeMsi B TUTEpaType NpeACTaBlIeH OOIIUPHBIA MaTepH-
al Mo pe3ynbTaTaM HCCIeIO0BaHMs JBOWHHKOBAHUSA KPUCTAJJIOB U HETO-
MOT'CHHOH TUIacTHUecKoi aedopmannu aMmopHbIX MatepuaioB. Cymie-
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CTBYIOILIME MOJENH JIOKAIN30BAHHOM IJIACTHYECKOH nedopMaruy MOX-
HO OXapaKTepU30BaTh, KaK HEJOCTATOUYHO pa3BUTHIC, HE MO3BOJISIOINE
OIUCHIBATh BCE KIIACCHI ABOIHHUKOB U MOJIOC CABUTA, HAOIOAAEMBIX IPU
nedopmupoBanun TBEpABIX Tel. OTCYTCTBYIOT HMEIOLINE BaKHOE MPAK-
TUYECKOe 3HaYeHUE MPUMEPHI PELIeHUs 3a1ad MEXaHUKH IeopMHUpye-
MOI'0 TBEPJOIO TeJla C YU€TOM HaNpsHKEHUH, JTOKATN30BaHHBIX Ha JBOM-
HUKOBBIX TPaHUIAX M TOJIOCAaX CIBUTA B aMOp(QHBIX Marepuaiax. ITo
yKa3blBaeT Ha HANWYHE BAXKHOW HAYYHOW MPOOJIEMBI, 3aKII0YarOmEencs B
pa3paboTKe YHMCIEHHO-aHATUTUYECKMX METOJO0B OMUCAHUS OOUIMPHBIX
SKCTIEPUMEHTAIBHBIX JAHHBIX U Pa3BUTHH TECOPUH ABOWHUKOBAHUS KPH-
CTaJUIOB M HETOMOT'€HHOH IUIaCTHUYECKOH AedopManny aMOp(HBIX MaTe-
pHAJIOB ¥ IPUMEHEHUE 3TON TEOPHH ISl pellieHNs 3a7ad MEXaHUKH Jie-
(hopMHpYyeMOro TBEpJOro Teja.

Ha ocnoBanuu onsitoB P.U. N'apbepa U.M. JIudmmnem Gana npen-
JIOKeHA MaKpOCKOIMHYecKas MOJENb JABOMHUKOBaHHS KPUCTAJIOB. JTa
MOJIeb MO3BOJIMJIA MOKa3aTh 1e7eco00pa3HOCTh MPEACTaBICHUA O He-
JMHEHHON 3aBHCUMOCTU MEXKIY TEH30pOM HANPSOKEHUH Gj U TEH30pOM

nedopMaluii € , 00yCIOBICHHYIO IBOMHUKOM, HMEIOLIEE BUJL

A1| A2| ApdE — Ajpdn | Ay dE— Agpdn
vy (F)=Re + fo f +

Z; c 2 -G 2, =C»
rae z; =X+u;y; G =&+uin; M, A — KOMIUIEKCHBIE YHCNa, CBSI3aH-
Hbl€ C KOHCTAaHTAMHU YHPYTOCTH KPUCTAIA Ajg,: & U 1 — HapameTpsl
UHTerpupoBanus, F; — cocpenoroueHnas cuna; f; — MHTEHCHBHOCTB
COCPEAOTOUYCHHOMN CUIIBL.

Kpome Teopun npoitHukoBanus WM. Jludmmua, Gonpiryo momy-
JISIPHOCTH MIpHOOpENa AUCIIOKAlMOHHAS MOJENb JBOMHHKA, PE3yIbTaThl
koropoii 06o0menst A.M. Kocesuuem u B.C. Boiiko. Mogens npen-
CTaBJseT cOOOW aHAIOr MOJENU JUCIOKAIMOHHON TpemuHbl. Kak u B

teopuu TpemmH A.M. Kocesuuem n B.C. boiiko npeacraBieHo ycioBue
paBHOBECHS TOHKOTO IBOITHMKA
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L L
vp. [ B - [k (x 0p@0 =5 [o(9 + S(W]= o),

2 8 ]
rae L — uinHa qBoiiHMKa; 8y — BEIMYMHA CTYICHBKH, KOTOPYIO 00pasy-
eT JIBOWHHMK Ha TOBEPXHOCTH KpHcTanna; p(&) — JMHeiiHas MIOTHOCTH
ABOMHHKYOIIMX aucnokanuii; K(&,X) — HekoTopast GyHKIUs ABYX Iie-
peMeHHBIX; G(X) — BHEIIHHE HanmpspKeHus:; S(X) — HampsDKEHHUS Ha Jd-
HUU BOMHHKOBAHHS, SKBHBAJICHTHBIC HAJTHYUIO CHJ HEYHPYTrOro Impo-
MCXOXKJIEHUs; B miist KpaeBoil M BUHTOBOH JMCIOKAIMH, COOTBETCTBEH-

HO, UMECT BU]

b
BKp _ W Kp ’ BB _ l.le .
2n(l-v) 2n

3nech p — Moztynb caBura; v — kodGduiment Ilyaccona; b, n b, —momyns
BeKkTOpoB Broprepca, coOTBETCTBEHHO; KPAEBOW X BAHTOBOM JM CJIOKALIUH.
Ecmu S(X) wu3BectHa, TO, Kak dT0 ObLTO Moka3zaHo A.M. KoceBuuem u
B.C. Boiiko, MOXHO HaiiTH p(X) mpH 3aanHO# QyHKIHH ©(X), KOTOpast
YIOBJIETBOPSIET CHENUAILHOMY YCIOBHIO OPTOrOHAJIBHOCTH

L
Jo(x)po(x)dx =0,

ag

rae po(X) — penieHue ypaBHEHHs

L
JK(EX)po(x)dx =0

ag

B amopdHbIX MaTepuanax miuactuueckas gedopManusi peanuszyercs
TOMOT€HHO M HETOMOTreHHO. ['oMoreHHas muactudeckas aedopmanus
PaBHOMEPHO paclpezeieHa Mo BceMy o0beMy aedopMupyeMoro TBep-
noro tena. s takoro tuma AedopManuy TUCIOKALMOHHAs MOZAENb B
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HacTosimee Bpems paspaborana. OpHako TEOpus HETOMOTCHHOW Iljia-
CTUYHOCTH aMOP(HBIX MaTEepPHAaJIOB, JIOKAIM30BAHHOW B OTPAaHHYCHHBIX
o0beMax, B YaCTHOCTH, B TOJIOCaX CJBUTA, B HACTOSINEE BPEMs OTCYTCT-
BYeT, HECMOTpsI Ha MMEIOINIUECS OOUIMPHBIC YKCIEPUMEHTAIBHEIC JaH-
HbIe. DTO yKa3bIBaeT Ha HaJIM4YUE TPEOYIOMIeH pemieHus: MpooIeMbl 1Mo
MaTeMaTUYeCKOMY MOJEIUPOBAHUIO HETOMOI'CHHOW IIACTHUYECKOH Jie-
dbopManuy TPUMEHUTEIBHO K 3aJadyaM MEXaHUKH JeOPMHPYEMOTO
TBEPJOTrO TeNa.

I'naBa 2 «Me3ockonuuyeckasi AMCJIOKAMUOHHAA MOJe]Ab KJIHHO-
BU/IHBIX JIBOHUKOBY» MOCBSIICHA PA3BUTHIO ME30CKOMHYECKOM (HaHO-
MacITabHOMN) AUCITOKAIIMOHHOW MOJICTM HETOHKOTO OCTATOYHOTO MeXa-
HUYECKOr0 KIIMHOBHIHOT'O JIBOMHHUKA, CJIEH IIOCKOCTH JBOMHHMKOBAHHUSI
KOTOpPOTO COBIIAJIa€T C HAIpaBJICHHEM pa3BUTHUSL NBOMHUKA. B ocHOBY
MOJIETIHU JICTJIA PE3yJIbTaThl SKCIIEPUMEHTATBHBIX UCCIACAOBAHUM U MaTe-
MaTHUYeCKUE MOIXObl, PUHATHIC B MEXaHHUKE Je(hOPMUPYEMOTrO TBEP-
noro tena. [Ipu 3ToM ydTeHO, YTO ABOMHHUKYIOIIAS TUCIOKALIMS SBIISICT-
Cs YaCTUYHOH U ee BeKTop broprepca MoxeT OBITh pa3lioKeH Ha Kpae-
BYI0O M BUHTOBYIO cocTaBistoiiue. Paspaboran 3¢ddektuBHbBII criocod
pacdera moJie HampshKeHWd, cMelleHud u nedopmanuii. O6o0eHHoe
COOTHOIIICHUE ISl pacuera, HalpuMmep, HapsHKEHUH y KIMHOBHUIHOTO
JIBOMHHMKA Ha HAHOMACIIITA0OHOM YPOBHE MMEET BH/T

o;; (X, y)=§nlci(j)A(x—nd,y+ nh)+%ci(j)8(x— md,y —mh),

rac iu j IPUHUMAKT 3HAYCHUA X, Y UIH Z; Gi(j)A nu Gi(j)B — HaIIPsKCHU A,

co371aBaeMBbIe CKOIICHUsIMH Juciokaruii Ha rpanuriax OA u OB k-
HOBHIHOT'O JIBOWHUKA, COOTBETCTBEHHO; N U M — MHJIEKCH CYMMHPOBa-
uust; d uwh — npoekuuu coorBercTBenHo Ha ock OX u OY orpeska, co-
EAMHSIONICTO JBE COCCIHUEC ABOMHHUKYIOIIME TUCIOKAIMN JBOWHUKO-
BOM TpaHULBI.

PazpabarpiBaeMas Mojenh KIIMHOBHIHOTO JIBOMHKKA, Ha3BaHA MeE30-
CKOMMYECKOW. ITO CBSA3aHO C UCIOIH30BAHUEM B HEW MPOMEKYTOYHOTO
MacCIITa0HOTO YPOBHS, KOTOPBIA HAXOAUTCS MEXKIY aTOMHBIM U MaKpoO-
CKONMMYECKUM YpOBHEM abcTparupoBaHus. Tak Kak paccMaTpuBaeMbIe
Ha 3TOM MacITaOHOM ypPOBHE JBOMHUKU MMEIOT JUIHHY, KaK MPaBHIIO,
HE MPEBBIIIAIOIIYI0 HECKOJIBKO COTCH HAHOMETPOB, TO aJIbTePHATUBHBIM
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Ha3BaHHEM pa3pabOTaHHONM MOAEIM MOXXHO CUUTATh Ha3BaHWE HAHO-
MaciTaOHON Mozeny.

B cymecTByrommx Teopusx ITBOWHUKOBAHMSA, KaK MPaBUIIO, MpeHeo-
peraercsi BEIMYMHONW CTYNEHBKH, KOTOPYIO OOpa3yeT IBOMHHMK Ha IO-
BEPXHOCTH TBEPJOrO TeNa. Takoe MOMYyIIEHUE HE OTBEPraeT CYyIIECTBO-
BaHHE TIOBOPOTAa KPUCTATMUECKON pelIeTKH, 0OYCIOBIEHHOTO JABOIHHM-
KOBaHHEM, a CBS3aHO C MPEHEOPEKUMO MaJION BETUUNHON CTYIIEHBKH 110
CPaBHEHHIO C T€OMETPUYECKHMHU MapaMerpaMy JBOMHHKa. Tem Oolee
Takoe JONyLIeHWE IIefecoo0pa3Ho B ciydae 0Opa3oBaHUS JBOMHHKA
BJIaM OT TOBEPXHOCTH TBEPAOIO TeNa, KOrja BbI3BAaHHBIE MOBOPOTOM
KPUCTAJIJIMYECKON PELIETKH T'€OMETPUUYECKHE M3MEHEHUS KOMIIEHCHpY-
I0TCsI TUTACTHYECKOM Aedopmanueil y ycThbs ABOMHUKA. He m3Mensisa tpa-
UMM, B TUCCEPTALIMM MPUHATO TAKOE K€ JOMYIIEHUE, KOTOpOe Lieje-
co00pa3HO B paMKax MeXaHHMKH AeOpMHPYEMOro TBEpJOro Tena, Tae
WCXOAA W3 THUIOTE3bl CIUIOMIHOCTH CpPEJbl, MPOTEKAloIIie Ha aTOMHOM
YpOBHE MPOLIECCH], HE paCCMaTPUBAIOTCSL.

B pe3synbTrare mpoBeAEHHBIX pacyeTOB YCTAHOBJIEHO, YTO HAIpskKe-
HUS W JedopManuy JTOKaIU3YyIOTCS Ha IpaHULaX KIWHOBUIHOTO JIBOWA-
HUKAa U Yy €ro BepIIMHBI. [IBOHHHKOBBIC I'PaHULBI CIOCOOCTBYIOT HC-
KpPHUBJIEHHIO JINHUHM PaBHBIX 3HAUEHUH CMeleHni. BHyTpH KIMHOBUAHO-
TO JIBOMHMKA HaNpsDKEHUS W AeQOopManuy HeoAHOpoIHbl. HopManbHbie
HANPSDKCHUS Gy, M Oy, JIOKAJIN30BaHbI Y OJHOW M3 [BOWHUKOBBIX Ipa-

HHL, a CABUI'OBBLIC HAIIPSOKCHUA W HAIIPSKCHUS O ,, JIOKAJIU30BAHBI Y

BEPLIMHBI KITHHOBUAHOTO ABOIHHKA.

Bo BTOpOIl TNaBe AuccepTanuu TakKe MpeAcTaBlIeHbl MaTeMaTHye-
CKHE€  COOTHOLICHHS  ymoOHBIE A  aHajuM3a  HampsHKEHHO-
neopMHUPOBAHHOIO COCTOSIHUSL y BEPIIMHBI JBOWHWKA KIMHOBUIHOU
¢opmbl. C UCTIONB30BaHNEM STHUX COOTHOLICHUH AaHa KOJTUYECTBEHHAs
OLIGHKA IBOJIIOLIMY HAIPsDKEHUH U AeopMaluil y BEpIIMHBI IBOWHUKA B
3aBHCHUMOCTH OT YHCJa ABOMHMKYIOIIUX TUCIOKAIUA Ha JBOWHUKOBBIX
rpaHunax. [Ipu 3ToM ycTaHOBIIEHO, UTO C YBENMUEHUEM YHCIIA BOHHU-
KYIOIIMX AWCIIOKaMK MOIYyJIb HANpsDKEHUH U nedopmaruii y BEpIIMHBI
KJIMHOBHMJIHOTO JBOWHHKA YBEIMYMBAIOTCS, @ CKOPOCTh pPOCTa HampsiKe-
Hul 1 gedpopmannii ymenbmaercs. KonndecTBeHHBIMU pacdeTaMH MOKa-
3aHO, YTO BEJIMYMHA HANpPsDKEHUH U 1eOopMaliil y BepIIHMHbBI BOHHNKA
3aBUCHT OT PACCTOSHUSA MEXIY COCETHUMH JBOWHUKYIOUIMMH JUCIOKA-
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LUSAMU U OTHOIIEHUS MPOEKLUN 3TOro pacCcTOSIHUS Ha OCH JE€KapTOBOU
CHCTEMBI KOOpAHMHAT.

[Tomy4yeHo cooTHOIIEHHNE [T pacyeTa MOJHONW S3HEPTUH KIIMHOBUAHOTO
JBOWHMKA B 3aBUCUMOCTH OT €70 T€OMETPHUYECKUX TapaMeTPOB, 4TO Jema-
€T BO3MOXHBIM CBSI3aTh DKCIIEPUMEHTAIBHO ONpEAEIsIeMble TeOMeTpruye-
CKHE TapaMeTpbl JBOMHUKOB C JHEPreTUYECKUMH XapaKTEPUCTUKAMU.
Pacuer sHeprum Benca Ha OCHOBE CYNEPIIO3HLIMH YIPYTOH SHEPTUH, SHEP-
TMH B3aUMOJEUCTBUS MEXAY NBOWHUKYIOIIMMH JHCIOKALUSAMH, SBHEPTUU
B3aMMOJIEHCTBUS TBOMHUKYIOINX AWCIOKAMN C MOBEPXHOCTBIO TBEPIO-
O Teja ¥ SHepruu 1edeKkToB ynakoBKU. B pe3ynbrare pacdeToB YCTaHOB-
JIEHO, YTO Ha JTalle 3apOXAEHUs IBOMHHMKA BECOMBIM SHEPreTHUECKUN
BKJIa[l BHOCAT YNpyrasi DHEPrus U SHeprus 1e(eKkToB yINaKOBKH, a Jajlb-
Heillllee pa3BUTHE ABOMHHMKA MPEUMYIIECTBEHHO 3aBUCHT OT SHEPIHU
B3aUMOJICHCTBUA ABOMHUKYIOLIUX AUCTOKAIIUH.

Ha ocHoBanmu aHanu3za O6anaHca CuJl, JEHCTBYIOIIUWX Ha BEPIIMHHYIO
JIBOMHMKYIOIIYIO JUCIOKALMIO, HA ME30CKOIIMYECKOM YpPOBHE MOIYYEHO
YCIIOBHE PaBHOBECHS KIMHOBUIHOIO ABOWHHKA IMPU OTCYTCTBHH BHEUI-
HUX HampspkeHud. IIpy moMomu TaHHOrO YCIOBHS BBIBEAEHO COOTHO-
LICHUE IJIs1 ONPEACICHUSI BETUYMHBI CHJI HEYIIPYT O MpHUpobl, obectie-
YHBAIOIINX PaBHOBECHYIO (popMy ABOIHHKA.

Pa3paborana Me3ockomuueckas JUCIOKALMOHHAs MOJENb Pa3BH-
BAIOILIETrOCsl IBOMHMKA, TO3BOJISIIOIIAS ONPEAENATH MOJsl HANPSHKEHUHN Yy
KJIMHOBUIHOTO ABOMHMKA B JTIOOOH MOMEHT BPEMEHHU IIPH COrJIacoBaH-
HOM JIBUKEHMM JBOMHHUKYIOLIMXCS JUCIOKalMi. B Mopenn yuTteH mpo-
LleCC TeHEPUPOBAHUS ABOMHUKYMOIMX Auciokanuil. IlokasaHo, uto B
3TOM ciiy4yae (pOHT BBICOKOTI'O YPOBHSI HANPSDKEHUN YBIIEKAESTCS 3a JIBU-
JKyIIelcs BEPIIMHON TBOMHMKA.

B rnaBe 3 «Maxkpockonuyeckasi THCJOKALIMOHHA MOJeE]Ib 3a-
KJIWHMBIINXCS BOWHUKOB W ee NMPUMEHEHHe B KOHTAKTHBIX 3aja-
Yyax MeXaHHMKH JeGopMHPYeMOro TBepAOro Tejaa» pa3BUBAETCS Mak-
pPOCKONMYECKas JUCIOKAallMOHHAs MOJIENb OCTATOYHOIO MEXaHWYECKOIO
KIIMHOBHUJIHOTO ABOWHUKA. [Ipn 3TOM ABOWHHK paccMaTpuBaeTcs Ha Ta-
KOM MacIITa0OHOM YPOBHE, KOTJla PAacCTOSHUE MEXIY ABOHHHUKYIOIIUMH
JUCTIOKAIUSIMH MTPEHEOPEeXUMO Majlo, a UX paclpeacicHrue Ha ABOHHU-
KOBBIX TPaHHLIAX PHHUMAETCA HEMPEPHIBHBIM. Y POBEHb a0CTparupoBa-
HUS HE TIPUHUMAJCS TAKOBBIM, UYTO JABOMHUK MOXXHO CUMUTaThb TOHKHM,
KOTJa JBE €ro rpaHuIlbl CIMBAIOTCS B OHY. DTO MO3BOJIUIIO pacCMaTpH-
BaTh 3HAYMTENHHO OOJiee MUPOKUNA K1acC JBOMHHUKOB, JUISI KOTOPBIX HeE-
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MPUMEHUMO MPUOINKEHUE TOHKOTO JBOWHMKA. Pa3zpaboTanHas Mojenb
MO3BOJIMJIA BECTU pacyeT MOoJIed HANpsHKEHUN BHYTPU JBOMHUKA U y4Ud-
THIBATh BKJIA]] B HAMPSHDKEHHOE COCTOSTHHUE (DOPMBI IBOWHUKOBEIX TPaHUII.

B pemeHnu mocraBiieHHON 3a/1auy BayKHA pa3pa00TKa METOMOB pac-
Yyera BHYTPEHHUX HANPSHKEHHH, 00YCIIOBICHHBIX IBOMHUKOBAHUEM, VIIH
HErOMOT'CHHOHM IIIacTUYHOCThIO. Ha pucyHke 1 cxemaTwueckw Npea-
CTaBJICH OCTAaTOYHBIH MEXaHHYECKUH KIMHOBHIHBIM JBOWHHK, MJIIOTHO-
CTU ABOMHUKYIOMIMX TUCIOKAIIMI HA TPaHUIAX KOTOPOTO PaBHBI Py U P2
Torma HampsbKeHHs, CO3/1aBacMbl€ PacCMaTPUBACMBIM KIMHOBUIHBIM
JBOMHUKOM, C MO3ULUN pa3BUBAEMON MaKpOCKOMUYECKOM AMCIOKAIU-
OHHOI MOJIETIH MOTYT OBITH ONPENEICHEI 13 (OPMYIIBI

cij (x,¥) = o (x,y) + oiP (X, y).

rje
(1) — J'p 0(10)ds 1)
Lag
2 2,0
olP) =" [p,o{Vds. )
Lce
3nech G,(Jl) u G,(JZ) = HaIpsDKEHUS, CO3/IaBacMble KaKJIOW W3 TPaHMIL

KJIIMHOBUTHOT'O IBOMHUKA U OIpPeNeisieMbIe C MTOMOIIBI0 KPUBOIMHEHHO-
ro MHTErpaia BJOJb npoduiieil TBOMHUKOBBIX TpaHUIl Lag ¥ Lcg cooT-

1,0 2,0
BCTCTBCHHO (pI/ICYHOK 1) G( ) n GI(J ) _ HaIlpsoKCHUA, CO31aBacMbIC

Ha JIBOMHMKOBBIX T'PaHUIAX OTICIBbHBIMH JHCIOKAUSAMU. Pe3ynbTarhl
pacdera HpenCcTaBICHbl HAa PHCYHKE 2.

KpuBonuneiinsie uaTerpansl (1) u (2) cBomarcs K ompenelieHHbIM
MHTErpajgaM TUMa

cﬁwy)fﬁfﬁﬂmnpﬂmbaNx%MWM;
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oP (x,y) = f \/1+ (F3(%0))2 P2 (Xo)at® (X, ¥, X )lXq -

3nech fi(Xo) u f2(Xo) — QyHKIMM, omuckIBaroIe GOPMY TPaHUIl KIHHO-
BUJIHOTO JBOMHUKA (pUCYHOK 1); Xo — mapamMeTp HHTErPUPOBAHKS.

c So(xo) pa

-100 -50 0 50  x,MkM
Pucynox 1 — CXxeMaTH4ecKoe
N300pakeHHe 0CTATOUHOIO Pucynox 2 — Pacnipeesienue
MEXaHNMY€CKOro KJIMHOBUIHOI0 NPUBEACHHBIX CIBUIOBbIX
JABOMHHMKA M HANIPABJIEHUS HaNpsKeHUH y KJIMHOBUAHOIO
KOMIIOHEHT BeKTopa bioprepca ABOWHMKA C MPSIMOIMHEHHBIMU
JABOMHUKYIOIIAX THCTOKALUI rpanunamu npu H = 31 Mxm

Hanpsixenust, co3naBaeMble ABOMHUKYIOIICH AUCIOKALIMEH, HAXOMAs-
mieiicss Ha OJHOM WK IPYroi ABOMHUKOBOM I'pPaHUIIE COOTBETCTBEHHO,
IpU yCIOBUM HAXOXKJACHUSA IBOMHUKA BJATU OT MOBEPXHOCTH, MOTYT
OBITh OIPECIICHBI U3 COOTHOIICHHUIA:

600 (. y %) = P (Y= 003 =0)" +(y = 1(%))°]
Vo) %) + (= ()T

Mg (y— fL ()X %0)* = (¥ — f1(%))°]
2n(l-v)  [(x—x%0)® +(y- f(%))’T

G%}O)(X’V’Xo) =

Mg (x=x0)[(X—X0)® = (¥ = f1(¥p))*]

(10) =
P00 - x0) (3 )T
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ub,,v - fi(x
Gglz’o)(x,y,xo)z— p y— f1(Xo)

T(L=V) (x=Xg)? + (¥ — f1(%0))?

(lO)(X Y, XO) — l’le y— fl(XO)

2n (X_Xo)2 +(y- fl(xo))z

(10) ub, X—=Xg
) w2+ (= Fr O

o0 (1, y,10) = Lgx_pv) (y = F2 o DB =%0)* +(y = F2(0))°]

[(x=X0)* +(y = T2(x0))*T?

by
o 20 (x,y, %) = 52

(y = F2 (X DI(X=%0)* = (¥ = T2(%))?]
2n(l-v)

[(x—%p) >+ (¥ — T2 (%)) ?T?

(20)(X Yi%) = pby,

(x=Xo)[(x=%0)* = (y = F2(%))°]
2n(l—v)

[(x=%0)% +(y = f2 (X)) T?

pb, v - f,(x
Gg’o)(x,y,xo)z— p y— (%)

(L=v) (x=%0)% +(y = f2(X))?

b, —fy(x
Gg'o)(x’y’xo)=—u Y~ fo(%)

2n (X_Xo)2 +(y- fz(xo))2

(20)(X Y %) = ub, X—Xg

21 (x— Xo) +(y—f2(x0))
AHaNOrMYHBIM CIIOCOOOM MOTYT OBITH PACCUMTAHBI M HAIPSKEHHSA Y

HaOMIOIaeMbIX Ha SKCIEPUMEHTE ABOWHHUKOB C BBIMYKJIBIMU WIIM BOTHYTbI-
MU IPaHHLIAMH, & TAKKE y IBOMHUKOB C MPOU3BOIBHOM (POPMOI TpaHHIL
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B xome peanuszanuu pa3pabOTaHHONW MOJETH YCTAHOBJICHO, YTO Ha-
MpsDKeHUs U JeopMalvy JIOKAJTU30BaHbl HA JBOMHHUKOBBIX T'PaHHIIAX.
HopmanbHble HampsykeHUS Gy, IOJOXKHUTEIBHBl y OJHOW TI'PAHUIIBI
JBOMHHMKA M OTPUIATENBHBI y IPyroi. MaKCUMaibHbIe 3HAUCHUS C
MPUHUMAIOT Ha TPAaHWIAX JBOWHUKA, MPUYEM B OONbIICH CTCICHU B
CpeHel X 4acTH, YeM Y BEPIIHHBI ABOHHUKA. CIBHUTOBBIC HAMIPSHKCHUS
Gyy 3HAKOIIEPEMEHHBI M0 OTHOLICHUIO K OCH, MPOXOMSIIIEH Yepe3 cepe-

AUHY ﬂBOﬁHHKa. v BCPIIUHBI ﬂBOﬁHHKa JAHHBIC HANIPSAKCHUS ITOJIOKHU-
TCIIbHBI, @ Y YCTbA — OTPULATCIbHBI. B cpe):[HeIZ qacTu I[BOfIHI/IKa Ha-
MPSKCHUSA ny MHHHUMAJIbHBI. HOpMaJ'IBHI:IC HaNps>KCHUSA ny 3HAKOIIC-

PEMCHHLBI HC TOJIBKO Y BCPIIMHBI KIIMHOBUIAHOT'O ,I[BOfIHHKa, HO U Yy €ro
YCThbA. HaHpH)KCHI/IH 6,, U G, HMCIOT OJMHAKOBYIO KOH(i)I/IpraLII/IIO u
OTJIMYAIOTCs JIMIIb IO BCIIMYHHC. HaHHI:Ie HaIpsKCHUS 3HAKOIICPEMCH-
HbI OTHOCUTCIIbHO HAITPABJICHUSA PAa3BUTUA I[BOfIHHKa. HaHpH)KeHI/IH (¢ zy

MCHAIOT 3HAK, KaK U HAIIPAKCHUA ny , OHAKO Yy HaHpH)KCHHfI Gzy HC-

CKOJIBKO pas3jindHa KOH(I)I/II‘ypaLII/ISI 10 CpaBHCHUIO C HaANPsXKCHUAMHA
ny. Jlunun PpaBHBIX CMCH_[CHI/If/i HC JIOKAJIM3YIOTCSA Ha HBOﬁHHKOBbIX

rpaHuIax, a UCKpUBJIAIOTCA UMH.

BHepBBIG Ha OCHOBaHHH I[HCJ]OKaIlHOHHOfI MaKpOCKOHH‘ICCKOﬁ MO-
ACIN paCCUUTAHblI HANPSIKCHHUA BHYTPU KIIMHOBUIHOI'O ﬂBOﬁHHKa. ITo-
Ka3zaHoO, 4YTO IIpu HpﬂMOJ'II/IHCf/iHLIX rpaHunax I[BOﬁHI/IK& HaITPAKCHUA
ny BHYTPU HCTO PACHpPEACICHBI HCPABHOMCEPHO, HO CUMMETPUYIHO 110

OTHOILIEHUIO K HalpaBIEHHUIO pa3BUTHUS IBOITHUKA.

B nmccepTanum BIiepBbI€ pelieHa 3a7ada MEXaHuKH AehOpMHUPYEMOT O
TBEPJIOrO ‘I€Na MO PacyeTy HANpPsHKEHWH B YIPYroM IMOIYIpPOCTPaHCTBE,
nehopMHUPYEMOM COCPEIOTOUEHHOM WITH paclipeAeieHHOW Harpy3Koi pu
HaJTMYUM KIMHOBUAHOTO ABoiHUKa. [okazaHo, yTo HanpsbkeHus B oOnac-
TH _JIOKAJIBHOTO TIOBEPXHOCTHOTO J1e(pOpMHUPOBAHUS MPU HATUYWH IBOMH-
HUKa CYLIECTBEHHO OTJIMYAIOTCS OT HAIpPSHKEHWH MpPH OTCYTCTBUH ABOM-
HuKoBaHHA (pucyHku 3 u 4). Ha KOHQUTrypanuio JaHHBIX HaNpsDKCHHN
CYIIIECTBEHHOE BIMSHHE OKa3bIBalOT HAINPSKEHMS, CO3JaHHBIE IBOWHU-
KoM. OJJHaKO BHEUIHMMH Harpy3kamMH MOXKHO YIPaBJISITb MECTOM pacIio-
JIOKEHHMSI JIOKAJTM3ALMK HAPSHKEHUH B TIPUIIOBEPXHOCTHOM 00MacTy.
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B raaBse 4 «MeTtonuka pacyera BHYTPEHHUX HANPSIKEHUI y Ha-
HOPAa3MeEpPHBIX, JUMH30BH/IHBIX U NMapaliielbHbIX JIBOHHUKOB» pa3pa-
0OTaHbl JWCIOKALIMOHHBIE MOJENM JUIS pacdeTa HaNpsHKEHHO-
neOpMUPOBAHHOTO COCTOSIHHS Y HAaHOABOMHHMKOB M OCTATOYHBIX I1a-
paIenbHBIX ABOMHUKOB.

50 x, MkM
T

-0,16-10°

100

150+

200

0,16-10° -0,16-10°

¥, MKM

\-0,4&106 4 50 |

150 +

-0,98-10°

ol (/

-0,05-10°

0,89-10°

-0,05-10°

200

¥, MKM
Pucynox 3 — Pacnpenenenune
CABHIOBBIX HANPSZKEHH I
B YIIPYI'OM H30TPOITHOM
MOJIYNIPOCTPAHCTBE
IPH AeiiCTBHH HA IOBEPXHOCTH
B Touke O cocpeIoTOYeHHOMI

HOPMAJILHOI CHJIBI
P Beanunnoii 100 H

Pucynox 4 — Pacnipegenenune
CABHUTOBBIX HANPSIKEHH I
y KJIMHOBH/IHOIO IBOIHUKA
IpH AelicTBYIOLIEH B TOUKE
O cocpenoToyeHHOI
HOPMAJIbHOIi cuJIbI P

Mogenp No3BOJMIA paccMaTpHUBATh HAyaJlbHBIE CTaJUU Pa3BUTHA
MEXaHWYECKUX JABOMHUKOB, KOTOpPBIE MMEIOT BAKHOE 3HAUCHHE B IIPO-
1ecce IBOWHUKOBaHMUSA. B muccepranioHHO paboTe BIepBbIE MPOBEACH
pacder mojel HanpshKeHUH y HaHoABOMHMKA. IlomydeHs! ycnoBus pas-
HOBECHs HAHOIBOMHUKA, HA OCHOBAHMH KOTOPBIX MPOBEAEH pacueT KOM-
TIOHEHT HEYIPYTUX CHJI COMPOTUBIICHHS Pa3BUTHUS IBOMHUKY, 0OecTIedn-
BaIOIINX €r0 PaBHOBECHYIO (hopMy.

IIpoBenen pacuer monell HanpsDKEHWM y HaHOABOMHMKA JIMH30BHU-
HOW (popMBI MpPH HAIMYMK BHYTPHU HEr0 TOYEYHOT'O MCTOYHMKA PACIIH-
peHust. OTOT pacdeT MMEET Ba)KHOE NMPAKTUYECKOE 3HAaueHME, TaK Kak
MO3BOJISIET PAcCMaTpUBATh YCIOBUS, B KOTOPBIX MPOMCXOOUT 3apOXKAc-
HUE OBOMHUKOB. OJHUM M3 TaKUX YCIOBHH SABISiETCS HEOOXOAUMOCTH
HaJW4us KOHIEHTpalMM HaNpsHKEHUH, B Ka4eCTBE KOTOPOro B JaHHOM
ClIydae paccMOTpPEH TOYEYHBIN MCTOYHHK HAINpPSHKEHUH. Y CTaHOBIEHO,

20



YTO MpPU HAJIWYUM TOYEYHOTO MCTOYHHKA PACIIUPEHUS HANpPSKEHUS
BHYTPU IBOWHUKA IOJOKUTEIbHBIE, HANpPsDKEHUS Y €ro BEpIIMH He-
CKOJIBKO YMEHBILIAIOTCS, @ OTPULIATENIbHBIE — YBEINYUBAIOTCS. JTO yKa-
3BIBAET Ha TO, YTO MPOLECC 3apOKIECHNS ABOWHUKA MPOUCXOANT B yCIIO-
BMSIX, KOTJIa FeHeparus IBOMHHUKYIOUINX AUCIOKALUN U pa3BUTHE IBOM-
HUKa [IPOUCXOIAT PH Pa3HOM 3HAKE HaNPsKEHUN.

HcrounnkamMu IBOMHMKYIOIUX JUCIOKAIUI Y4acTO BBICTYNAIOT IOJI-
Hbl€ IUCIOKAlluH, pacIlelUIfoNnIecs Ha YacTUYHBbIE IBOWHUKYIOIIHE
mucinokanuy. I[1o3ToMy BakHOE 3HAUEHHE MMEET MPOBEACHHBIN pacyer
noJjiell HanpsHKEeHWH y ABOMHUKOBOTO 3apojibplllia, BHYTPH. KOTOPOro Ha-
XOAMTCSA MOIHAs AUCIOKAIHS.

Ha ocHoBaHMM MeTOma 3IEKTPOCTaTHUECKON aHAJIOTHH pa3padoTaHa
MOJIENIb JTMH30BHIHOTO JBOWHMKA, MO3BOJIMBIIASL PELIUTE TPEXMEPHYIO
3aady O pacyere nojuel HanpskeHuH y nBoiHuka. Ilorennman ynpyro-
ro TMoJis, CO3JaBaEMOI0 JTMH30BUAHBIM ABOMHUKOM aHAJIOTWYEH IOTEH-
LUaTy 3JIEKTPUYECKOTO MOJs, CO3JaHHOTO 3apsiioM, paclpeneeHHbIM
Ha MIOBEPXHOCTH JIMH3BL. DTOT NOTEHIIMAT UMEET BU:

“F)=k" ﬂds:
o (=K%

rae k* — mocrosunas; oF ) = IIOTHOCTB 3apsia, PACIIPEIEICHHOrO 10
TIOBEPXHOCTH S' JTMH30BHTHORO BoitHMKa; T 1 (F — ') — panuyc-BekTopsl,
OMpPEACISIONINE TOYKHI B IIPOCTPAHCTBE M HA MOBEPXHOCTH JIMH3BI.

Jlnst ynoOcTBa pacueToB, pacCMaTpUBAEMBbI TIOTEHIIHAN MTPEACTABIISII-
Cs B BUJIE COBOKYITHOCTH JIBYX MOTEHIIHAIOB ¢4 (X,Y,Z) U @,(X,Y,Z):

0 (%,Y,2) = p1(X, ¥, 2) £ 92 (X,Y,2),

rac
P1(%,Y,2) =k o4 x
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2n L/2
x [ do |

2
o 0 R H)Y [R? ,
2 2 4

3nech G(x',y',z')zconstzco; p U @ — TONIAPHbIE KOOPIWHATHI;

R= (L2 +H 2)/ (4H ); L u'H - nonoBuHa [UIMHBI U MIUPUHBI ABOHHUKA
COOTBETCTBEHHO.

. *
CBHBL MCKIY CMCIICHUCM umu ¢ HaXOoAUTCAd U3 COOTHOLICHUA

i =grade .
Otcroa nomy4yaem
U=Ugd +uyj+uk,
rae



al, J, kK —oproHOpMHpOBaHHBINA OA3UC, ETUHUIHBIE BEKTOPHI KOTOPO-
T'0 HAaNpaBJICHbI BIOIb OCEH IEKapTOBOM CHCTEMBI KOOPIUHAT.
*
CripaBeTUBEI TAKXKE M COOTHOIICHHMS, CBS3BIBAIOIINE TOTCHITHAT ()
¢ neopMaIusIMu:
2 * 2 * 2
_ %9 . _0%9 . ¢

SXX , € 3 Szz _—;
aXZ yy ayz 622

* * *

%9 . 0% . ¢
Y oy T T xa T yer

I[anee O4YCBUIHBI COOTHOLICHUA MJIA pacucTa HaHpH)KGHPII;'I Yy JHUH30-
BUJIHOT'O ,Z[BOfIHPIKa:

Oyx = 2LUE 4y +k(sxx ey + szz),
Cyy =2UEyy +k(sxx +eyy + szz),
G, =2UE, +k(sxx +eyy + szz),

Tyy SHExy s Txz =HEyz s Ty = HEy; .

Ha ocHoBammm pa3paOOTaHHBIX MoOJeENel MOKa3aHa BO3MOXXHOCTH
pacdera moJiell HampspKeHUWH y TNapaiienbHBIX JBOMHHKOB. M3yuena
POJb MTOBEPXHOCTH B ()OPMUPOBAHUH HAIIPSDKEHHOT'O COCTOSIHUS Y TPYII-
TIbL TApalJIENIbHBIX JBOWHUKOB Ha OCHOBAHMH COOTBETCTBYIOIIEH METO-
KK pacdera. [lokazaHo, YTO OBEPXHOCTH CIIOCOOCTBYET JIOKAIH3ALUN
y Hee HanpsDKEHUH M yBETMYEHUIO UX YPOBHS BHYTPH CHCTEMBI Iapai-
JIeTBHBIX ABOMHUKOB.

BriepBrie perieHa 3a1a4a MEXaHUKH AeOPMUPYEMOro TBEPAOro Tena
M0 pacyery HaIpPsDKEHUH B YIPYroM IONYHPOCTPAaHCTBE, AedopMHpye-
MOM COCPEJOTOYEHHON WM pacIpefeleHHON Harpys3koH, ¢ y4eToM Ha-
MpsHKEHUH, CO3/1aBaEMBIX MapalyieNbHBIMU ABOMHUKamMH. [loka3aHa He-
00XOOMMOCTh y4yeTra IBOWHUKOBAaHWS NPH MPOrHO3UPOBAHUH pecypca
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MaTepualia, Tak Kak B ClIyda¢ MHOXCCTBCHHBIX MapaJlJICIbHBIX HBOﬁHH-
KOB OIlaCHas MJIA 3apOXACHUA PaspyHICHHUA KOHIICHTPAUA HaHpSDKCHI/Iﬁ
BO3pacCTacT. HpI/I OTOM Jid pacucra HaHpFDKeHI/If/i Y CUCTCMBI Iapali-
JICIBHBIX ,I[BOﬁHPIKOB HCIIOJIB30BAJIACh CYTICPIIO3 UL COOTHOIIICHHMIA:

N L
o (x,y) = 3 [+ (F(%0))?p1(%0)oi? (X, y — D, X )Xo ;

n=00
Ny L

ol (xy) = 3. [+ (F3(x0)? P2 (%)o$® (x,y —ND, )Xo ,
n=0Q

rne Ny — 9Kco TBOMHUKOB, BXOSAIIMX B TPYIITY HapasUIeNbHBIX IBOHHIKOB.

B raaee 5 «McnoJsib30Banne KBa3HINCIOKAIIMOHHOTO TMOIX0/a B
MOJAeJIMPOBAHNM HErOMOTeHHON mJjacTudeckoul aedopManum u30-
TPONHBIX TBEPABIX TeJ» METOJOM SKCIECPUMEHTATLHON MEXaHUKH, OC-
HOBaHHOM Ha JIOKQJIBHOM JIO3MPOBAHHOM Ie()OpMHUPOBAHHH TTOBEPXHO-
CTH, UCCJIEe0BalIach POACTBEHHAs NBOWHHUKOBAHUIO U Pa3pyIICHUIO He-
COMOT'€HHAs IJIaCTUYecKast nedopManus aMop(hHBIX
MHOTOKOMIIOHEHTHBIX CIIJIABOB HA OCHOBE >K€Je3a, SBISIIOIIMXCA MO-
JENbHBIM MaTepUajoM JJISi M30TPONHBIX TBEPABIX Tel. BhIsSBICHO ABa
THIA MOJOC CABUTA, BOSHUKAIOIINX y OTIeYaTka nupamuasl Bukkepca: B
BH/IC JTydeil ¥ MOMyKoJIel] (YerryiuaThiX HABAIOB), OKAWMIISIOIIMX OTIIe-
YaTOK UHJAEHTOPA.

OTIMYNTENHHON 0COOCHHOCTBIO B Tpolecce (popMHpPOBaHUS TOIOC
CABUTA TUIA TOIYKOJEI SIBISETCS TO, YTO UX Pa3BUTUE HE OrPaHUUYECHO
YIOPS0YEHHOCTBIO CTPYKTYPHI, KaK B CIy4ae MOHOKPHUCTAILIOB, a MPO-
HCXOJIUT BIOJb HANpaBlIeHUs JCUCTBUS MAaKCUMAJIBHBIX CIBUTOBBIX Ha-
MPSDKEHUH, B CBS3M C YEM, YellyivaThie HaBaJIbl UMEIOT OKPYIIIYIO (hop-
MY, a CIBUTH, HapPHUMEP, B MOHOKPHUCTAIUIaX BUCMYTa (OPMHUPYIOT Y
HWHJIEHTOpa LIeCTUYTroidbHUK. Kak NBOMHMKAaM, Tak W IMOJocaM CABUTA B
BHJIC JIy4ell CBOMCTBEHHO BETBJIICHUE U UCKPUBJIICHHUE, YTO CBUICTEIbCT-
ByeT 00 aKTUBHOM UX B3aUMOJICHCTBUH C HEOIHOPOTHOCTAMU Ae(OopMHu-
pyemoro matepuana. MexaHU3Mbl JaHHOTO B3aUMOIEHCTBUS HMEIOT
CXO0XECTh, KaK B aHU30TPOIHBIX, TaK U B U30TPOIHBIX TBEPJBIX Tenax. B
pe3yNbTaTe BBHISBICHHBIX AHAJIOTUM B Pa3BUTUU HETOMOTE€HHOM IIACTH-
yeckol nedopManuy B aMOp(HBIX MaTepHaliax U CIBUTOBOM ILIACTHYE-
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cKkoli nepopMarii B MOHOKpHCTaJITIaX 000OCHOBaHa 11€71ecO00pa3HOCTh B
WCIOJIB30BaHUM MCIOKAIIMOHHOTO MOJX0Ja B MaTEMaTHUYECKOM OMHca-
HUU IUTACTHYECKOH eopMaui METaJUIMYeCKIX CTEKOI.

Pa3paboTaHbl KBa3uAMCIOKAMOHHBIE (IIPUCTaBKa «KBA3U-» O3HAYA-
€T — pealibHO HEe CYIICCTBYIOUIMI) MOJIEIH MOJIOC CABUIa — OCHOBHOTO
KaHajla HETOMOTEHHOM IUTaCTHYECKOW aedopMaluil METaLTHYEeCKUX
CTEKOJI: a) MOJIENIb YePEIYFOLIMXCS [[EMOYeK KBa3HANUCIOKauuii; 0) Mo-
JeNb YepenyIONIMXCs KBa3HIUCIOKAIIMOHHBIX CTEHOK; B) MOJeib, OC-
HOBaHHas Ha moxaxozae bunou-Korrpemna-CBuHaeHa U T') MaKpOCKOIHU-
YyecKasi KBa3uAKCIOKallnOHHas Moenb. O003HaueHbl 00JacTH LEeeco-
00pa3HOro MpUMEHEHU s KaXI0H MOJEIH.

Ha ocHOBaHMM KBa3WAMCIOKAIIMOHHBIX MOJENENW pPACCUUTAHBI OIS
HaNpsDKEHUH y MOJIOC CABUTA M YCTaHOBJIEHO, YTO 00IACTh JIOKAJTHU3aIH
HalpspKEHUI HaXOAWTCS HE TOJBKO y TOJOCHI CABHIa, HO M B OIpere-
JICHHOM yJaJIeHWU OT Hee. PaccumTaHO pacnpeneneHye JEeTupyroIIero
KOMIIOHEHTA y TOJIOC CABUIa M YCTaHOBJIEHO, YTO MaKCHMajbHas KOH-
LEHTpaLUs JETUPYIOIIEr0 KOMITIOHEHTA HAXOAUTCSA B YAAJIEHUH OT IOJI0-
CBI CIBUIa HA KOHEYHOM PACCTOSHUU OT Hee. PaccunTaHbl HanpsKeHHS
U pacmpefereHne NprUMecel y BETBAIMIENCS M MOTMCHUHTETUYECKOW I0-
nocel capura. IlokazaHo, 9TO ¢ pOCTOM TeMMepaTyphl KOHIIEHTpalUs
npuMeced B 00JacTsX ee MAaKCUMaJIbHOM KOHIIEHTPAIlMM yMEHbBIIAETCsl.

BeimonHen pacuer Ko3QQUIMEHTOB WHTCHCUBHOCTU HAIPSDKEHUN Y
MIOJIOCHI CABUTA U Y KIMHOBUIAHOTO JBOWHHUKA. Y CTaHOBJIEHO, YTO BEJIH-
yrHa KO3 (UIMEHTa MHTCHCUBHOCTH HANpsDKEHWH y JBOWHHUKA B JBa
pasa BBIIIE, YeM y TOIOCHI CIBUTA HIIH TPELINHBL.
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3AKIIOYEHHE
OcHOBHBIE HaYy4YHBIE Pe3yJIbTATHI AN CCEPTAUA

1. Pa3paboTaH 4HCICHHO-aHATUTHYECKHI METOJ pacuera HalpsHKeH-
HO-7Ie)OPMHUPOBAHHOTO COCTOSTHUS Y KIMHOBHIHOTO HAaHOABOWHUKA Ha
TaKOM MacImTaOHOM YypOBHE, KOTJa HE MpeHeOperaercs pacCTOSIHHEM
MEXAY NBOMHUKYIOIUMU AucIoKarusiMu. C MOMOIIBIO0 TaHHOTO'METOAA
WCCIIeIOBaHa KOH(UTYpamysl MoJieli HanpsbKeHUH, cMeIeHud u edop-
Malui y KIWHOBUJHOTO HAHOABOMHMKA, SIBISIIOIIECTOCS 3apOABIIIEM
JIBOMHWKA. YCTaHOBJICHA CBS3b HaNpPsDKEHHO-Ie()OpPMHUPOBAHHOTO CO-
CTOSIHHS Y JABOMHHUKA C €ro reOMETPUYECKUMH MapaMeTpaMu. ITO Mo-
3BOJIUJIO OMPECIUTh MECTA JIOKATU3AIMK HAMPSXKEHUN Y KIIMHOBUTHOTO
JIBOWHWKA W A0 BO3MOXXHOCTh Pa3paboTaTh CIIOCO0 MPOrHO3UPOBAHUS
o0JyracTeil 3apoXACHUS pa3pylICHUS B BaXKHBIX JJIS MPAKTHUECKOTO HC-
MOJIb30BaHUs ABOMHUKYIOIIMXCSA MaTepualax TaKuX, KaK CILIaBbI HA OC-
HOBE JKeJie3a, HUKEIs, KoOalbTa, Mey, IIMHKA, TUTAHA, ATFOMUHUS U Jp.
[2,3,5,7, 33,58, 64, 66, 70, 80 — 84, 92, 99].

2. [Nomy4yeHpl MaTeMaTUYECKUE COOTHOMICHUS yIOOHBIC I pacyera
HaIpsbKEHO-1e() OpPMUPOBAHHOTO COCTOSIHUS Y BEPIIMHBI JTBOWHUKA KITH-
HOBUIHOW (DOpMBEI B 001acTH, T/ie BBICOKA BEPOATHOCTH 3apOXKICHUS
TpemuH. JlaHa KOIMYeCTBEHHAS OIEHKA SBOJIONUU BHYTPEHHUX Hampsi-
JKEHUH U JeopManuii B'MUKPOOOJIACTAX Y BEPIIMHBI BOHHUKA C yde-
TOM POCTa YKcia ABOMHUKYIOMIMX TUCIOKAINI Ha JBOMHUKOBBIX TPaHU-
1ax. YCTaHOBIIEH HEIMHEWHBIM XapakTep 3aBUCHUMOCTH BEIWYMHBI Ha-
NpsDKeHUH W aedopManmii OT Yrcia JBOWHUKYIONIUX JWCIOKAIMA Ha
JIBOMHUKOBBIX TpaHuIax. [Ipu 3ToM mokaszaHo, 4YTO CKOPOCTh POCTa Ha-
MpsDKEHUR U ieopMaliiii ¢ yBeTMYCHUEM YHCiIa TBOMHUKYIOIUX JTUC-
JIOKAIIMKA YMEHBIIAETCA, YTO CBSI3aHO C YBEIMUYCHUEM IJIMHBI IBOMHUKA U
XapaKTepoOM TepepaclpeieiiCHusl y ero TPaHUI] HaANpsHKeHU U aedop-
Mauumii. braronapsi JaHHBIM pe3ylbTaTaM B MEXaHUKE pa3pylICHUs s
HIMPOKO HCIOJB3YEMbIX B MAIIMHOCTPOSGHUU U APYTUX OTPaCisX IMpo-
MBIIUIEHHOCTH JBOMHUKYIONIMXCA MAaTEPUANIOB TMOIYYEH SKCIpecc-
METOJ] OIICHKH MOMEHTA JOCTH)KCHUS CTajuu J1e)OpMUPOBAHUS TBEPJIO-
ro Tena, NPEAIIeCTBYIONICH pa3pyLICHUI0, TaK KaK TPEIIMHBI MPEUMy-
LIECTBEHHO 3apOXKIAIOTCS Y BEPUIMH JBOMHUKOB C HEKOI'€PEHTHBIMU
rpanunamu [20, 49, 82].
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3. Ha ocHOBe cynepno3uuuu ynpyroi sHepruu, SHEpriuy B3auMOeH-
CTBUSL JIBOMHUKYIOIIUX JUCIOKAIUHA CO CBOOOJHON MOBEPXHOCTEIO,
SHEPTUU B3aUMOACHCTBHS MEXIY ABOMHUKYIOIIUMH AWCIOKALUSIMH U
9HEpPruu JAe)eKTOB YNaKOBKH pa3paboTaH SHEPreTHYecKUid MeTof aHa-
JIM3a TIOBEICHHSI MEXaHUYECKOr0 IBOMHMKA MOJl HArpy3KOu. Y cTaHOBIIe-
HO, YTO Ha JTame 3apOKICHHS OBOWHUKA BECOMBIH IHEPreTHYECKUi
BKJIaJl BHOCSIT DHEPIHsl B3aUMOACHCTBHSI ABOMHUKYIOIINX JUCIOKALUI C
MOBEPXHOCTBIO U SHEPTrHs Ae(eKTOB YIAKOBKH, a JalbHEWIIee pa3BUTHE
JBOMHHMKA TMPEUMYIIECTBEHHO 3aBUCHT OT JHEPTrUU B3aMMOICHCTBHSA
JBOMHUKYIOIINX AMUCIOKAMA Mexay coboi. [IpakTrieckoe HCHOIb30-
BaHUE JAaHHOTO PHEPreTHYECKOr0 METO/IA JaeT BO3MOXKHOCTh IPOTHO3HU-
PYEMOro yHpaBJieHHUs C TOMOLIBIO HArPy3KH MPOLECCOM ABOHHUKOBAHHS
U CBSI3aHHOTO ¢ HUM paspyuienus [33, 40, 44, 56, 97].

4. TlomydyeHo yclIOBHE pPaBHOBECHS OCTaTOYHOI'O =~ KIMHOBHIHOTO
JBOMHMKA MPU OTCYTCTBMH BHEIIHUX HAIPsHKEHUH, KOTOPOE TO3BOJIUIIO
YCTaHOBUTH B3aUMOCBSI3b MEKY PAaBHOBECHBIMU MapaMeTpaMu JBOWHH-
Ka ¥ CWIaMH HEYNpyrod NPUPOABl M JaThb KOJMYECTBEHHYIO OLICHKY
BIIMSIHUSL 3THUX CHJI HAa PAaBHOBECHYIO JUIMHY OBOWHHKOB. Ha ocHOBaHMM
JAHHOTO YCJIOBUSI PaBHOBECHUS MOMYHYECH METO OLCHKH BIIHSHUS CHJI He-
yIOpyroil mMpUpoAbl Ha T€OMETPUYECKHE MapaMeTphl JBOHHHUKOB. YcTa-
HOBJICHO, YTO B JTBOWHUKYIOLUIMXCS MaTepHuajax, B KOTOPBIX Ha ABOIHHM-
KYyIOILIME AWCIIOKAIlMK JEHCTBYET OOINbIIas M0 BEIUYUHE CHIIA HEYNpYy-
roil mpUpoasl BO3MOXKHO (OpPMHpPOBAHHE PaBHOBECHBIX JBOMHHMKOB
OonpIell AMUHBI. DTO' IO3BOJIMIIO 3aJI0KUTh OCHOBBI METOJa yIpaBiie-
HUS JBOMHUKOBAHHEM U CBSI3aHHBIM C HUM pa3pylICHHEM C MOMOIIbIO
cuJ1 Heynpyroi mpupop! [58, 66, 80].

5. Pazpabotan MeTon pacuera HaIlpsbKEHHO-1e()OpMHUPOBAHHOTO CO-
CTOSIHUSI Y IMHAMHWYECKOT0 JBOMHMKA. B TaHHOM Meroze y4uTeH mpouecc
TeHEpUPOBAHMS JBOMHUKYIOIIMX Auciokanuil. [TokazaHo, 4o B ciydae
JUHAMUYECKOr0 JIBOMHHMKA (POHT BBICOKOTO YPOBHS HAIPsDKEHUH HE
TOJIBKO YBIIEKAETCS 3a ABMKYIIEIHCS BEPIIMHON TBOWHUKA, HO COXpaHsET
BBICOKHI YPOBEHB M y €ro ycThs. MeTroa Mmo3BONHI aTh KOJIWYECTBEH-
HYIO OLIEHKY o0nacTell HanOoee BEepOsITHOrO 3apOKICHHUS Pa3pyIICHUs
y pa3BuBarolerocs npoitauka [63, 80, 98].

6. Ha ocHOBaHMH 3KCIIEpUMEHTAIBHBIX JAHHBIX U TIyOOKOro ¢usu-
KO-MEXaHHYECKOr0 00OCHOBAHUS C UCIIONB30BAHUEM MPHUOIKEHUS He-
MPEPHIBHOTO pacrlpeaeieHus] ABOMHUKYIOMNX IUCIOKAMA HA JBOMHU-
KOBBIX T'paHHIAX pa3paboTaH YMCICHHO-aHATUTUYECKUH METOA pacyera
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HaNpPsLKEHHO-e) OPMUPOBAHHOTO COCTOSTHUS Y KIMHOBUIHOTO HEILIOC-
KOr'0 JBOWHUKA C MIPOU3BOJIBHON (HOPMOH rpaHul]. MeToa oTiauyaercst OT
CYLIECTBYIOIIUX T€M, YTO HE HCIIOJb3yeT NMPUOIMKEHNE TOHKOTO IJI0C-
KOr0 ABOHHMKA. DTO MO3BOIMJIO pa3paboTaTh METOJ] pacdera Hamps-
XKEHHO-1e()OPMUPOBAHHOT'O COCTOSIHUS Ul 3HAYMTEIBHO Ooliee HMIMpo-
KOT0 Kijlacca ABOMHMKOB, sl KOTOPBIX HEMPUMEHHUMO NPHOIHKEHUE
TOHKOTO JBOWHHUKA, U KOTOPbIE 3HAUYMTEIHHO Yallle BCTPEYAIOTCS B LIM-
POKO HCTIONIb3yEMBI Ha MPaKTHKE e OPMUPYEMBIX TBEPIBIX Tenax. Me-
TOJ JJaeT MEXaHMKE pa3pyLICHHs] MaTeMaTHUECKHU ammapar, MO3BOJISI0-
MK TPOTHO3UPOBATh B ABOMHUKYIOIIMXCS TBEPIBIX Telax oONacTH 3a-
POXKICHUS paspyIlCHNs Ha CTaJUU HAKOIUICHUs MoBpekacHuit [31, 46,
47,54, 55, 59, 68, 80].

7. BriepBble B paMKax MakKpOCKOMUYECKOH AMCIOKALOHHON MOAEIH
paccurTaHbl HaNpsDKEHUs BHYTPU KIMHOBHIHOTO ABOWHHKKA. [lokazaHo,
YTO OCHOBHBIMH (DaKTOpamH, BIIMSIOMIMMH: Ha KOHQHUTYpaluio Mojiel
HaNpsDKEHUH y KIMHOBHIHOTO JBOMHMKA, SBILIIOTCSA (opMa JBOHHHUKO-
BBIX TpaHHI, IUIOTHOCTH pacrpeneleHus Ha HUX JBOWHUKYIOUIUX JHC-
JIOKAIMi, HaJIW4YMe MOBEPXHOCTH. BBIBEOCHBI MaTeMaTHuyeckue COOTHO-
LICHUS], TIO3BOJIUBIINE PACCUUTATH MOJSl HANPSDKEHUH Y KIMHOBHIHOTO
JIBOMHMKA C BOTHYTOH M BBIYKJION ABOWHUKOBOW rpaHuied. [lomydeHsl
COOTHOUIEHHUA Ul pacueTa Mojied HanpsyKeHUH y KIMHOBUAHOIO JBOM-
HUKa, HAXOIILErocs y MOBEPXHOCTH KpHCTaIIa, AehOpMUPYEMOH co-
CpPEIOTOUYEHHON HITM pachpeneneHHol Harpy3koil. I1pu aTom He ucnons-
30BaJIOCH W3BECTHOE MPUOIMKEHHE TOHKOro JBoiHUKa. [lokasaHo, 4TO
HanpsDKEHUs. B 00MacTH AeOpMUPOBAHUS NPU HAJTUYUHM ABOMHUKA CY-
mecTBenHO (Gonee 10° pas) OTIMUAOTCS OT HANPSLKEHMIT IPH OTCYTCT-
BUU JBOMHMKOBaHMs. Ha KoHUTypanuio 1aHHBIX HANPSHKEHUH CcylecT-
BEHHOE BIMSHUC OKa3bIBAIOT HANPSHKEHUS, 00YCIOBICHHBIE IBOMHUKOM.
OpHako BHEMIHUMH HAarpy3kaMu MOXKHO YIIPaBJIATH MECTOM PaCIONOXKe-
HUSl JIOKAIM3aly HAlpsDKeHUH B MPHUIIOBEPXHOCTHOM obmactu. 3TO
yKa3bIBaeT Ha TO, YTO B MEXaHHMKE NMPUMEHSIEMBIX B MAaIIMHOCTPOCHHUU
JBOWHUKYIOUIMXCS MaTEepPHajOB TaKWX, KaK KPEMHHCTOE >Kele30, Jary-
HU, OpOH3bI, TUTaH U CIUIABBI HA €0 OCHOBE, OEpPUIUTNH, KaJAMUH, IIMHK,
0JIOBO, CypbMa U Jp., AJs TOBBIIICHUS KayecTBa MPOTHOZMPOBAHUS UX
9KCITyaTallMOHHBIX XapaKTEPUCTHK, HEOOXOIUMO YUUTHIBATH IMPOLECC
nBoiiHuKOBaHus [46, 47, 52, 57, 65, 80, 91].

8. Pa3paboraH 4nclieHHO-aHATUTHYECKUH METO/ pacdeTa HalpsKeH-
HO-1e(OPMHUPOBAHHOTO COCTOSIHUSL y HAaHOJIBOWHHUKA JIMH30BHIHON
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¢opmbl. C IOMOLIBIO JAHHOTO METOJa ONpeelieHbl MUKPO- U HaHOpa3-
MepHBIe 00J1acTH JIOKaTW3alK HalpsDKeHUH y HaHonBoiHMKa. [Ipose-
JIeH pacyeT Mojied HampshKeHUH y HAaHOABOWHUKA JIMH30BUAHONU (hOPMBI
IpH HAJIWYAW BHYTPH HErO TOUYEYHOTO HMCTOYHHMKA PACIIMPEHUS HIN
MOJTHOM JMCIOKAIlMKA — MPOCTEUIINX KOHIIEHTPATOPOB HANPSKEHUH, He-
O00XOOMMBIX ISl 3apOXKICHUS MEXaHWYeCKOro [BOWHHKA. B Momenu
JIMH30BUIHOTO ABOMHHKA BIIEPBBIC MIPEIIOKEHO UCTIONB30BATh MPUHLHII
ANEKTPOCTATHYECKOH aHANOIHH, YTO MO3BOJMJIO MEPEHTH K DPEHICHHIO
TpeXMEepHOW 3afauyd. Pe3ynbTaThl UMEIOT Ba)KHOE 3HAYCHHUE JJIST MeXa-
HUKHU pa3pyLIeHus], TaK Kak JAI0T CIOCco0 yIMpaBleHUs MPOLECCOM 3apo-
KIICHUS TBOIHUKOB, CIIOCOOCTBYIOUIMX 3apokieHHI0 TpemmH [35, 41,
45, 48, 60, 94].

9. Pazpaboran uMCIEHHO-aHAIUTHYECKUH METOJ pacuera IMojied Ha-
NpsOHKEHUH Y MapajielbHBIX ABOMHHUKOB. PelieHa 3amada MeXaHUKH Jie-
(dhopMupyeMOro TBEpAOro Tena MO Pacuery HaOpsHKEHWH B yIPYroM Io-
JYIPOCTPaHCTBE, AePOPMUPYEMOM COCPEIOTOYCHHON HIIH pacipenesieH-
HOM Harpy3koi, C y4YeroM HalpsHKEHUH, CO3JaBaeMbIX TpyMIoi
napaulebHBIX JBOMHUKOB. [10Ka3aHOo, 4TO C IOMOIIBIO HATPY3KH MOXKHO
LeJICHANPaBJICHHO PETYIMPOBAaTh YPOBEHb W MECTO OMACHOM ISl pas3py-
LIEHHS JIOKAIN3aluy HANPsDKEHUH B CHCTEME MapaJulelibHBIX JBOHHUKOB,
YpOBEHb HANPSDKEHUH M BEPOSITHOCTH 3apOXKICHUS TPEUIMH B KOTOPOU
BBIIIIE, YeM Y SIMHUYHBIX ABOWHWKOR [32, 34, 36, 38, 51, 53, 67, 79, 93].

10. Ha ocHOBaHMH 3KCIIEPUMEHTANBHBIX WCCICHOBAHUI BBISBIICHEI
aHaJIOTMH MEXKIY TaKHUMH POACTBEHHBIMU SIBICHHUSIMU, KaK HErOMOT'C€H-
Hasl MacTU4eckas jgedopManns METALITHYECKUX CTEKON U JBOWHUKOBA-
HUE. DTO MO3BOJIMJIO. UCIOJIB30BaTh AMCIOKAIIMOHHBIA MOAXOA B Mate-
MaTHYECKOM ONMCAHUM IJIACTHYECKON AedopMalnuu aMOp(HBIX CIIJIABOB
U pa3paboTaTh KBAa3HUIMCIOKAIMOHHBIE MOJEIH IOJIOC CIIBUTA, SIBIISIO-
IIMXCS_OCHOBHBIM KaHAJIOM HErOMOTEHHOM IIaCTHYECKOH IedopManuu
amMopdHbIX MaTepuanoB. [loka3zaHa BO3MOKHOCTH HCIIONB30BAHUS Pa3-
paboTaHHBIX M1 JIBOMHWUKOBAHUS YMCICHHO-aHAIMTHYECKHX METOHOB
JUI pacdeTa HaIlpsDKEeHHO-1e()OPMUPOBAHHOTO COCTOSHUSI TIPU HETOMO-
TeHHOHM TUTaCTHYECKON JedopManuy MeTaJUIMYECKUX CTEKOJN. YCTaHOB-
JIEHO, YTO B AeOpMUPYEMOM aMOPPHOM MaTepHalie HanpsHKEHHs JIoKa-
JU3YIOTCA Y MOJIOC CABHTa, aKTUBHUPYS B 3THUX 00IACTSX MPOLECC pa3py-
meHus. IloaToMy i TOBBILIEHWS KadecTBa MPOrHO3HMPOBAHUS
9KCITYyaTallMOHHOTO pecypca METaNTMUYECKIX CTEKOJI BAaXKHO YUUTBHIBAThH
WX CKIOHHOCTh K HErOMOTE€HHOH IJIaCTUYHOCTH. Pe3ynbpraTsl momyumim
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MPaKTHYECKYIO peai3aluio B IPOM3BOJACTBE, HayKe U oOpa3oBaHmu [1,
4, 6], [8 - 19], [21 - 30], [37, 39, 42, 43, 50, 61, 62, 69], [71 - 78], [85 -
90], [95, 96, 100].

PexoMeHnaanum no npakTH4ecKOMY HCIOJIb30BAHUIO
pe3yJibTaToB

3amaun MeXaHUKU AeOPMUPYEMBIX TBEPABIX TEN B HACTOSLIEE BpPE-
Msl peraroTes 0e3 yuera JOKaau3alul HamnpspDKeHUH Ha JTBYMEPHBIX JIe-
(eKTax KpUCTAIUIMYECKOM PEIIeTKH, KOTOPhIe aKTHBHO 3apOXKAAIOTCS B
ovarax aedopmauuu. ITO MPUBOAUT K OMIMOKaM, KOTOPHIC HEIOMYCTH-
MBI B ClIydae MPOrHO3MPOBAHMS MOBEAECHUS TEXHUUECKUX CHCTEM U KOH-
CTPYKUUH, TpeOyIOmMX MPH UX JKCIUTyaTallid BBICOKOW CTENEHU Ha-
JEeXHOCTH, TaK KaK JOKAIM30BaHHbIC Ha IByMEPHBIX AeheKTax Hampsi-
JKEHHsI CHOCOOCTBYIOT 3apOXKACHUIO NPUBOISIIMX K PaspyLICHUIO
MUKpoTpenH. [Io3ToMy pexkoMeHIyeTcsl HCIHOIb30BaTh PE3yJIbTaThl
JaHHOK pa0OTHl B MAIIMHOCTPOCHUH, T/IC LIMPOKO UCIIONB3YIOTCS HaHO-
MaTepHualbl U IBOMHUKYIOUIMECS MaTepUaibl TaKue, Kak CTall pa3iny-
HBIX MapoK, KpEMHHUCTOE XKeJe30, TUTAH U CIUIABBl HA €0 OCHOBE, OpOH-
3bl, TATYHU H T. 1.

Bozpocmmii mHTEpeC K M3yUEHUIO CBOMCTB HaxXoAsIIUX Bce Ooiee
IUPOKOE MPAKTUYECKOE MPUMCHEHHE MAaTEPHaJIOB C MaMAThIO (DOPMBI
B HACTOSIIEE BPEMs 3HAYUTENbHO YBEIMYUI aKTyaJdbHOCTh HCCIIEI0BA-
HUU JABOMHMKOBAaHMA, TaK KaK YHHKaJbHbIE CBOWCTBAa NaHHBIX MaTe-
pHAIOB MOMHOCTBIO ONPEAETAIOTCS MOBEIECHUEM T'paHMIl pasjena poa-
CTBEHHBIX IBOMHHUKOBBIM rpanuuam. [losTomy moxydeHHble B paboTe
pe3yabTaThl MOT'YT OBITH MCIIONB30BAHBI B TEXHOJIOTHMH MaTEpUaIOB C
NaMsAThIO (POPMBEL.

upokoe npuMeHeHNe pe3yabTaThl paboThl HaluK cdepe odbpasoBa-
HUs, Ha 9TO TNOJIy4eHB! aKThl BHEAPEHHUH B CIEIYIOMUX YUPEKICHHUIX
obpazoBanusa: YO «bemopycckuif rocyaapCTBEHHBIH YHHUBEPCHTET
TpaHcHopTa», bemopycckuil HalMOHANBHBIN TEXHUYECKUH YHUBEPCUTET,
YO «I'oMenbCkuil ToCyAapCTBEHHBIN TEXHUUECKHH YHUBEPCUTET UMEHU
I1.0. Cyxoro», YO «I'oMenbCKuil rocy1apCTBEHHBIN YHUBEPCUTET UMeE-
Hu @. Cxopunb». [Ipu 3TOM B y4eOHBIH Mpolecc BHEAPEHa METOA0JI0-
THS YHUCIICHHO-aHATUTHIECKUX pacueToB HanpspKEHHO-
JIeOpMUPOBAHHOTO COCTOSHUS MPH JBOMHHUKOBAHUM M HETOMOT'€HHOMN
TIacTUueckoi aedopmaniu 1eopMUpPyEMBIX TBEPABIX TEI.
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Pe3ynprathl paboTH HAILIM MPAKTUYECKOE HCIIOJIB30BaHUE U B cdepe
HaY4YHBIX UCCIICIOBaHUIl He ToibKO B Pecyonuke benapycs (THY «UH-
CTUTYT MEXaHUKH METAJJIONOIMMEPHBIX cucTeM uMeHu B.A. bemoro»
HAH benapycu, 'HY «MuctutyT mopomkoBoil Merammyprun» HAH
Benapycu, THY «OObenuHeHHBI UHCTUTYT MammHocTpoeHus» HAH
Benapycu), HO 1 3a pyOexkoM (HaydHO-HCCIIETOBATEIBCKOE MTOIpa3iese-
e «AdaptaMat» Ounnsaaus, Xenscunku). [Ipu 3ToM BHeEnpeHbI Me-
TOJIBI YUCIIEHHO-aHAINTUYECKOT O pacuera HaIpspKEHHO-
J1eOpMUPOBAHHOTO COCTOSHUS B IBOMHUKYIOLIMXCS MaTepraiax, Mare-
pHanax ¢ maMsATeio (GOPMBI, METAIIMYECKUX CTEKJIaX MPHU MPOSBICHUN
npu aeOopMUPOBAHUHN OMACHBIX B MJIAHE 3aPOXKICHUS Pa3pyLICHUS TPO-
LIECCOB ABOMHMKOBAHUS M HETOMOTEHHOH IJIaCTHYECKOM AedopManun B
HIIMPOKO HCIOJIB3YEMBIX B MPOMBIIUIEHHOCTH MaTepHalaX TaKWX, Kak
CIUIaBBl HA OCHOBE JKeJe3a, HHWKens, KoOajibTa, Medu, IMHKA, THTaHa,
QTIOMUHHMS U JIP.

[IpakTHueckoe ncnonp3oBaHue B mpousBoacTBe Ha OAO «benmuHa»
MOJTYYMIIM METOABI UCCIEAOBaHMs MIaCTHUECKON neopManuu ObICTPO-
3aKaJICHHBIX CIIJIAaBOB HA OCHOBE XKeIe3a.

B menom mpaktudeckas 3HaUMMOCTB PE3YJIbTaTOB O0YCIIOBIEHA MOJIE-
JIMPOBaHUEM HAIPHKEHHO-N1E)OPMUPOBAHHOTO COCTOSIHUSI DJIEMEHTOB KOH-
CTPYKLIH U COOpYKEHUH, HaXOAAUMXCS IO/ JEHCTBUEM 3aJaHHOM Harpys-
KU, MaTepuasl KOTOPBIX NMOIBEP)KEH JBONHMKOBAHUIO MM HETOMOTEHHON
IUTACTUYHOCTH. YYET B YMCICHHO-aHATUTHUYECKMX METOAAX pacdera KOH-
LEHTpallMM OMACHBIX U 3apOXKACHHS paspylleHHs HalpsKEHUH CBA3aH-
HBIX C JBOWHMKOBAaHWEM MM HETOMOTE€HHOW IJIaCTUYHOCTBIO JAET BO3-
MOKHOCTBH TIOBBICUTH TOYHOCTD ITPOrHO3UPOBAHMS POYHOCTHBIX U e op-
MAaIMOHHBIX XapaKTEPUCTUK OTBETCTBEHHBIX AETAJEHd KOHCTPYKLMOHHBIX
n3nenmii. HoBugHa pe3ynbraroB noarBepkaeHa nartenramu [99, 100].
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P33I0MD
Bocrpsikay Aner MixaiisiaBiu
JlikaBa-aHATITBIMHBIA MeTAbI PA3JIiKy INIACTBIYHBIX M3 (apManbIii
i HaNpy KaHHAY Yy 30HAX JIAKATI3albli MIKPAAIIKOIKAHHSY
IBEPABIX Hesay maj A3esiHHeM BOHKABBIX HATPYy3aK

KarouaBbisi cJIOBBI. manmi HanpyXaHHSY, 3pyLDHHI, 13dapmausli,
NBaiiHiKaBaHHE, HeramareHHast TUIACTBIYHAS mdapManpis,
HaHa/IBaiHiKaBaHHE.

Mbdra npanbl: pa3BilUE TOOpBI JBaiiHIKAaBaHHS 1  HeramareHHau
TUIacThluHai pdapMaliel 1 pacnpamnoyka MeTanay pasiiKy HampyKaHara
crany mdapmaBaHBIX UBEPABIX LeNay Ha CTajablli - Ha3amallBaHHS
MAIIKO/PKAHHSY.

VY npicepTanplifHail mpapl BBHIKAPBICTOYBAICS SKCTIEPBIMEHTAIBHBIA 1
TIAPITHIYHBIA MeTaIbl JacieiaBaHHsLy . OKCTepHIMEHTATIBHBIS
JacineaBaHHi JISII § acHOBY pachparnoyBaHal TIOPBIi 1 BBIKApBICTOYBaTiCs
IUIsL TIpaBepKi aTphIMaHBIX Ha sié acHOBE BbIHIKAY. [Ipbl TaTBIM mis
BBIBYY9HHS MexaHi3may mhapmMaBaHHS UBEPABIX uenay
BBIKAPBICTOYBANacd METOJbIKa JlakajbHara jga3aBaHara gd¢apMaBaHHS
maBepxHi 1 axHaBoceBae pacisDKOHHE. [l TACTaBaHHS —CTPYKTYPBI
m(hapMaBaHbIX MaTIPbIUIAY | BHIKAPBICTOYBAIICS CYJYacHBIS METaJbl
JaciielaBaHHsTy Takisl, K aTaMHas ciaBasi MIKpacKallis, pacrpaBas i siKas
MpacBeyBae dJICKTPOHHAs MiKpacKamis, PIHTICHACTPYKTYpPHBI aHali3,
MiKpapIHTeHACIIeKTPpaIbHBl aHami3. Y TIapaThIUHBIX JaclielaBaHHsIX
IIBIPOKA  BBIKAPBICTOYBAyCsS ~ MeTaj — CyNepHasillbli  HampyKaHHSY
JTBAMHIKYIOYBIX - JIBICTAKaIlpll, Meran (QyHKnblid  [peiHa,  Meran
aIeKTpacTaThlYHal aHAJIOT11, KaMITyTapHae Ma [P BaHHE.

VYnepiusiHio BBIpalIaHbl 3a1adbl MEXaHiKi I3¢apMaBaHara npépaara
uena, _3JIy4aHblsl 3 paslikaM HampyxXaHHAy y I3(apMaBaHbIM
JIBalHIKYIOUBIMCST 11i aMOpP(HBIM MaTIpbIsUIe 1 JAaf3eHa KOJbKacHast
aZ3HaKa HanpyXaHHSAY, aOyMoOYIeHbIX ABaifHiKaMi I mamocami 3pyxy.
INakazana, mTO  JBYXMEpHBII  JI(EKTHl  ICTOTHA  CKaXalolb
mdapMalbliiHyo Kapiiny, GapMaBaHyl0 BOHKaBbIMI Harpy3kami. BeiHiki
3HAWNDT MPaKTBYHYIO plalli3alplio Y cdepbl amykampbli i HaByKi i
poKaMeHIyIoUa JUIi BBIKAPBICTAHHS Y IpaMbIcioOBacli 3 MATal
MaJBBIIDHHS SKacli MparHa3aBaHHSI PAICYpPCy TPHIBAJAcCi YKbIBAIHHBIX Y
MalbIHa0yAaBaHH1 ABAHHIKYIOUBIXCS 1 XyTKa3arapTaBaHbIX MaTIpbIsuIay.
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PE3IOME
Ocrpuxos Oner MuxaijioBu4
YucieHHO-aHAIMTHYECKHE MeTOAbI PacyeTa IJIACTHYeCKUX
JaedopManuii U HANPSKEHU A B 30HAX JIOKATU3ALUA
MHKPONOBPEKAeHMIT TBepPAbIX TeJI MO AelCTBHEM BHEIHUX
HArpy30K

KnoueBble cioBa: 1ons HampsDKeHWH, cMereHus, nedopmanuu,
JIBOMHUKOBaHKE, HETrOMOT'€HHAsI IUIacTiyeckas Aedopmarius, HaHOABOWHU-
KOBaHHE.

Hens paGoTbl: pa3BUTHE TEOPUM IBOMHUKOBAHUS M HETOMOI'CHHOM
TUTACTUYECKOM AedopMaIie U pa3padoTKa METOIOB pacdera HAMpPsHKEHHO-
IO COCTOSIHUS JIe()OPMHUPYEMBIX TBEPABIX TEl HA CTAJWU HAKOIUICHUS I10-
BPEXACHUI.

B muccepranmonHol paboTe MCIONB30BATUCH AKCIIEPUMEHTAITBHBIC U
TEOPETUYECKUE METOIbl MCCIECIOBAaHUHN. DKCOEPUMEHTAIBHBIC UCCIIEA0BA-
HUS JICTIA B OCHOBY pa3pabaThIBAEMON TEOPHUH M HCIIOIB30BATUCH IS
MIPOBEPKU MOITYUYCHHBIX Ha €€ OCHOBE pe3yibTaroB. [Ipu aToMm ams uzyde-
HUS MEXaHU3MOB Jie(pOpMHUPOBAHHS TBEPIBIX TEN UCIIOIH30BAJIACH METO -
Ka JIOKAJILHOTO JIO3UPOBAHHOTO Je(hOPMUPOBAHUS TIOBEPXHOCTH M OTHOOC-
HOe pacTsbkeHue. J[Jsi TeCTHpOBaHUSI CTPYKTYPHI JePOPMUPYEMBIX Mare-
PHAJIOB HCHONB30BAIMCH COBPEMEHHbBIE METOBI UCCIICAOBAaHUM Takue, Kak
aTOMHAs CUJIOBasi MUKPOCKOIIHS, PacTpOBasi U MPOCBEUUBAIOIIAS DJICKTPOH-
Hasi MHUKPOCKOIIWS, PEHTT€HOCTPYKTYPHBIA aHalN3, MUKPOPEHTTEHOCIICK-
TpaJbHBIA aHANK3. B TEOPEeTUYEeCKUX HUCCIACAOBAHUAX LIMPOKO HCIOIB30-
BaJICA METO]l CYHMEPIO3UINK HAMNPSLKEHUM NBOMHUKYIOIIUX AWCIOKAIUH,
Meron QyHKIME ['prHa, METOI AIEKTPOCTATUYECKON aHAIOTHH, KOMIThIO-
TEepPHOE MOACTUPOBAHUE.

BriepBbie pelrieHb! 3a/1aui MEXaHUKU JIehOpMHUPYEMOro TBEPIOro Tela,
CBSI3aHHBIC C PaCYCTOM HAMPSDKCHUH B JIehOPMUPYEMOM JTBOHHHUKYIOIIIEMCS
Wi aMOp(hHOM MaTepualie U JiaHa KOJMMYECTBEHHAS OLICHKAa HAPSDKCHUH,
00YCITOBJICHHBIX JIBOMHUKAMYU WITU TIOIocamMul ciBura. [lokaszaHo, 4To JBY-
MepHbIE Je(EKThl CYIIECTBEHHO HCKaXaroT JeOpMAIMOHHYIO KapTHHY,
(hopMupyeMyr0 BHCITHMMHU Harpy3KaMu. Pe3ynpTaThl Haluld TpakTHYe-
CKyIO peanm3anuio B chepe oOpa3oBaHUS M HAYKU M PEKOMEHIYIOTCS IS
KCTONIB30BaHMS B MPOMBIILICHHOCTU C LIENbIO MOBBIIICHHS Ka4yecTBa Mpo-
THO3UPOBAHUS PECypca MPOYHOCTH TMPUMEHSEMBIX B MAIIMHOCTPOCHUU
JTBOMHUKYIOIUXCS ¥ OBICTPO3aKaJICHHBIX MATEPHAIIOB.
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SUMMARY
Ostrikov Oleg Mikhaylovich
Numerical and analytical methods of calculation of plastic
deformations and stresses in the areas of micro-localization of solids
under the action of external loads

Keywords: stress field, displacement, deformation twinning, inhomoge-
neous plastic deformation, nanotwinning

The work purpose: to develop the theory of twinning and inhomogene-
ous plastic deformation and development of methods for calculating the
stress state of the deformable solids at the stage of damage accumulation.

The thesis used experimental and theoretical research methods. Experi-
mental studies formed the wasps nova theory developed and used for the
verification of the results based on it. At the same time to study the mecha-
nisms of deformation of solids used technique of local dosed surface defor-
mation and uniaxial tension. To test the structure of deformable materials
used modern research methods such as atomic force microscopy, scanning
and transmission electron microscopy, X-ray diffraction, electron micro-
probe analysis. In theoretical studies of widely used method of superposition
of stress twinning dislocations, Green's function method, the method of the
electrostatic analogy, computer simulation.

First solved the problem of solid - mechanics related to the calculation of
stresses in the deformable lookalike or amorphous material and quantify the
stresses due to twins or shear bands. It is shown that two-dimensional de-
fects materially affecting the deformation pattern that is generated by the
external loads.The results found in the practical implementation of education
and science, and are recommended for use in industry to improve the quality
of forecasting resource used in mechanical strength twinning and rapidly
quenched materials.
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