Ipo6remvr uzuxu, mamemamuru u mexuuxu, Ne 2 (43), 2020

DOU3HUKA

YK 538.9

CTPYKTYPHO-MACHITABHBIE YPOBHU JE®@OPMAIINHN
ITOBEPXHOCTHOI'O CJIOA HUKEJIA

C.B. Koporkesu4', B.B. CBupuioBa’

1
PVII «I'omenvonepeor

2 . .

Tomenvckuti 2ocyoapemeennulii ynusepcumem um. . Ckopunbi

STRUCTURAL AND SCALE LEVELS OF DEFORMATION
OF THE SURFACE LAYER OF NICKEL

S.V. Korotkevich', V.V. Sviridova’

1
RUE “Gomelenergo”
2 . . .
F. Scorina Gomel State University
HccnenoBaHbl MEXaHH3MBI Pa3pyLICHUs] HOBEPXHOCTHOTO CIOSI HUKEIS IPH TPHOOHArPYKeHUH B cMa3zouHoii cpene LIUATHM-
201. BeIsBIIEHBI CTPYKTypHO-MacIITabHbIE YPOBHH JeOpManii MOBEPXHOCTHOTO cios Hukens. IToka3aHa SBOIIOIUS CTPYK-
TypHO-MAcIITaOHBIX YPOBHEH Je(opMaliK MOBEPXHOCTHOTO CIIOS HUKEIs, MPUBOISIIAS K ero ($HasoBoii HecTaOMIBHOCTH. Y-
TAHOBJICHA HayalbHAas W JOMHHHPYIOMAS PO HAHOCTPYKTYPHOTO MAacIITaOHOTO ypoBHS Aeopmanuu. OmpenereHbl Mexa-
HHU3MBI HOPMHUPOBaHUS AE(PEKTHBIX CTPYKTYpP Pa3IMYHOrO Macmrada.

Knrwoueevie cnosa: ()umokauuu, MeXAHU3MbL NAACMUYECKOU c)eqbop,wauuu, noasa Hanpﬂoiceuuzi, nopbl, NOJIOCbL CKOJNbIHCEHUs,
MUKDPO U Ma2ucmpdaibHble mpeujuHbl.

The mechanisms of destruction of the surface layer of nickel during tribo-loading'in a lubricating medium TsIATIM-201 are in-
vestigated. The structural-scale levels of deformation of the surface nickel layer were revealed. The evolution of structural-scale
levels of deformation of the surface layer of nickel, leading to its phase, instability, is shown. The dominant role and the initial
role of the nanostructured scale level of deformation are established. The mechanisms of formation of defect structures of vari-

ous scales are determined.

Keywords: dislocations, mechanisms of plastic deformationystress fields, pores, slip bands, micro and main cracks.

Beenenne

B pabote ommcaHa 53BONIONHS CTPYKTYPHO-
MacmTabHBIX YPOBHEH eopManny IOBEPXHOCTHO-
TO CJIOS HHUKETS C TOYKU 3PEHUS ME30MEXaHUKH H
HepaBHOBECHOH TepMmoauHamMuKu.[1]. B cooTBercT-
BUH C (PU3MYCCKOH ME30MEXaHHUKOM ILUIACTHYECKOE
TE€YEHHE B HArpy>KEHHOM TBEPAOM TeJe SBISAETCA
MHOTOYPOBHEBBIM IIPOLIECCOM, M CBSI3aHO C HOTepen
CIBUTOBOM YCTOMYMBOCTH,Ha HAHO-, MUKPO-, ME30-
M MakpomaciutaOHBIX ypoBHsX [2]. Ocoboe BHUMa-
HHE B paboTe yJEaeHo NCCIIeI0BaHNIO TIOBEPXHOCTH
METAJJIOB B CHJIY\aCUMMETPHH TPHUTSHKEHHS e€ aTo-
MOB, YTO OTIpEneisieT e€ ysI3BUMOCTb U 00yCIIaBIIH-
BaeT HAKOIUICHHE HEe(PEKTOB W HMCTOYHHUKOB DPaszpy-
IICHUS TIPY BHEIITHUX BO3ICHCTBUAX. BBUIY 0cOOBIX
(DM3UKO-XUMHYECKIX XAapaKTePUCTUK M CBOWCTB
(ToBBIIIEHHAs TJIOTHOCTh JUCIIOKANui, Ooyee BbI-
COKHE 3HAUeHHs] BHYTPEHHUX HAIPSDKEHHA H JIO-
KJIbHOW KPUBHU3HBI KPHUCTALIMYECKOW PEIIETKH,
MOAYJsSL YNPYrOCTM M MHUKPOTBEPAOCTH, BBICOKas
KaTaJIMTU4YeCKass aKTUBHOCTb U T. }1.) TIOBEPXHOCTHL B
ME30MEXaHUKE BBIJEISIOT B OCOOBIN ME30CKOIHMYe-
cKkuii ypoBeHb nedopmanun [3]. Heooxoaumo 66110
MCCIIEI0BATh OTIENIBHO Kbl yPOBEHb IIACTHYE-
CKOH nedopManuu: HaHO-, MUKPO-, M€30- U MaKpo-
ypoBeHb. OnpenenuTs MEeXaHU3MBI U OCOOCHHOCTH
(hopMUpPOBaHMS, YBOJIONMH U Pa3pyIICHU IS Kax-
JIOr0 YpoBHsI IutacTudeckoi nedopmanuu. Ocobdoe
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BHUMAaHHE YJICIICHO HAHOYPOBHIO NehOpMalUU HA
MTOBEPXHOCTH HHKENS B CHIy €€ 0COOBIX aHOMallb-
HBIX CBOWCTB W BO3MOXKHOCTH (DOPMHPOBAHHUS B
0COOBIX YCIOBHSX OOJETd€HHOTO BBIXOJAA TUCIIOKA-
IUH TIOJ JEHCTBHEM CHJ M300pakKeHHs, U UX pac-
LICTJICHAN B MPHUCYTCTBUU MOBEPXHOCTHO, M XUMHU-
YEeCKH aKTUBHBIX BEIECTB, COACPXKAIIMXCS B IIa-
CTUYHBIX CMa304YHBIX MaTepuanax [4].
MHoOrouuMKIoBasi, 3HaKOIEpEeMEHHas ¥ MaJlo-
aMIUTUTYAHAs Harpy3ka NpH TPHUOOHArpy>KeHUH OIl-
penensier GOpMUPOBAHUE MHOTOYUCIICHHBIX MUKPO-
TPENINH BJOJb IMOJOC CKOJBKEHUS, MOp, TBOWHU-
KOB, Ne(CKTOB YIIAKOBOK. BBICOKHE BHYTpEHHHE
HANPSDKCHUS, IDIOTHOCTh AWCIOKAIUN U JIOKaJbHAS
KpUBU3HA KPHUCTAIUTMYECKON PEHIETKH OIPEACIISIOT
e€ pBIXJIOCT, aMOP(PHOCTh W KATAIUTHUYEKYIO aK-
TUBHOCTh, MAarHUTHBIE CBOWCTBA M JIp. aHOMAJIbHEIC
¢busnko-xumMuueckue cpoiictBa. C HCMOIb30BAHUEM
MaTeMaTHYeCKOTO armapaTa ME30MEXaHHKH OCYIIe-
CTBJICHAa KOJIMUECTBEHHAs] OLIEHKAa BEJIMYHMH HaIps-
KEHUH MeXy aMOp(HBIM ITOBEPXHOCTHBIM CIIOEM H
YIOPYTOW MOIIOKKONW TOTHKPUCTAIITUIESCKOTO HHUKE-
ns [1]. B MupoBoii tutepaType KpaiiHe OrpaHHYEHbI
JAHHBIC O TaKUX BBICOKO JHCICPTHPOBAHHBIX MaTe-
puanax u ux (pU3UKO-XUMHUYECKHX cBoiicTBax. O0-
HICTIPUHATOW SIBISETCS TOYKA 3PEHUs, 4To (HOpMH-
poBaHHE HAaHOOOBEKTOB MPOUCXOAUT IPH BBICOKO-
SHEPreTU4EeCKOM BO3JEHCTBUM WJIM HMHTEHCUBHOM
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IUTACTHYECKON Ae(opMaIiuy W/ Wik paBHOKAHAIEHOM
YIJI0BOM NPECCOBAHUM B HAIPABJICHUU CBEPXY BHU3,
KOTJla B pe3yJbTaTe BHELIHEro BO3JEHCTBHA mpHU
KOHTAKTHBIX JaBiicHusx B ['Tla mmeeT mMecto ¢par-
MEHTalusl MaTrepuaia OT Makpo-, M€30-, MUKPO- 110
HaHoMacmTaba [5]. JlanHble o ¢opMHpOBaHUM Ha-
HOCTPYKTYp  TIpM  KOHTAaKTHBIX  JaBJICHUAX
~0,1-0,2x[la B TPUCYTCTBHH IOBEPXHOCTHO-
aKTHBHBIX BEIIECTB B YCJIOBHSIX HEPAaBHOBECHOU
nehopManuy KpaifHe OrpaHUYeHBL.

Lenpro HacTOsIIEH pabOTHI ABISIETCS H3yUCHHE
MEXaHM3MOB IUIaCTHYeCcKOH nedopManuu Ha pas-
JIMYHBIX CTPYKTYPHO-MAaCIITaOHBIX YPOBHSX B yCJIO-
BUSX (ha30BOM HECTaOMILHOCTH IOBEPXHOCTHOTO
CJIOSI HUKEJISl IPU TPUOOHArPYIKEHUH.

1 MeToauka 3KkcnepuMeHTa

HUccrnenoBancs MOMMKPUCTAIUIMICCKUN HUKEIh
gucToToi 99,99%. OOpa3mbl B BUIE TOHKUX TUCKOB
MOJIMPOBAIINCH DIIEKTPOJIUTHYECKHA W OT)KUTAIUCH B
Bakyyme 0,133 mlla npu 973 K. McnpiTanue Ha Tpe-
Hue mapsl Ni— Mo MpoOBOIWIOCH HA MAIMHE THIIA
AE-5 ¢ To4HOI yCTaHOBKOH IUTONIAAN KOHTAKTHPO-
BaHUS NpH yAenbHOH Harpy3ke 84 klla m nuHeHHON
ckopoctu 0,4 M/c. DICKTPOHHO-MUKPOCKOMNICCKHE
HCCIICIOBAHMS HUKEJIST OCYIISCTRBIISINCh Ha MHKPO-
cxkorie OBM-100AK u Hitachi-H800 meromom ToH-
kux ¢onbr Ha «mpocBeT». Paspemenne Hitachi-800
cocrasisier 0,2 HM. [locne wucnbiTaHus Ha TpeHHE
(oreru MOABEPTATHCH OTHOCTOPOHHEMY 3JICKTPO-
JUTHYECKOMY YTOHEHHIO C MPOTHBOMIOJIOKHOHN CTO-
POHBI OT TTOBEPXHOCTH TPEHUS, YTO TTO3BOJIMIOL HC-
CIIeZIOBaTh NPUIOBEPXHOCTHBIA 00BEM, NPHUMBI-
Kalolmuil K ToBepXHOCTU TpeHus. [Ipumenenne B
CXeMe YCTaHOBKH CTPYWHOTO MOJHPOBAHUS BBICO-
KOYYBCTBHUTEIBHOTO (DOTOAMOMHOTO. MOCTa IO3BO-
JIUJIO TIOJYYHTh MPO3PAYHBIC YIACTKH B CIIOSX Jaxe
MPY HAJTMYUHU BOJHUCTOTO penbeda MOBEPXHOCTH.

MeTtoauka mpemnapupoBaHus 00pa3IOB HUKEIS
JUIS TIPOCBEYMBAIONICH 3ICKTPOHHON MHUKPOCKOIIHH
npuBezeHa B [4].

2 Pe3yn1bTaThl'B-00CyXKICHUSA

Ha pucynke, 2.1 MOXHO BBIIEIUTH TPH Xapak-
TepHBIE 0OJaCTM (GOPMUPOBAHUA U  DBOJIOIUH
CTPYKTYpHBIX nedekroB. Obmacts I xapakrepusyer-
cst popMupoBaHHEM U SBOJIOLMEI HAaHOKPHCTAIIIH-
YEeCKUX CTPYKTYp (= 5+50 HM) ¢ BBICOKOYIJIOBOM
pa3opueHTalKell IpaHuI] siYeeK B YCIOBHUAX HEpaB-
HOBECHOW aedopManuu, KOrja B NPeIBapHTENbHO
OTOXOKEHHOM HUKEJIe NMPAaKTUYECKH OTCYTCTBYIOT Jie-
dpexrrr. TInoTHOCTH MMCITOKALHMIL cocTapmser ~ 10" ™,

HanoypoBeHp nedopmManuy sIBISETCS Hadalb-
HEIM (=0,9 KC) ypoBHeM nedopManuu, Ompese-
JSFOIIIM M€PAPXHIO PA3BUTHS CIIELYIOLMIET0 MUKPO-
YPOBHS U T. I. IO MEPE YBEIUUEHUSI BPEMEHU TpH-
OOHarpyXeHHsI U COOTBETCTBEHHO Macmrada Qop-
MHPOBAHHS CTPYKTYPHBIX JJIEMEHTOB — Ie(EKTOB B
MHOT'OYPOBHEBOH CHCTEME IUIACTHYECKOr0 TEUSHUs
HHKEJISl, YTO NOUEPKUBAET €ro 0CO0YI0 BEIYILYIO POJIb.
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Pucysox 2.1 — 3aBHCHUMOCTh KHHETUKH
CTPYKTYPHBIX U3MEHEHH TTOBEPXHOCTHOTO CIIOS
HUKEJIsI IPU TPESHUH OT moTeHImana ['mboca,
YITUPEHHs THHUK (EepPOMarHUTHOTO Pe30HaHCa
(AH) n naTencuBHOCTH M3HammMBaHusA (1)

dopMupoBaHNE HAHOCTPYKTYP IMPOUCXOIUT B
TOHKOM ITOBEPXHOCTHOM CJIO€ MpH OOJer4yéHHOM
BBIXOJIC IHICTIOKANNI Ha MOBEpXHOCTh. CyIecTBEH-
HOE€ BJIMSHHE KMHETHKH MTOBEPXHOCTHBIX IPOLIECCOB
CBS3aHO C aJCOPOIMOHHBIM OOJIETYEHUEM IIJIACTH-
4yeckoi JieopMaluy U CHUKEHHEM HPOYHOCTH I10-
BEPXHOCTHOTO cJiosi, cornmacHo 3¢ dexra I1.A. Pe-
ounnepa. Jleiicteue opranmyeckux I[TIAB, B 3TOM
ciydae, 0O0yCIIOBJICHO OOJIETYEHHEM BhIXOJA JTUCIIO-
Kalui Ha MOBEPXHOCTh BBUIY IMOHIDKCHHS ITOBEPX-
HOCTHOrO HatrspkeHus [6]. Jucnokauuu paciiernsis-
OTCS U 00pa3yrT B MONAX YIPYTUX HAMPSDKCHUHA
3aMKHYTBIE sUeiKku. MuKpoaudpakmus TOATBEp-
kKmaeT HopMHUpOBaHUE HAHOOOBEKTOB (PUCYHOK 2.2)
¢ OompmIoit (IO mecsATH TPamycoB) Pa3OPHEHTHPOB-
KOH B CMEXHBIX 007acTaX. DTa MeIKOsdenucTas Ha-
HOCTPYKTypa COCTOUT W3 JUCIOKAIIMOHHBIX KJIacTe-
POB, KBa3HMPaBHOMEPHO paclpeleiEHHBIX MO0 00BhE-
My TOBEPXHOCTHOTO cjiosi (pucyHok 2.2). bombiie-
YIJIOBBIE TPAaHULBI SBISIOTCS S(PPEKTUBHBIMU HC-
TOYHUKAMH 3€PHOTPAHUYHBIX TUCIOKanui. Beico-
KOYIJIOBas pa3OpUEHTAIUS TPaHUI] cyO3epeH 00y-
ClIaBJMBAaeT WX OapbepHYIO pPOJIb TPU JBHKCHUU
JIUCIIOKANNH, CIOCOOCTBYSI OOpa30BaHHUIO IIOCKUX
CKOTUICHHH ¥ POPMHUPOBAHUIO U3 HUX MUKPOTPEIIHH
TIPH 3aTOPMOKEHHOM CKOJIBKEHHH U CABHTE (PHCY-
HOK 2.2, CTPENIKH).

Habmogaemple HAaHOKpHUCTAIUIMYECKHE U CYyO-
MHUKPOKPUCTAIUINYECKUE (PParMeHThl MUKPOCTPYKTY-
PBI O0YCIIABIIUBAKOT BBICOKYIO CTCIICHD YIIPOYHEHUS U
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00eCTIeYnBAaIOT ONPeNeNEHHYIO IUNIACTHYHOCTh MaTe-
pHaja MOBEPXHOCTHOTO CJIOSI 32 CUET BBICOKOM MpO-
JOJDKUTENIBHOCTH MEX3EPEHHBIX I'paHMIl. 30HBI BbI-
COKOM IJIOTHOCTH JEe()EKTOB COMEpKAaT CKOILICHHUS
JIUCITOKAIIMOHHBIX METENb U JIUTOJCH C TUIOTHOCTBIO
~ 10" M2 B momsx JIEHCTBHSL TaHT€HIMUAJIBHEIX H
HOPMAJTbHBIX HAIPSDKEHUA KOOTEPATHBHOE JIBHXKE-
HHE aTOMOB CHOCOOHO 0Opa30BHIBATH BHUXPEBBIC
CTPYKTYpPHl Ha TOBEPXHOCTH METAIIOB MOJ00HO
OMHApHBIM CTPYKTYpaM, 4TO OTpaxkaeTcs Ha Qop-
MHPOBAHHUN TUCIOKAIIMOHHBIX METENh Ha MOBEPXHO-
CTH HUKEJS IIpH TpuOoHarpyxenuu [7].

AT R
0,25 MEM

Pucynok 2.2 — MHKpOCTpPYKTypa CyOMHUKPO-
¥ HAaHOKPHCTAJUINYECKUX Pa3MEpOB.
Muxkponudpakiys HAHOCTPYKTYD,
¢dopmupyronuxcs npu ¢ = 0,9 xc

M3MeHeHne NpOYHOCTHBIX CBOMCTB MOBEPXHO-
CTHOT'O CJIOSl HOCUT OCLIUIIMPYIOLIUM XapakTep (pu-
CyHOK 2.1) M compoBOXIaeTcsd, Kak €ro MHKpO-
CTPYKTYPHBIMU U3MEHCHUAMU, TAK U JIOKAJIbHBIM BO
BPEMEHHM M TIPOCTPAHCTBE JIETIECTKOBO-IIOCIOHHBIM
MEXaHM3MOM ero paspyuieHus. Pazpaborana ¢eHo-
MEHOJIOTHYECKasT MOJIEJb JIETIECTKOBO-TIOCTIOHHOTO
pa3pyIIeHus] TOBEPXHOCTHOTO CIIOsI HUKENs (Tadnu-
ma 2.1) [4], [7].

Takum 00pa3oMm, pa3paborana (HeHOMEHOJIO-
rH4YecKass MOJENb JIEIECTKOBO-MOCIOWHOTO paspy-
LIEHUs] TIOBEPXHOCTHOTO CJIOSI HUKENS MpH TpHUOO-
Harpy>xeHuu. l3yueHa CHHEpreTMka JENeCTKOBO-
HOCJIONHOTO  pa3pylIeHUs] TMOBEPXHOCTHOIO  CIIOsS
MeTaJlla BO B3aMMOCBSI3M C CaMOOpPLAHM3alMel 1o-
BEPXHOCTH M COXpaHEHHEM e€ JQJICQBEYHOCTH, T/
OTZEJIEHUE JICTIECTKa H3HAIIMBAHMUS ITOCPEICTBOM
COBEpIIEHUsT MaKCHUMaJIbHOM pAOOTHl pa3pylIeHHs
SIBIISIETCS] HEOOXOIMMBIM y.CIOBUEM CHIDKECHUSI SHEp-
run aedopManu u Qolee 3aMeANICHHOTO PAacIpo-
CTpaHEHHs pa3pyLICHUs-B Ooyiee TIyOOKHE Cllon
MaTepuana.

Oo6nactbydh Ha pucyHke 2.1 xapakrTepuzyercs
paBHOBECHOH “AepopMaIel Mpu KakKIOM ITHKIIE
N3MCHCHUA MPOYHOCTHBIX CBOICTB TOBEPXHOCTHOTO
CJIOSL HUKETS 1py TpuOOHarpyxeHuu. Jns naHHOU
oOsfacTi JIedopMalui UMEET MECTO BOJIOIMS Ha-
HOKPUCTAJUIMYECKUX CTPYKTYp B IUIACTHHYATHIE,

Ta6n1/111a 2.1 — denomMeHoOIOrNYCCKAs MOACIb JIETIECTKOBO-ITOCIIOHOIO pa3pylieHrd HOBEPXHOCTHOT'O

CJIOSI HUKEJISI IPU TPUOOHATPYKEHUH

Hano Mukpo
Mexanusm nedopmanmu | MexaHH3M Mexanmn3m nedopmanmu MexaHu3M pa3pyleHus
paspylieHus
BreicokoaucnepcHast Ha- | KBasuBszkuid \PparMeHTUPOBAHHBIN MO-  |POPMHUPOBAHUE MUKPOTPEIIUH
HOCTPYKTYPHPOBAaHHAS BEPXHOCTHBIN CJIOH 10 (xapakrepnbiii pasmep 10 HM 1o HMa-
¢aza c 6nokamu p=10"m>% merpy ¥ 100 HM 1o AIMHE) OKOJIO
~5+50 mm; p = 10" M2 CKOIUICHUN JTe()OPMAIIMOHHBIX JedeK-
TOB B [10JIOCAX CKOJIBXKEHHUS H T. .
Mexy3enbHble Oudyp- Ksasussizkuii |J{ucnokaruonnsie kiactepsl |O0beIMHEHUE HEPABHOBECHBIX BaKaH-
KaIllMOHHBIC CTPYKTYP= ¢ pazmepoMm ~ 0,1 MKM. cHii B cyOMHKPOIIOPHCTOCTS B I10-
HBIE COCTOSIHUSL. BEPXHOCTHBIX CJIOSIX.
IInactuueckas Kgasussizkuii |[Tonocossie (mactuH4arsie)|O0beIMHEHUE CYOMUKPOIIOP B MUK-
JUCTOPCUSL: CTPYKTYpsl B TOJOCaX|pOHOPBI.
HepasHoBecHbIE CKOJIBXKEHUSI. [ToBepXHOCTHBIE CABUTH ¥ 00JacTd
BaKaHCHH. Poct 3epeH (MUKpO-pEeKpHC-|paccioeHus.
Koanecuenuust HepaBHO- tamm3anusa) ot 10 HM go|PaspyimeHne CcKoJOM IO TpaHHIAM
BECHBIX BaKaHCHI. 200 HM. CYyOCTPYKTYPHI.
Hanonopsr KBasussizkmii  |OObennHeHne BakaHCHM B|JIOKaJIM30BaHHOE BO BPEMEHH OTCIIan-
MHKPOTIOPHI. BaHWE TOHYAMIIIETO TUCTIEPTUPOBAH-
TToBepXHOCTHBIE CABUTHU H[HOTO CJIOS TOJIIHUHON ~ 70 HM.
HAJIPHIBBI. JlenecTKOBO-IMOCIONHBIN MEXaHU3M.
Hanonecmomuocru KBaszussiskuit |Muxkpomnopsl mno rpanunam|Ilepuon onxoit BY ocrpmnsunu yn-
MOJIOCOBOM CyOCTPYKTYpBI. [pOYHEHHUS M pa3pyIlleHHUs [IOBEPXHO-
CTHOTO CJIOs HHKeJIs cocTaBui = 18 k¢
Hanonunonu Kgasussizkuit |['paguentHas cTpykTypa no|/IHTEHCHMBHOCTh H3HAILUBaHHUS H3Me-
riryoune 10 100 M. HsieTcst Ha opsanok ¢ 107 1o 10° kr/m
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JaMeHapHble CTPYKTYpbl, 00pa3oBaHHE IOJIOC
CKOJIb)KEHHUS, MUKPOTPELIMH, YTO NPUBOAMUT K (Bop-
MHPOBaHHI0O MHMKPO M Hayajo O0Opa30BaHMSI ME30-
ypOBHS MaciitabHo# nedopmaiuu (pucyHok 2.3).
[lo rpanumaM moOJOC CKOJIBXKEHHS HaOmoqaercs
3apoXKJeHNE MUKPOTIOp (pUCYHOK 2.3, mo3unus A) u
MUKPOTpPEIIHH (PUCYHOK 2.3, BcTaBka) [7].

0,28 nimcsd
|

Pucynok 2.3 — ®opMupoBaHUE MOJOC CKOJIBKEHUS
mpu ¢ = 4 k¢

[Ipu TpuOOHArpy>KEHHH METAJUIOB ILTACTHYC-
ckast Jedopmaniusi JOKaIM30BaHa B TOHKHX MOBEPX-
HOCTHBIX CJIOSIX. B cuiy 3Toii ocobeHHOCTd (PpHK-
IIMOHHOTO HArpy>KeHHs, a Tak ke OapbepHOW ponun
MOBEPXHOCTH ISl BBIXOJIA TUCIIOKAIMM, HAKOTUICHHE
CKpBITOI 3Hepruu aedopManuu STUMHU CIOSIMHU Oy-
JIeT MpOTEKaTh B YCIIOBHSX HMHTEHEHBHOrO aedop-
MHUPOBaHUsL. ITO 00CTOATENIBECIBO onpeneisier ¢op-
MHUPOBaHHE IHMPOKUX IOJOCN\CKOIBXKEHHUs ¢ 0OMIn-
€M IUIOCKHX CKOIUIEHHI . JIUCIIOKAIMH W IOBBIIIECH-
HOM X TIoTHOCTBIO (p =/10'® M), uT0 06yCHaBIH-
BaeT CIIOKHO-HAMPSHKEHHOE COCTOSHHE ITOAIIOBEPX-
HOCTHOTO 00BeMa, IIpEeIOTNpeneisIIonee B HEM Tpe-
MIMHOOOpa3eBaHMe U IOCIEyIollee pa3pylieHHe
[7]. B cumy MHOTOUMKIOBOH W 3HAKOIIEPEMEHHOM
nedopmanmu npu TpUOOHArPYKEHUHM, a TaK IXKe
0apbepHOH POJIM OKCHIHBIX IUIEHOK Ha MOBEPXHO-
CTH JUIS BBIXOJIa TUCIIOKAIIUN, HAKOTIJICHHE CKPBITOM
SHepruu AedopmManuy STUMH CIOSIMU OyJeT nmpore-
KaTh B YCJIIOBUSX WHTCHCHBHOTO J1e()OPMHUPOBAHUS.
310 00CTOATENBCTBO oONpenensier (popMUpOBaHHE
IIMPOKUX TOJOC CKONBKEHUS C OOMIHEM IIIOCKUX
CKOTUICHUH JHCIOKAINHA, 9TO 00yCIaBINBACT CIOXK-
HO-HANPSDKCHHOE COCTOSIHHE TTOATIOBEPXHOCTHOTO
o0pemMa MeTajula, XapaKTepH3YIOIIyecs HaIHIHeM
YepeAyIOMMXCsl 00macTeld CKaThsl M PaCTSDKEHHS
JIOKaJM3aluel ynpyrux HanpspKeHUi BIOJb MPaHHIL
KJIMHA T0J[ YIJIOM = 56+63° K IUIOCKOCTH CKOJIBKEHHUSL.
VYBenuueHne Yucia 3aTOPMOXKEHHBIX — ILIOCKOCTEH

20

CKOJIbJKEHUSI ONpEEIsieT YBEIMUeHHe Jucia obac-
Teil CKaTUs U PacTsHKEHUsS, YTO NMPUBOAMUT K MOSIB-
JICHUIO POTAI[MOHHBIX CTPYKTYp (PpHCYHOK 2.4,
CTPEeNKM YKa3blBalOT HaNpaBJIEHHE BpallleHUs, Ine
3HaK MHHYC — 00JIacTh CXKaTHs, a 3HaK ILIIOC — 00-
JIACTh pacTshKeHus) [4].
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Pucynok 2.4 — Pacnipenenenne 3HakOB HOpMaJIbHBIX
HaIpsHKEHUH B TOJIOBHOW YaCTH ITOJIOCHI CKOJIBKCHUS:
a) n =1 (ogHa TIOJI0Ca CKOIBKEHHS);

6) 2 (1BE TIOJIOCHI CKOIIBXKCHUA);

6) n =3 (TpH TOJOCHI CKOJIBHKEHHS)

[MosiBIeHWe TIOCTIEAHUX OOYCIaBIMBACT JIO-
KaJIbHYI0 KpPUBHU3HY KpPUCTAUNIMYECKOW pEETKU
BJIOJIb YKA3aHHBIX BBIIIE PAHUI] C BHICOKUM Ipaji-
SHTOM HANpPsHKEHHH, 9TO0 00yciaaBnuBaeT GOpMHUPO-
BaHHE BBICOKOPA3BUTOrO peiibeda u roppupoBaHue
MMOBEPXHOCTHOTO cJios HUKens (pucyHok 2.5). Oc-
HOBHBIM YCJIOBHEM COBMECTHMOCTH JieopMaIivy Ha
MacIITa0HO-CTPYKTYPHBIX YPOBHSIX: HAHO-, MHKPO-,
ME30- ¥ MakKpo- SIBJISETCS BBIOJHEHHE 3aKOHA CO-
XpaHeHHUS MOMEHTa UMIyJbca [2]:
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Cmpykmypho-macumabuie ypogHu deopmayuu nOBepXHOCHHOZ0 €05 HUKEIs.

S RotJ, =0, @.1)

i=l1

rze J; — TOTOKH Je(eKTOB Ha i-M CTPYKTypHO-Maclil-
TaOHOM ypoBHe. B 3THX ycCJOBUSX B Marepuaie
KOMIICHCUPYIOTCA BCE MOMCHTHBIC HAIIPSKCHUA, U
KpUCTAJUINYECKAas pPelIeTKa COXPAaHAET CBOK TPAHC-
JSIIMOHHYIO WHBAPHAHTHOCTH. [loKa BBIMOIHSIETCS
cootHomreHue (2.1), mMatepuan SBISETCS IUIACTHY-
HBIM, TaK KaK BBIIIOJHACTCS YCIOBHE AJISI 3€pHOTpa-
HUYHOTO CKOJIbXeHHs. COBEpIIEHHO Ipyras cxema
Harpy>xKeHHs CO3JaeTCsi B IOBEPXHOCTHBIX CIIOAX
Marepuana B YCIOBHAX TpPEHUS. MOMEHTHBIE Ha-
IPSDKEHUsT B 30HAaX (PUKLHMOHHBIX KOHTAKTOB Ha
MOBEPXHOCTSIX TPEHUSI CO3JAI0T KPUBU3HY HX KpH-
cTtaundeckoit pemetku [1]. B ee mexmoy3musix
BO3HUKAIOT HOBBIE MHWHHUMYMbI MHOTI'OYaCTHYHBIX
INOTCHIHUAJIOB MCXKATOMHOI'O B3aHMO[leI>iCTBHSI n
CO3/1a€TCs BO3MOXKHOCTb PAa3BUTHUSl CTPYKTYypHOH
TypOyJIEHTHOCTH MEXaHM3MOM IUIACTHYECKOM amc-
Topcuu [8]. B cTpykType NOBEpPXHOCTHOIO CIIOS
pa3BUBAIOTCS AWHAMUYECKHE POTALMH C OOJIBIION
KOHLIEHTpalMel aTepMUYECKUX BAKaHCHM Ha y3lax
KPHUCTAJUINYECKON PELIETKH, T/ MPOoIIa IacTH4e-
ckast auctopcusa. KoanecleHIust aTepMHUUECKUX Ba-
KaHCUH 00yCIIOBIMBAET DPa3BUTHE MHKPOIOPHCTO-
CTH Ha TPaHUIAX TUHAMUYECKUX POTALUH, 00pa3o-
BaHHE MUKPOTPEHIMH ¥ (OPMUPOBAHUE YACTHILL H3-
Hoca.

budyy pkauoHHbI@ MEKY 3eNbHBIE
CTPYKTYPHBIE COCTOS HHA

DKpaHHpOBaHHE
ANEKTPOHHBIM
rasomM

Pucynox 2.5 — TpéxmepHoe n3o0paxxeHue
ACM-n300pakeHHs TOBEPXHOCTH HUKEIIS
C LIEHTPaMU MOBBIIIEHHOHN INIOTHOCTH AUCIOKALH B
BUZE TOYEK Oeroro nsera (@), reHepamus
O ypKaMOHHBIX MEXKY3€IbHBIX CTPYKTYPHBIX
COCTOSIHUHM B 30HE JIOKAJIbHOW KPUBU3HBI
KpUCTAJNTHYECKON peméTku, e AB — kimacrepsl
MOJIOKUTEIFHBIX MOHOB Ha rpaHulie 3épeH 1 u 2 (6)
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O6nactb Il Ha pucynke 1 xapakrepusyercs
HepaBHOBECHOH nedopmarnueil. [lanHas oOnactb
HaMMEHee u3ydeHa. MOXKHO MPEANOIOKUTh, YTO
BbBICOKAasA IIJIOTHOCTb ]II/ICHOKaLII/Iﬁ B JIOKAJIBHBIX 30-
Hax (~ 10" M?), B BuIE APKO BBIPAKEHHBIX TOUYEK
Oemoro 1mBera, OyAET ONPENeNATh TUHAMHUYECCKYIO
PEKPHCTAILTH3AINI0 ¢ POPMUPOBAHHEM CTPYKTYp C
BBICOKAM MOAYyJeM ympyroctd. CMEIeHHs aTOMOB
B Mapax MpH Pa3BUTHH CABHUTOBOH aedopMariim
OyZeT COMpPOBOXAATHCS INIACTUYECKOW AMCTOpCHEN
B 30HE MEXY3eNIbHbIX OU(YPKAHMOHHBIX MHHUMY-
MOB MHOTOYaCTUYHOTO IMOTEHIIMAJa, YTO BBI3BIBACT
3aBUXPEHHOCTH TUIACTUYECKOTO TeueHus [8].

Ocy1iecTBieHa KOJMYECTBEHHAs OLIEHKa TOJI-
HIMHBI Pa3pyIIaeMOro MOBEPXHOCTHOIO-CIIOSN U 3a-
BHCHUMOCTH paCIIpE/ICICHUs HANPsDKeHWI Ha WHTEp-
(belice TIOBEPXHOCTHBIN CIIOM -\ MOJUIOKKA, 00Ja-
JIAroIas ypyruMu CBOHCTBaMU,

XapakTep COnpsHKCHUSIIOBEPXHOCTHOTO CIIOS,
obmagaromero aMop(GHBIMH CBOWCTBAMH, C OCHOB-
HBIM OOBEMOM HUKCIBI~CYIIECTBEHHO 3aBHCUT OT
COOTHOILEHHSI UX MOZAYJIEeH YIPYroCTH M TOJIIUHBI
MTOBEPXHOCTHOFO, cI0sl. B omHOMEpHOM mpHOIIKe-
HUM JJI HANpPaBiieHHOW BJOJb OCU X IUIOCKOM Tpa-
HUIIBI pa3zena pacrpeeieHue Ha UHTepderice Hop-
MaJIbHbIX, (6) M KacaTelbHBIX HaNpsDKEHUH (T) Omu-
ChIBaeTes ypaBHEHUSIMH [9]:

26, . x+l, o, x+1,
G =—=sin—=", T=—=C08—=",
~2

NI NI
TZIe G — NpeeN TeKY4eCTH IIPUTrPaHIUIHOTO CIIOST; £ —
TOJIMHA TMPUTPAHUYHOTO CJIOS, HCIIBITHIBAIOIIETO
IDTACTHYECKYIO AedopMaIuio; mapamerp /. — ormpe-
ZensieTcst BepakeHueM [9]:

2 (5m)
[ =—| —+nm |t
| 2\2

Anamm3z ACM-m3o0paxenus (pucyHOK 2.5)
MTOBEPXHOCTHOTO CJIOS HHKENS IOKAa3bIBaeT, d|TO
[, =700 am, n=15. Torma TONIIMHA TPUTPAHUYHOTO
MOBEPXHOCTHOTO ¢JIosi ¢~ 70 HM M OHA COBMAJAET C
BEIIMYUHON CKHH-CIIOS, OICHHBAEMOIO METOJIOM
OMP. OueHka TOJUIMHBI PUTPAHUYHOTO CJIOS HU-
kest coctaBuia ~ 107 m, uTo Xopoo cormacyercs
C pe3yIbTaTaMH OLIEHKU TOJIIIMHBI TOBEPXHOCTHOTO
CII0s1, IPUBEJCHHBIMHA B padoTe [9].

3aki0ueHue

B pesynbrate aHannza n3o0paxeHHi METOI0M
MPOCBEYUBAIONIEH 3JIEKTPOHHONH MHUKPOCKONUU U
anexTpoHorpaguu (MUKpOAN(PPaKIHS) YCTAHOBICHO
(dbopMupoBaHUE TpH TPUOOHArPY)KEHHUH TOHKOU
CTPYKTYpbl B Buje HaHokpuctaumdeckux (HK)
6110K0B pa3MepoM =~ 5-50 HM ¢ BBICOKOYIJIOBOH pa-
3opueHTanme =~ 5-10° W BBICOKOH IIOTHOCTHIO
muacnokamuii 10'® M. HK 61oku opMupyrotcs B
yenoBwsix (¢ = 0,9 k¢, KoHTakTHOE napieHne ~ 84 klla)
HEPaBHOBECHOW jaedopMalii W HETMHEWHOW IWHA-
MHKE CTPYKTYpoOOpa3oBaHHA  IIPEIBAPUTEIEHO
OTOMOKEHHBIX 00pa3lOB HHKENs, KOTJa CKOPOCTh
YBEJIMYECHUS HAIPSHKCHUH MPEBBIAET CKOPOCTh MX
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penakcaruu. O6pa3oBaBIINecs MPH TPHOOHATPYKeE-
HUM JUCIIOKAIMKA OOJICTYEHHO BBIXOST HA MOBEPX-
HOCTb B MNPHUCYTCTBUU TMOBEPXHOCTHO-aKTUBHBIX
BEILECTB U PaCIIEIUISIOTCS ¢ GOPMHUPOBAHUEM JIUC-
JIOKAIIMOHHBIX TETENb U AUCIOKAIMOHHBIX AUIOJIEH.
OTH HaHOKPHCTAJUTMUECKHE (PParMEHTHl CTPYKTYPHI
00yCIIaBINBAIOT MOBHIIIEHNE IIPOYHOCTHBIX CBOHCTB
HIOBEPXHOCTHOTO cJosi HUuKelst. C yBeM4eHHeM Bpe-
MEHH TPUOOHArpy)KEHHSI M NPH ACHCTBHU MOBEpPX-
HOCTHO-akTHBHBIX BemectB HK cocrostHus tpaHc-
(hopMHUpYIOTCA B SYEHUCTYI0 CyOMHKPO- M MHKPO-
CTPYKTYpY, a 3aT€M B TEKCTYpY B BHIE TOHKHX XKTY-
TOB, OPUCHTUPOBAHHLIX BOJIb HAIIPABJICHUSA CKOJIb-
JKeHUs. BIojb TOHKHX JXTYTOB HAauMHAIOT (OPMHU-
poBatbcst MuKpoTpeuuHbl. Ilpemnoxkena B Buae
TabnuIBl (PEeHOMEHOJIOrnYecKasl MOAENb JIETIeCTKO-
BO-TIOCJIONHOTO Pa3pylIEHHs] MOBEPXHOCTHOTO CIIOS
HUKEJsl Ipu TpuOOHarpyxeHuu. Vzyuena cunepre-
THKA JICTIECTKOBO-TIOCIOHHOIO paspylIeHUs] I0-
BEPXHOCTHOTO CJIOSI METaJlIa.

C yBenmueHWEeM BpPEMEHH TPUOOHATPYKECHUS
KTYTBI SBOJIOLMOHUPYIOT B IOJOCHI CKOJNBXEHUS B
YCJIOBHSAX PAaBHOBECHOW Ae(GOpMAIMU NPHU KaXKIOM
IIUKJIe W3MEHEHUs NPOYHOCTHBIX CBOWCTB IIOBEpX-
HOCTHOTO cJIOSl HHKeJs. MMeer MecTo 3BOIIOIMS
HAaHOKPUCTAIIIMYECKUX CTPYKTYP B IUIACTUHYATEHIE,
JaMeHapHble CTPYKTYpbl, 0Opa3oBaHHE IOJIOC
CKOJIbKEHHUS, MUKPOTPEIMH, YTO NPUBOAMUT K (op-
MHPOBAaHHMIO MHKPO- M Hadaslo o0Opa3oBaHUs Me30-
YpOBHs MacIITaOHOH leopManyy MpH JENnecTKOBO-
TIOCIIOITHOM MEXaHU3Me pa3pyLICHHUS HOBEPXHOCTH.

DOBoumonrs MaKpOypOBHS AeopMaIii compo-
BOXJAeTCAd KOPIOPAaTUBHBIM U  COIJIACOBAHHBIM
JBIKEHHEM DJIEMEHTOB Je(QEKTHOW CTpYKTYypbl, Ha-
HO-, MUKPO- W ME30MAacCIITa0HBIX ypoBHeW Aedop-
Maluy MpU CIBUTE C OJHOBPEMEHHBIM | [TOBOPOTOM
36peH MOJMKPUCTAUINYECKOTO HUKES, UYTO OIpeie-
JSIeT  pa3BUTHE MOPHUCTOCTH,. MHOIOYPOBHEBOTO
penseda, roppupoBaHne w QOBEIUHEHHE MHKPO-
TPEIMH B MakpoTpemuHsl, M HTEHCHBHOCTh BHEII-
HEro BO3/ICHCTBUS ONPENeIeT [UIMTEINbHOCTD KA
U3MEHEHHs NPOYHOCTHBIX XapaKTePUCTUK, BEITHYH-
HY HAKOIUICHUsL/OHepruu aepopMalid M CTEICHb
(hparMeHTaIM KPUCTAITUIECKON pemeTku (eppo-
MarHUTHBIX~METAIOB U, COOTBETCTBEHHO, JIOKAJIb-
HyI0 KPUBH3HY TPaHHUILl CTPYKTYPHBIX BJIEMEHTOB.
KonuyecTBo, INIOTHOCTh M B3aUMOJEHCTBUE CTPYK-
TYPHBIX JJIEMEHTOB (HaHO- M CYOMHKpO- MOJIOC
CKOJIB)KCHUA, TOp U T. }1.) OMpeaAc/IAI0T JOMHUHU-
PYIOILYIO POJIb TOTO HIIM MHOT'O MaclTabHOTO YpOB-
HS TUIACTHYECKOM Jedopmanuy B TOT WIM HMHOU
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MOMEHT BPEMEHH KHHETHKU CTPYKTypOOOpa30BaHUs
U MEXaHU3M €ro pas3pylleHUs: B COOTBETCTBUU C MU-
HUMYMOM TIOTEHIIMAIbHOH SHEpruy B3aMMOMAEUCT-
BUs c(hOpMHUPOBABLICHCS CTPYKTYphl. TakuMm oOpa-
30M, B pabOTe IOKa3aHa 3BOJIONUS CTPYKTYpHO-
MacTaOHBIX ypOBHeW naedopMalyu, HaduHAs OT
HaHO- ¥ 3aKaHYMBasi MaKpPOYpOBHEM Je(hOpMaLH.
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