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O CTATbE AHHOTALUMA

MonydeHa: 27 HosGps 2018 T. lMpoBeaeH aHann3 cCoBpeMeHHbIX NpeacTaBeHuii o npoueccax Hakonnexus noBpexaeHni
MpuHsTa: 20 MapTa 2019 T. B MeTannax B YCIOBMSAX LMKINYECKOro HarpyxeHnus. C nosvumn CbM3VI‘-I8€K?I/I Me30MeXxaHUKu
Ony6nmkoBaa: 30 Mapra 2019 . paccmoTpeHa nocnefoBaTeflbHOCTb MEXaHU3MOB HAaKOMMEHUs MOBPEeXAeHUA B HanpasBneHwun

BO3pacTaHusi YPOBHS HanpspkeHusi. [TokasaHo, YTO 3BONOLMSA B NOBEAEHNN METanmoB peanuay-
Krnroyesble criosa: €TCsl B HanpaBfeHn BO3pacTaHUsi MacLUTabHbIX YPOBHEW OT MUKPO- K MEe30- U MakpOYPOBHIO B
COOTBETCTBMU C BudpypkaumoHHon gmarpammon. O6bsCHeHa npuyMHa, NO KOTOPOW «npepen
ycTanocTu» He siBnseTca bonee XxapaKkTepuCTUMKOW maTepuana, paHee MCnonb3oBaBLUencs Me-
XaHuKamMu NS MoAenvMpoBaHUs AOMTOBEYHOCTM U pecypca KOHCTpykuui. O6cyxaeHa npobnema
BumopanbHOro pacnpeaeneHns yCTanoCcTHON AONTOBEYHOCTM, CBSA3aHHas ¢ budypKaLnoHHbIMM
nepexoAamu OT OAHOrO MacluTabHOro ypoBHSI pa3pylueHus K Apyromy. MokasaHo, 4To mexay
MacwTabHbIMM YPOBHAMM MeTann MOXeT CyLIecTBOBaTb, OQHOBPEMEHHO peanu3ys TOT unu
MHOW cnoco® MOrmoLLeHNs SHeprum nNpu UKCMPOBaHHOM YPOBHE HanpshKEHUst C pasHOW cTene-
Hblo BepoATHOCTW. [peacTaBneH 0630p MEXaHN3MOB 3apPOXKAEHUS TPELLMH MOA, NOBEPXHOCTLIO B
obnacTn cBEPXMHOrOLMKIIOBON ycTanocTu. [poaeMoHCTpupoBaHo, YTo BeayLlas porb B HaKon-
TNIeHVN NOBPEeXAEeHWI Mo NMOBEPXHOCTBIO MeTanna n hopMupoBaHue noj NOBEpPXHOCTbIO oyara
pa3pyLUeHnsi CBs3aHbl CO COBWUIOBOW KOMMOHEHTOW AedopMauuny U CKpydvMBaHMeM maTepuana
Ha Hucxoasweln BeTBU Harpy3ku. O6o6LeHbl AaHHble 06 YCTanoCTHbIX UCMbITAHUSX aBUaLMOH-
HbIX MaTepuanoB, KOTOpble HamnpasMeHbl NPEVMYLLIECTBEHHO Ha onpederneHue «npegena ycra-
NOCTM» B COOTBETCTBMM C CyLLECTBYIOLWMM cTaHAapToM. NpoaHanuavpoBaHa 3akOHOMEPHOCTb
BMUSHNS MEXaHWYeCKMX XapakTepuCTWK MaTepuana Ha onpefensemMylo BenuuuHy «npepena
ycranoctu». BbisiBreHo, YTo Bonbluas YacTb U3 HUX OCYLLECTBNSAET HaKoMNMeHe NoBpexaeHun
BO BCEM [uana3oHe HanpshkeHWn, peannays Bce Tpy MacluTabHbIX ypoBHs aBontouun. Peanu-
3auUMs MarouMKIoBOM YCTanocTn He SBNSETCS pacyeTHbIM Crly4yaem paboTbl MHOrOCBS3aHHOM
KOHCTPYKLMM, KOrAa Me30MacLUTabHbIN YpOBEHb OTCYTCTBYET.
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NEW PARADIGMS IN METALS FATIGUE DESCRIPTION
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ARTICLE INFO ABSTRACT

Present processes of damages accumulation in metals under regular cyclic loads were ana-
lyzed. Based on the concept of physical mechanics, a sequence of damage accumulation mech-
anisms was considered in accordance with the stress level increasing. It was shown that the
evolution of metals behavior takes place in the direction from micro-, to meso-, and then mac-
roscale levels in accordance with the bifurcation diagram under consideration. It was explained
why metals mechanical characteristic called fatigue limit cannot be used for simulation of struc-
tures durability and in-service life-time. The problem of the bimodal durability distribution for dif-
ferent kinds of metals was discussed when the bifurcation transition takes place from one scale
level to another one. It was shown that in the bifurcation region metals can experience a constant
stress level but its reaction appeared in two ways with a different probability because the differ-
ence in damage accumulation belonged to the scale above and below the bifurcation region.
Mechanisms of the subsurface fatigue cracking in a very-high-cycle-fatigue regime were re-
viewed. It was demonstrated that the dominant process in damages accumulation under the met-
al surface and appearance of the subsurface cracking origin is related to sliding deformation and
material torsion during material uploading. Test data for fatigue limit determination of aviation
structural materials in accordance with the standard were reviewed. The influence of mechanical
characteristics of the fatigue limit value was analyzed. It was demonstrated that the major part of
the material realized all three scale levels during the stress level increasing from one unit to an-
other. The realization of the low-cycle-fatigue is not the computationally recommended case for
the operated complex structures when the mesoscale of metal fatigue does not exist.
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BBepeHue MalMeil peanu3yercs HEeJIMHEWHas CBS3b, OTBEUAIOIas BO3-

HHUKHOBCHHUIO B I''TaIKOM 06pa3ue OCTaTOYHBIX ,I[e(i)OpMaL[I/II/I

B cepenune XIX B. Bemtep BBen HOBOE MpeICTaBICHIE
O TIOBEJACHHH METAJUIOB B YCIOBHAX HX IHMKIHYECKOTO
HarpyxeHus [1]. Im uccrmemoBana o0nacTe HaNpsHKEHHHA
BBICOKOTO YPOBHSI IPUMEHHUTENIBHO K IIPOOJeMe OIeHKH
JIOJITOBEYHOCTH (pecypca) BajoB KOJECHBIX Tap KeJIe3HO-
JIOPO’KHBIX BaroHoB. [103TOMy HpennosKeHHBbIM BUJ UCIIbI-
TaHWH COOTBETCTBOBAJ M3rHMOy NpH BpamleHWH obpasna
KPYIJIOTO CEYEHHS, YTO OMNpenAenseT aCUMMETPHUIO ITHKIa
R = Omin/ 6max = —1. BblU1a NpoJeMOHCTPUPOBAHA BO3MOK-
HOCTH OBICTPO TIOJTy9aTh NMPU HU3KOW YAacTOTE WCIIBITAaHUH
JOCTaTOYHOE KOJIMYECTBO Pa3pyIICHHBIX 00pa3loB M Ha MX
OCHOBE XapaKTepu30BaTh IOBEICHHE MeETaula B OO0JIACTH
HanpsOKEHUHM HU3KOro ypoBHSA. B cuiny HenuHelHOCTH
yCTaHOBIICHHOW BemepoM 3aBUCHMOCTH MEXIY aMIUTHTY-
JIOW HANPSDKEHUSI Ga M KOJIMYECTBOM ITUKIIOB HATPY>KEHHS
o paspymienus oopasna Ni BBISBIECHO HACHIIICHHE yCTa-
JIOCTHOW KPHUBOHM, 4TO OBIJIO NMPHUHATO CUUTATH «IIPEIEIIOM
yCTaJoCTH (BBIHOCIMBOCTH)» MaTepHaia (puc. 1).

IIpemnoxeHHass MeTOHOJOTHS OBLTa BOCIPHHATA HE
TOJIBKO KaK METOJI IOCTPOEHHS YCTAIOCTHBIX KPUBBIX, HO U
KaK METOJOJOrHs WM MapajurMa ONUCAHUS U UCCIEeN0Ba-
HUS TIOBEICHUS] METAIJIOB IIPH ITUKINIECKOM Harpy>KeHHUH.
[TosTomy Hambosee MHTEHCHBHO CTaja HMCCIEJOBATHCS 00-
JACTh MaJIbIX JOJITOBEYHOCTEH M BBICOKMX YPOBHEH Harps-
KEHUS, YTO TTO3BOJIMIIO MIPUHTH K 3aKIFOUYEHHUIO, YTO OJHOM
YCTAJIOCTHOH KPUBOUM HE MOXET OBITh ONMHMCAH BECh auama-
30H HallpsHKeHUH. bpuia BbIieseHa 00macTh MaloOnMKIOBOM
ycranoctn (MILY), korna Mexmay HampspkeHHeM H edop-

[2]. ObxacTe MaKpOCKOIHMYECKH YIPYrOrO TOBEICHUS Me-
Taula OTHECEHa K 00JIaCTH MHOTOLMKIIOBOI YCTaloCTH
(MHLLY).

IIpenen
YCTaI0CTH

Puc. 1. Kpusas Bennepa ans ycranoctu MeTamuios,
IIOCTPOEHHAs B COOTBETCTBHUHU C JMarpaMMON PacTsKEHUS

Fig. 1. Fatigue curve for metals fatigue constructed
in accordance with the tensile diagram

Co3znlaHHbIe B pa3HbIX CTpaHaX MUpa CTaHIAPThI NOJpa-
3yMEBAIOT ONpEACTICHUE «IIpejieNia yCTAIOCTH TPH JIOCTH-
JKEHHH 00pasioM noiroBednoctd 107 muknoB Ge3 paspy-
LIEHUsS] HE3aBUCUMO OT COOTHOIICHHUS MEXAY MpelesaoM
TEKYYECTH Go2 M ONPEAETAEMbIM YPOBHEM HAIPSHKCHUS G_1,
SIBIISTFOIIIAMCST XapaKTePUCTUKON MaTepualia B BUJE «IIpejie-
Ja ycranoctu» [3].

Takum oOpa3omM, Jaxe B CaMOM YIIPOUIEHHOM BHJIE
paccMaTtpuBaemast mpoOieMa YCTaJOCTH METaJUIOB Xapak-
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TepU3yeTcs ByMs MAacCIITAaOHBIMH YPOBHSIMHM, KaXIbIH W3
KOTOPBIX OTBEYACT OAHOM u3 obnacteit MY wiu MHITY.

PasButne HOBOro HaydHoro HampasiaeHus «®Puznye-
CKasg ME30MEXaHHKa» MO3BOJIMJIO JO0Ka3aTh, 4TO 00JacTb
MHILY coOTBeTCTBYEeT ME30CKOMHUYECKOMY MACIITaOHOMY
YpOBHIO HarpyxeHust metaiuia [4, 5]. [Toatomy B cooTBeT-
CTBHH C HWepapXuei MacmTaOHBIX ypoBHE# oOxacte MIY
0TBEYACT MaKpOCKOIMYECKOMY MacITaly.

CrenoBaresbHO, B OTJIMYUE OT OJJHOMACIITA0HOTO MO
X0a K PAcCMOTPEHHIO IMIPOIIECCOB SBOJIOLIUN MeTailia
B YCIOBHAX LUKIMYECKOTO HArpyXeHUS MOTPeOOBAIOCH
BBE/ICHHE HECKOJIBKMX MaclTabHbIX ypoBHe#. [Ipuuem
BOTIPOC O CYIIECTBOBAaHHM CaMOTO HHU3KOTO, MHUKPOCKOITH-
YECKOT0 MAacIITa0HOTO YPOBHS OCTAaBAJICS OTKPBITBIM, TaK
Kak, coryiacHo mapaaurme Bemnepa, oomacte MHILY orpa-
HUYEHA CHM3Y YPOBHEM HAIPSDKCHHS, ONPEASIISIBIIUMCS
KaK «IIpe/ies YCTaIOCTH.

B 1998 r. B ITapmwxke Knox batuac cobpan cemuHap mo
mpobieMaM pa3pyIIeHHs] METAUIOB B 00J1aCTH JI0JTOBEYHO-
creil 6onee 108 HMKIOB HarpyskeHHs, KOTOpas OblIa UM
Ha3BaHa O0JIACTHIO THTAITMKIOBOW ycranoctd [6]. DTOT ce-
MUHAap Jajl CTapT HOBOMY HAay4YHOMY HalpaBlICHHIO,
B paMKax KOTOPOTO CTaJH PEryIsIpHO IPOBOIUTHCI MEXKAY-
HapoJHBIe KOH(epeHIHH, a cama 00JacTe HOBOTO IIpe.-
CTaBJeHUs] 00 YCTaJOCTH METaJUIOB Ha3BaHA CBEPXMHOIO-
uKI0Boi ycranocteio (CBMY) [7]. ®aktudecku OB BHI-
SIBICH MHKPOCKOIIMYCCKUA W HaHOPa3MEpHBI YPOBCHb B
MOBEICHUH MeTajlia, Uil KOTOPOTO XapaKTepHO BO3ZHUKHO-
BEHHE YCTAJIOCTHBIX TPEIHH I10]1 IIOBEPXHOCTHIO 00pasiia.

Bo03MOXXHOCTh TIPOBENCHHS CUCTEMATHYECKHX HCCIe-
IOBaHWN TIOBEACHHS METANIOB B YKa3aHHOW 00JacTu
OONBIINX JAONTOBEYHOCTEH 0OyCIIOBJIEHA CO3MaHUEM TPHUH-
LUINHUAJIHHO HOBOTO HCHBITATEIHFHOTO 000pYAOBaHUSA, KOTO-
poe TO3BOJISIET TIPOBOANTE HArPyKEHHE 00pa3IOB C YacTo-
toit 20 u 30 xI['1y [5]. [Ipu Takux 4acToTax WCHBITAHUS CTa-
THUCTHKA pa3pylIEHHBIX 00pa30B MOXKET OBITH MOJIyYeHa 3a
HEeOOJIBIION MPOMEXYTOK BpeMeHH (okoio 14 9) maxe mpu
nosarosednocTy 10° HUKIIOB.

Urak, nepsoe, 4To cienoBajo U3 MPOSIBICHHUS 00JacTu
CBMY, oTHOCHTCS K YCTAaHOBICHHIO TOro (akTa, HTO
«IIpeneN yCTalOoCTH) METAIJIOB B COOTBETCTBHU C TMApaiur-
Mot Bemnepa He cymecTByer [6, 7].

Bmopoe. Nepapxus MacraboB noapa3yMeBaeT BBeJle-
HHE TIPaHHIl MacIITaOHbIX YPOBHEH NP IMOCTPOCHUU MOJE-
JIe IPOTrHO3a YCTAaJOCTHOM JOITOBEUHOCTH.

Tpemve. JInHENHBIA 3aKOH CyMMMpOBAHMS MOBPEXIE-
HU# [8], ABAsIOMIMIICS OCHOBHBIM METOJIOM ONpEJEJICHUs
pecypca 3JIEMEHTOB KOHCTPYKLHM, MOXET OBITh CIIpaBei-
JUB TOJIBKO B TMpeZesax OJHOTO M TOTO K€ MAacIITaOHOTO
ypoBHs. BeIxox 3a mpenensl MacmraboB CBS3aH C M3MEHe-
HUEM MapaMeTPOB KPUBOU YCTAIOCTH, MO3TOMY OHM JOJIXK-
HBI OBITH Pa3HBIMH IPU CYMMHPOBAHHWU HOBPEKICHUH Ha
pa3HBIX MacIITaOHBIX YPOBHSX.

Haxonen, cama wmepapxusi macmraboB, COTJIACHO CH-
HepreTuke M (PU3NYECKOHl Me30MEeXaHHKE, XapaKTepu3yer
SBOJIIOIMIO B MOBEJICHUH METAJUIa B HAIpPaBICHUH BO3pac-
TaHMs, @ He YObIBaHUS MacITaOHBIX YPOBHEH, KaK IpeIo-
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xkeHo Bemnepom. JlocTmxeHne MakpOCKOIMMYECKOTO Mac-
mraba o3Ha4YaeT IMepexoJ] K HEYCTOMYMBOMY COCTOSHHIO,
KOTOpOE 3aKaHYMBaeTCA paspylieHueM. Tem Oosiee 4TO Ha
MaKpOypOBHE B METaJUIE BO3HHKAIOT HEOOpaTHMBIE MpO-
neccsl neopMHUpOBaHMs, CBSI3aHHBIE C M3MEHEHHEM €ro
¢dopmel. [TosTOMy BepHYTHCSI K MEPBOHAYAILHOMY COCTOSI-
HHUIO METaljla B YCJOBHAX HECTAI[HOHAPHOTO HArPYy>XCHUS
TIOCJIE TIPOSIBJICHUS OCTATOUHBIX JieopMalvii HEBO3MOKHO.
Jna paGotaromeil KOHCTPYKIUHU IPOSIBIEHHE OCTATOUHBIX
nedopmanuii ApnseTcs OPaKOBOYHBIM MTPU3HAKOM.

BaxHO Takke MOJYEpKHYTh, YTO CMEHa MaciTaboB
9BOJIIOIIMM HE MPOHCXOJUT TOJIBKO IPU OJHOM YpPOBHE
HanpspkeHus. JI0IKeH CyIecTBOBaTh HEKOTOPBIH HHTEPBAI
YpOBHEH HaIpsDKEHUH, B Ipenenax KOTOPBIX, COIIACHO
MPUHIUIAM CHUHEPreTUKH, pealu3yeTcsl HapylleHHe NpuH-
I[UMa OAHO3HAYHOI'O COOTBETCTBHUS, T.€. MOTYT OJHOBpE-
MEHHO CYIIECTBOBATh TOT M JPYrOH MEXaHH3MbI pa3pylie-
HUSI, KOTOPBIE PEATN3YIOTCSl C Pa3sHON J0JIell BEpOSTHOCTH
[9]. M cooTBeTCTBYET HE O/HA, & IBE MOJBI pacmpeiaesie-
HHSL yCTAJIOCTHON JTOJITOBEYHOCTH.

PaccMoTpuM 3Ty 3aKOHOMEPHOCTb.

1. BumopanbHoe pacnpegeneHue
YCTanoCcTHOW A0NIrOBEYHOCTU

BriepBrie  3aKOHOMEPHOCTH BO3HHUKHOBEHHS 00JIaCTH
nepexozia OT OHOTO BHJa pa3pyLICHUs] METalla K APYTOMY
Oputa m3ydena B.U. [1labanuHBIM IPpUMEHUTEIHHO K TPAHU-
e mexay MY u MHITY [10]. Beeneno npencrasienue o
pa3pbIBe KPUBBIX YCTAJIOCTH, YTO HE OTpakaeT (puindeckoi
CYIIHOCTH SIBJICHHS CMEHBI MacITa0OB HAKOIUICHHS IIO-
BPeXXACHUI B MeTaljle, Tak Kak B KaXJIOoW U3 oOmacteit
YCTaJOCTH Ha KaXJOM MAacIITaOHOM YpPOBHE pealn3yeTcs
CBOSI CBSI3b MEX/y YKBHBAJICHTHBIM YPOBHEM II€PEMEHHOTO
Ge HANPSDKEHUS U JONTOBEYHOCTHIO B BUIE

N, og =C. @

B coornomennn (1) mopsmok «i» COOTBETCTBYET Mac-
mTabHOMY YPOBHIO: 1 — MUKpO (MM HaHOpPa3MEpHBIN) Ypo-
BeHb, oTBevaroiuii CBMY; 2 — me3omaciiTad, oTBeuaro-
nmid MHI[Y; 3 — makpomaciitaOHbI ypOBEHb, OTBEYArO-
muid MILY.

IMonpoGHOe McciieoBaHKe ATOTO SIBJICHHS MOKa3aio, YTo
B 3aBHCHMOCTH OT BHJIa MaTepHaia 00JacTs Iepexoaa IMeeT
OTIpE/ICNICHHYI0 MIMPHHY AQwi, @ B3aMMHOE DPAaCIIOJIOKEHHE
YCTaJIOCTHBIX KPHBBIX OMpeeNnsieTcs TUnoM Metamia [11]:

— A1l THUKIUYECKH YIPOYHSIONIMXCS METaJJIOB Iepe-
xox ot obmactu MHIY k o6mactn MILY (mo mepapxuu
BO3pAcTaHMsl MacIITa0OB) IPOHMCXOIUT C BO3PACTaHHEM
JIOJITOBEUHOCTH;

— AN OUKIAYECKH  Pa3yNpOYHSIONINXCS METalIoB
MPOUCXOJUT NEPEXO] K MEHBILIUM JJOJITOBEUHOCTSIM;

— JUISl HIUKJIMYECKH CTaOMIbHBIX METaUIOB IPOUCXOIHUT
M3MEHEHHUE YIJIa HAKJIOHA YCTAJIOCTHOM KPUBOM.

C TOUYKM 3peHHs CHHEpPreTHKH BO3HHKHOBEHHE OMMO-
JTAIBHOTO  paclpelieNIeHUs] yCTaJIOCTHOW JOITOBEYHOCTH
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03HAYaeT, YTO METAIUI UCIBITHIBAET HEYCTOWIHBOCTh B CBO-
€M TOBEJICHUM TIPU NEepexojie OT OJHOTO BEAYIIEero Mexa-
HHU3Ma SBOIIONUH K apyromy [9, 12]. Bo3aukHOBeHHUE yKa-
3aHHOTO TIepexosa OO0YCIIOBIEHO CaMOOpTaHHW3aIlel B IMO-
BEJICHUM MeTalyla ¥ BBIOOPOM MM TOTO ITyTH 3BOJIIOLHH,
KOTOPBIM I03BONAET COXPAHATh YCTOHUUBOCTH CHUCTEMBI
(Meramma) B YCNOBHSX BHEHIHETO BO3ACUCTBHUS IIPH
HaMMEHBIINX 3aTpaTax SHEPTrHu.

[TockonbKy B paccMaTpuBaeMbIX 00JIaCTsIX pa3pyLeHUs
TPELIUHBl B METaljle 3apOoXJalTcCs C MOBEPXHOCTU (B IIO-
BEPXHOCTHOM CJIO€), TO COCTOSHHME 3TOTO CJIOSI OKa3bIBAET
peliaroniee BIMSHHE Ha JOJITOBEYHOCTh MaTepHaa. 3aKo-
HOMEPHOCTb MOBEJCHHS MOBEPXHOCTHOTO CJIOSI CUCTEMAaTH-
YECKH M3YYeHa B paMKaxX (PM3MUECKOH ME30MEXaHMKH, UTO
MO3BOJIMJIO BBECTH NPEACTaBICHUE O MOBEPXHOCTHOM CIIOE
KaK IIPOMEKXYTOUYHOM cpejie, uepe3 KOTOPYK MeTal ocy-
MIeCTBIIET OOMEH JPHEprueil ¢ OKpyxkaromei cpemoit [5].
C 3Tol TOYKM 3pEHHUs] METaUl IPEACTABIsIeT coO0i Ha Me-
30CKONMYECKOM MacIITaOHOM YpPOBHE UM Ha MaKpOYpPOBHE
OTKpBITYIO CHCTEMY, KOTOpasi B MIPOLIECCE CBOEH 3BOJIONNHU
(IpM MKIMYECKOM Harpy>KeHWH) HENpPEephIBHO O0OMEHHBA-
eTcs PHepruen ¢ okpyxatouied cpenoit. bonee toro, B ca-
MOM IIOBEPXHOCTHOM CJIO€ METajlJa CYIIECTBYeT HEOIHO-
POIHOCTD pacIpesieNeHls OCTaTOYHBIX HAIPSIKCHUH, Me-
Tl HACBIIIEH Ta3aMH B pe3yJbTaTe MEXaHHYeCKOH
00paboTKU MOBEPXHOCTH Ha Bo3ayxe. [103TOMy akTHBHOCTh
MIOBEPXHOCTHOTO CJIOS1 B 3HAYMTEIBHOW MeEpe OIpeAenseT
JUTUTEBHOCTD HEPHOJa 3apOXKICHUS yCTaJOCTHOW Tpelu-
HBI, 4TO HanboJjee SPKO BHIPAKEHO B YCIOBHSX arpeccHB-
HOTO (KOpPO3HMOHHOTO) BO3JCHCTBHS CpENbI. JIOITOBEY-
HOCTH CHIDKAETCSl IO MEpe BO3PACTAaHMs BOJOPOIHOTO IO-
Kazarels Cpezpl.

Wrak, cymecTBoBaHue 00JacTH Iepexosia OT Me3oMac-
mTabHOrO YPOBHSI K MakKpOCKOIIMYECKOMY MacliTady H3-
BECTHO, XOPOIIO MU3y4YEeHO, HO HE OTHECEHO K €CTECTBEHHO-
My O3BOJIOIMOHHOMY MpOILEcCy, KOTOPHIA THIIMYEH IS
CaMOOPTIaHW30BAHHOTO TIOBEJCHMUS CHHEPTeTHYECKOH CH-
CTEMBI, IPETEPIEBAIOIIECH KacKaJ HEYyCTOMYMBBIX COCTOS-
HUi. OHN, 3TH TIEpeXo/ibl, 0TBEYAIOT obxacTu Oudypkanuu.
U nockouibKy 3TOT (aKT BBISBICH, BOSHUKAET €CTECTBEHHAS
HEOOXOJIMMOCTh PAaCCMOTPEHMS IMOBEACHMUSA MeTajula B 00-
JacTH TPaHUIBl Iepexoja MO HepapxXuu MacmraboB OT
CBMY x MHILY.

B nauane BTOpo# mojoBHHBEI XX B. ObUIO MPOBEICHO
MHO)KECTBO KCIIEPUMEHTOB IO UCIIBITAHUIO OOJBIIOTO KO-
JUYecTBa 00pa3LOB U3 OJHOTO M TOTO )K€ CIIIaBa AJIS MOJTy-
YeHHS TPEACTaBICHUSI O CTaTHCTUYECKON MPHUPOJE yCTaio-
ctu Meraiios [13-19]. IlepBoe, Ha 4TO CcieayeT 0OpaTHThL
BHHMaHHE, TaK 3TO Ha BO3pacTaHue pazdOpoca Ooiiee 4eM Ha
JIBa TIOPsiIKAa B OOJIACTH HAIIPSDKEHUH OKOJIO Tak Ha3bIBae-
MOTO «IpelieNa yCTaIOCTH». JTOT (aKT WILTIOCTPUPYIOT,
Hanpumep, naHHble Ctynena [13], B3saTsle u3 ctatsu bacre-
Hepa [14] npumenuTensHO K Hepxkaseromed cramu 4340.
I[lo mepe cHmXEHHS YpPOBHSA HampsDKeHHS HaOIromaeTcs
BBIpR)XEHHOE YMEHBIIIEHHE YHCIa 00pa3loB, KOTOPBIE pas-
PYILIMINCH, ¥ HAPACTaHUE YnCiia 00pa3oB, KOTOPHIE HE pa3-
pymmnck (puc. 2). HaGmromaemblii pe3ynbTaT dKCIEpH-

MEHTa CBHJICTEIECTBYET O CMEHE MEXaHH3Ma HAKOIUICHHS
MOBPEXJEHUNH B METalJe M COCYLIECTBOBAHUU OJHOBpE-
MEHHO JBYX Pa3HBIX CIIOCOOOB HAKOIICHHS ITOBPEKICHUH
TP OTHOM (IIPOHM3BOJIBHOM) YPOBHE HANPSDKCHUS B IIpEJie-
Jlax BBIJICJICHHOTO Ha rpaduke WHTEpBana mepexona AQwi.
AHaNOrM4HBIA pE3yNbTaT MOJYYeH O3KCIIEPUMEHTAIBHO,
Hampumep, B padore [16] ans axromuHHEeBOrO cruiaBa B93.
VY JhaHHOro cIUlaBa HET BBIPAKCHHOH TOPU3OHTAIBHOU
IUIOIIA/IKK B 00JacTh «mpenena ycranocti». [loatomy pac-
cMaTprBacMble HKCIIEPUMEHTAIBHBIC JaHHBIE MIPEICTaBICHEI
KaK €CTECTBEHHOE PACCENBAHKE PE3yIbTATOB HCIIBITAHMH IS
Hccie0BaHHOrO ciiaBa. Ha camom fene, kak mokasaiu pe-
3YJIBTATHl BHITOJHEHHOTO aHAIN3a IOBEPXHOCTH H3JIOMa TP
OMMOATEHOM PACIpeNeIeHNH YCTaIOCTHON TOJITOBEYHOCTH
B obmactu MHILY [20], mwis HanpspkeHHUI OKOJO «Ipefena
YCTaJIOCTH peanu3yercst o0acTs nepexoa, Kak U B cIydae
nepexoga or MIIY k MHILY. Onnako MexaHU3M 3apox[e-
HUSI TPEIIUH C TOBEPXHOCTH COXPAHSICTCA.

Omax » MIla
Cranb 4340
500 ——————
DORCOOERERBEEED Aqn'i
450 | -] o o POLLOCOOOLOCOOD——————
400 5 o ) 3 )
107 10° 10 10 10

N, unkios

Puc. 2. DxcniepuMeHTaNbHBIE JAHHBIE 110 YCTAJIOCTHBIM UCIBITAaHUSM
00pa3uoB u3 Hepykasetomieit cramu 4340 [13]. O6macTs OUMOIATBEHOTO
pacnpezieneHus JOJIrOBEYHOCTH 0003HaueHa AQwi

Fig. 2. Experimental data on fatigue testing of 4340 stainless steel
specimens [13]. The area of the bimodal distribution is denoted
as AQui

BriepBeie moapoOHBIH aHaNIW3 paccMaTpHBAaEMOro siB-
JIieHUs! B BUje OMMOJAIbHOTO pacHpe/eNieHns] yCTaTlOCTHOM
nmonroBeyHocTH ObLT ipoBeneH T.I1. 3axapoBoit i muarna-
30Ha nojroseunocteit 107 — 5-108 nuxsos Harpyxenus [17,
18]. Bbutm BBIONHEHBI MAacCOBBIE HCHBITAHMS CIIABOB
DU961, BU437b, bpODd5-0,05, BT-9 myrem usruda c Bpa-
IIeHHeM 00pa3loB KPYIJIOro CEYeHUs, TIaJKNX U C Hajape-
30M, a TaKXXe MPOAHAIN3UPOBAHBI PE3yIbTATHl MCIIBITAHUI
Ha ycrajocTh 00pasuos nu3 cranu 35CD4 [15] n amomunme-
BhIX cmiaBoB B95 u ABT [16], npeacraBieHHble B IuTepa-
Type. [umamerp paboueil wacT THagkux 0OpasoB U C
Hazape3oM cocTtaBmwia 8,0 U 9,5 MM cooTBeTCTBEHHO. MCITbI-
TaHMs OBLIM MPOBEJCHBI Ha M3rHO C BpalleHHeM 00pa3loB
npu ckopoctr 12 000 06/mun (dactoTa 200 I'mr) Ha Gaze ux
Harpy;eHus J1o gojiroseunoctu 5-108 nuknos. Ananus pe-
3y/lbTaTOB HUCHBITAHUN MPOBOJWICS U3 MNPEATONIOKEHUS,
4TO pa3zdopOC yCTAJIOCTHON JIONTOBEYHOCTH Ha (DPMKCHPOBAH-
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HOM YPOBHE HAIIPSHKEHHS OIIpeselsieTCs He TOJIBKO pacce-
BaHHEM CBOMCTB MaTepHaa, HO M Pa3IMYHeM B IIPUPOJE UX
MOBEJCHNS, KOTOPOE XapaKTepU3yeTcsl OBYMs, a HE OIHUM
3aKOHOM pacIpeleeHusl 10JATOBEYHOCTH, KaXIblii U3 KO-
TOPBIX OmMHUChIBaeTcsi ypaBHeHueM (1) ¢ pasHbiMU K03 du-
[EHTaMHU.

OyHKIMS paclpeeleHHs YCTAIOCTHON JOJIrOBEYHOCTU
Fx(LgNy) nst o6nactu Ni < 108 nuksos 6biia npejcTasieHa
4yepe3 QyHKIUM ee paclpeAeieHus N0 TpyInam Juisl JICBOH
F1(LgNs) u mpasoit F2(LgNr) BeTBeit ycramocTHO# mosro-
BEYHOCTH C pa3HOH monell BeposTHOCTH Pi ciemyromm
obpazom [17]:

Fz(Lng):Fi |:1(Lng)+P2 Fz(Lng)- (2)

B pesymprare cTaTHCTHYECKOH OOPaOOTKH JKCIICpH-
MCHTaJIbHBIX JAaHHBIX ObUIA JI0Ka3aHa HEOOXOJMMOCTh BBE-
JIeHUs HOBOTO TPEJCTaBICHHUS O OMMOAAIBHOM paclpeje-
JICHUH YCTAJOCTHOW NOJTOBEYHOCTH OOPa3LOB B Cilydae MX
n3rnba ¢ BpalleHWeM B mpenenax 0a3bl HCIBITAHUH OKOJIO
5-10® nuxnos. BuMmonanbHOE paclpeieNeHye IIOTHOCTH
BEPOSITHOCTH JIOJTOBEYHOCTH MPHUBOIUT K JBYM YCTaJOCT-
HBIM KPHBBIM C Pa3HBIMH IOKA3aTEIIMHU CTEHECHH Mf U KOH-
cranroit Cr ypaBHenus (1). [Tokaszarens cTemeHH My Xapak-
TepU3yeT pa3Hbl HAKIOH KaXXI0M yCTaJIOCTHON KPUBOM U3
OMMOIATBHOTO PACHPENENICHHS JONTOBEYHOCTH 0 PE3YIlb-
TaTtaM WCTBITAHWH. DTH MPECTABICHHUS WLTIOCTPUPYIOT JaH-
Hble 10 criaBy OM961 Ha ypoBHe Hampspkenus 580 Mlla
(puc. 3). Pacmpenencuue Beiibyna [21] nemoHCTpupyet
OUYEBHHOE PA3IM4Me B CTATUCTUKE IO JIBYyM MEXaHH3MaMm
paspymeHus.

0025F A x

310°  10° 10 10°
Yucio LUMKIOB 10 paspylueHus, N,

Puc. 3. BepositHOCTB pazpynienus Pi ot 00pa3nos u3 ciasa
OU1691 npu Hanpsoxennu 580 MIla; kpussle P1, P2 u P12 —
JUISL KXKJJOTO PacIpeieNieH s M MOJHOTO Pacpeae/CH s
COOTBETCTBEHHO [17]

Fig. 3. The probability of destruction, Pi, for samples of EI691
alloy during 580 MPa stress; P1, P2 and P12 curves for each
distribution and total distribution, respectively [17]

BwmecTte ¢ TeM BBITOJIHEHHBIE HCCIIEI0OBAHUS TTOBEACHHUS
MeTallla MPUMEHUTENBHO K 00pa3iiaM U3 THTAaHOBOTO CILIA-
Ba BT9 mokasamu, 4to mis oO0enx BeTBel OMMOIAIBHOIO
pacupeieNe s YCTAIOCTHON JTOJTOBEYHOCTH 3apOKJIeHUE
TPEIIMH MPOUCXOAWIO ¢ TToBepxXHOCTH [20]. DTO 03Hauaer,
4TO B Npeeiax Me30CKOIMMYSCKOro MacmTaba OKOJIO Tak
Ha3bIBAEMOTO «IIpeleia YCTAIOCTH» MPOSBISETCS OUMO-
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JATbHOE PACHPENIENICHHE YCTATOCTHON IOJATOBEYHOCTH MPHU
COXpaHEHMH MECTa PaclojIOKEHHs odara paspylieHHs Ha
nmoBepxHocTH. CMeHa MacmTaboB M 00pa3oBaHHe 00JIACTH
Oudypkanuu I pa3HBIX CIOCOOOB TOTJIOMICHUS SHEPTHH
c noBepxroctu (MHILY) u nox mosepxHocthio (CBMYVY)
npu (GOpMHPOBAaHMHU oOHara pas3pylleHHs OTBEYAIOT Oosee
HHU3KOMY YPOBHIO HAIIPSKCHUH.

B cBsi3u ¢ 9THM ciieayeT 3aKIIOYHMTh, YTO B 00JIaCTH
HAaIpsDKEHUS] TaK Ha3bIBaEMOTO «IIpejiesia yCTaJoCTH» pea-
TIU3yeTcsl MYJIbTHMOJAIBHOE PACHPENEICHHE YCTATOCTHON
JIONTOBEYHOCTH: BO3MOJKHO 3apO’KACHHE TPEIIMHBI MO Pa3-
HBIM MEXaHU3MaM C Pa3HOH BEPOSITHOCTHIO C IMIOBEPXHOCTH,
U Ha TOM K€ YPOBHE HANPSIKEHUS C MaJIOH 10JEH BEpOST-
HOCTH BO3MOJKHO IIPOSIBICHHE 3apOXKICHHUS TPEIIUHBI MO
MOBEPXHOCTBIO.

PaccMoTpuMm oO0IIMe NpeNCTaBleHHA O 3apOXKICHUH
YCTAJIOCTHBIX TPEUIMH 1101 IOBEPXHOCTHIO B o0OOJacTh
CBMY Ha MUKpPOCKOIIMYECKOM WM HAHOPAa3MEPHOM Mac-
ITA0HOM YPOBHE.

2. MexaHnambl CBMY

MHOro4HCIeHHBIMH 3KCIIEPUMEHTAIBHBIMU  HCCIIE0-
BaHUsIMH MOp(dotoruu penbeda uzoma B craysx [6, 7, 22—
25], TutanoBoM [26] 1 HUKeleBOM [27] cIuiaBaX yCTaHOB-
neHo, 9to B o6mactu CBMY B ogare pa3pyIieHus mepBOHa-
4aJbHO (OPMUPYETCS MOYTH KPYroBasi MIIHM ITOJIYdJIIMITH-
yeckas 1o Qopme (poHTA TPEUIMHBI MEIKOKPUCTAIIHIC-
ckag 3oHa (MK3). B ee ouare MOXXeT HaXOJHUTHCA
BKJTIOYEHHE, KOTOPOE TPHUCYIE METAJLTy, MOXKET IPOUCXO-
JIUTH TIEPBOHAYAIBHOE pa3pyllIeHHe [0 Cylep3epHy, a Tak-
K€ BO3HHKATh CaMOCTOATENIbHOE (JOpPMHUPOBaHNE YKa3aHHOM
30HHBI [24] (puc. 4). Jlagee mpoOHCXOAUT PacHpPOCTPAHEHHE
TpeluHbl ¢ GopMHpOBaHuEM peibeda H37I0Ma, THITHYHOTO
JUISl pacIpoCTpaHEeHUs] CKBO3HBIX TpemuH. Criemyer moa-
YepKHYTh, YTO TPEIIMHA €Ille He BHIXOJUT B CBOEM pa3BHU-
THH Ha IIOBEPXHOCTh 00pa3iia, 0JIHaKo pesibed n3inoma nme-
€T XapaKTepHbIE JJIEMEHTHI peibeda, Kak U B Cllydae pac-
MPOCTPAaHEHUsI CKBO3HOM TpemHbl. M3  ckasaHHOTO
CIeIyeT, YTO PACHpOCTpaHEHUE TPEUIUHBI TOJ MOBEPXHO-
CTBIO NIPOMCXOJNT HE B «BAaKyyMe», a B JJOCTaTOYHO HAChI-
IIEHHOH Ta3aMu cpefie, KOTOpas BIMSET HAa Pealn3yeMblil
MEXaHU3M pa3pyIieHus.

Bo3HukHOBeHHE Odara pa3pylleHHs B CIy4ae BKIOYe-
HUS pacCMaTpPUBAETCs, KaK B pe3ysbTaTe cO31aBaeMoN KOH-
LEHTpalUU HANpSKEHUs, JOCTaTOYHOHN ATl BOSHUKHOBEHMUS
TpemuHbl. OnHaKo B TOM ciy4ae, koraa B neHtpe MK3
M, TeM Oosee, 0e3 Hee BO3HUKAET Tnajkas (acerka mep-
BOHAYAJIbHOTO KBAa3UCKOJA, YTO TUIUYHO AJSl TUTAHOBBIX
CIIaBOB, BOIIPOC O Iporecce ee (HopMHUpOBaHUS OKa3bIBa-
©TCsI HEOJTHO3HAYHBIM. TeM He MeHee MPeI0KEeH MEXaHU3M
HaKOIIJICHNSI TOBPEXKICHHUN B Mpeaerax paccMaTpHBaeMOU
(aceTkn Ha OCHOBE IPEACTAaBICHHUS O BUXPEOOpa3oBaHWH
BO BHYTPEHHHX 00BeMax meraiia [26].

Ha ocHoBanmMm aHanm3a pe3yiabTaTOB HCHBITAHHUN 00-
pa3loB M 3aKOHOMEPHOCTH ()OPMUPOBAHUS CHI'HAJIOB aKy-
cTHYecKol smuccuu (AD) B IMKIIE NMPUIOKEHUS HArpy3KH
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Ha CTaJUM BO3HMKHOBEHHS OYaroBBIX (paceTok ObLta pac-
CMOTpEHa CJEIyIoIas IOCIeA0BaTeIbHOCTE COOBITHI B
HAKOIUICHUH MOBPEXKICHUN MIPH CO3TaHUH 09aroBoi Qacer-
KH pa3pymuieHus (puc. 5).

[lepBOHaUaNBHO B JOKAJILHOM 00bEME METalIa Ha yaa-
JIGHUH OT TIOBEPXHOCTU PEAIN3yeTCsl THIPOCTATHYECKOe
C)KaTHE 3JIEMEHTOB CTPYKTYPHI IIPH UX CKPyYHBaHUH. biok
KpHCTaJUIOrpaMIecKuX IJIOCKOCTEH, KOTOPBIE MOTYT OBITh
Haubosiee UHTEHCUBHO NOABEPKEHBI TAKOMY BO3IEHCTBUIO
1 T BO3HHUKAIOT MOBOPOTHI 00BEMa METaJlIa, MOXET CO-
ctaBnaTh 30-50 mM. IlpuBeneHHBIC NaHHBIE CIEIYIOT U3
Ka4eCTBEHHOH OIICHKU TOJIIMHBI CJIOSl, KOTOPBIH yIanoch

20 WD=100mm  IProbe= 38pA  Date:3Jun2011  State Centre
pm EHT=2000kv  Signal A = SE1
Swage et X =51420mm  Stage oL Y = 10925 mm ag= 225K X

a

PhotoNo, = 3005 for Flights Safety
EVO 40

BBIIBUTH IO TPAaHMIE OJHON M3 OYaroBBIX ()acETOK B JNIEK-
TPOHHOM MHKpOCKoIe TpH yBenudeHuu oxono 80 000 kpar.
HmenHO B 3TOM OJIOKE pean3yeTcs MPOIECC CBEPXTEKyde-
CTH Marepuaja IPH BUXPEBBIX MOTOKAaX HAKAIUIMBAEMBIX
JedekToB B pe3yibpTaTe BOSHUKAIOIIMX ITOBOPOTOB (pHC. 5,
0). Haubonee akTHBHO 3TH NMPOLIECCHl PEATU3YIOTCSI HAa HUC-
XOAAIIEH BETBU HATPY3KH, KOTIa TP HATMIHH OCTaTOYHBIX
CKMMAIOIINUX HANPSXKEHUH B YCIOBUAX TMAPOCTaTUUECKOTO
CXKATUSL PEaM3yIOTCSl MOBOPOTHI, NMPUBOJAIIUE K IOTEpe
KOTE3MBHOW MPOYHOCTH IO OJHOW M3 KpHCTainiorpadude-
CKHX IIOCKOCTEIA.

WD =13.0 mm | Probe = 39 pA Date 5 Aug 2011 State Centre
EHT = 20.00 kV Signal A = SE1 Photo No. = 3240  for Flights Safety
Stage st X =49 257 mm  Stage at Y = 10769 mm 0g= 270K X it

D

Puc. 4. Bux penbeda M310Ma B oyarax 3aposkJeHust YCTAIOCTHOM TPEIUHBI B BBICOKOMPOYHOM CTANH TIPHU J0JITOBEYHOCTH
6onee 108 muknoB ot BKmoueHus (a) U 6e3 KaKoro-nubo KOHIEHTPAaTopa HanpskeHus (6)

Fig. 4. View of the fracture relief in the nucleation origin of a fatigue crack in the high-strength steel with a durability
of more than 108 cycles (a) from the inclusion and (b) without any stress concentrator

a

Puc. 5. ®parmenT u3noma ¢ HaganbHOI (haceTkoi paspymreHus 1 u nocinenyrommmu dacerkamu (2 1 3) pocTa TPEIIMHEI CO CXEMOH
001acTH pa3pyIIeHHs MO ACHCTBHEM CKaTHs U BpaleHus oobema 1 (a); cxema mocie1oBaTeIbHOCTH Pa3BUTHS poliecca
pasynpouHeHust 06beMa 1 3a cueT BUXPEBBIX IOTOKOB, BOSHHKAIOLIMX Ha HUCXO/UILICH BETBH LIUKIHICCKOM HArpy3kH (6)

Fig. 5. Fragment of a fracture (a) with an initial fracture facet “1” and subsequent facets (“2” and “3”) of the crack growth

with a fracture area pattern under compression and volume rotation “1”, and (b) a sequence diagram of the softening
process volume “1” due to the vortex flows arising on the downward branch of the cyclic load

OxoHYaTeIbHOE HapyUICHHE CIUIOUIHOCTH ¢ (GopmMHpo-
BaHHEM 04aroBoi (haceTku pa3pylIeHUs] Peau3yeTcs TOJIb-
KO TIOCJIe TOTO, KaK IO TpaHuIle 3Toi (haceTku cHopMupo-
Bajach 30Ha IacTuyeckoi aedopmarmu. OHa odecneynBa-

€T 3apOJK/ICHHE YCTAIOCTHOM TPEIMHBI U €€ TOCIeIyolIee
pacnpocTpaHeHHe TaKKe B YCIOBHSAX JOMHHHUPYIOILIErO
CKpPYYHBaHUS JIOKAJHHBIX 00beMOB MaTepuaina. V3 aHanmsa
(hopmupoBaHus cUrHaJIOB AD B LIUKIIE HATPYKEHHS CIIeIy-
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€T, YTO MPOLECC Pa3BUTUS TPEIIUHBI IIOJ MOBEPXHOCTHIO
MOXET OBITh peajM30BaH B YCIOBHSX CKPYYMBAHUS Kak Ha
BOCXOJSILEH, TAK M HA HUCXOJSILEN BETBU HArpy3KHU.

[Ipumenutenpao K cramwsiMm (opmupoBanne MK3 ot
BKJIFOUCHHUSI TEPBOHAYAIBHO PaccMOTpEHO B pabore [22].
Bruto mokasaHo, 4TO B cllyyae M3MEHEHMS COJEp KaHUs BO-
JI0pozia pa3Mep yKa3aHHOI 30HBI MEHSETCS — OOJIbIIE BOAO-
poxa, Goiplie pa3Mep 30HBI IPU TOM K€ YPOBHE HaIIpsiKe-
Hust. OnHako mpoOsiemMa 3aKiIoYaeTcss Kak pa3 B TOM, YTO
BOJIOPOA, XOTS OKa3bIBacT BIHMSIHHE HAa (JOPMHPOBAHUE 30-
el MK3, He MOKeT OBITh PACCMOTPEH B Ka4eCTBE OCHOBHO-
ro ¢gakropa B TNOBEICHUH MeTalla, Korna (GopMHpoBaHHE
MK3 mpoucXomuT CaMOCTOATENFHO, HE OT BKIIOYCHHS
(cm. puc. 4, 6).

I'maBHOE, YTO COOTBETCTBYET pe3ynbTaTaM HCCIEI0Ba-
Huit 30861 MK3, cocTouT B AeMOHCTpalUU CYIIECTBOBAHUS
HAaHOCTPYKTYPUPOBAHHOW 30HBI MOJ NoOBepxHOcThi0o MK3
[23]. ®opMupoBaHue HAHOCTPYKTYP SBISETCS U3BECTHBIM U
XOpOIIO M3y4YeHHBIM sBIeHUeM [28]. Hampumep, HOCHTENS-
MH KBa3UBSI3KOH MOIBI IIACTHYECKOH nedopManuy Impu
(OpMHUPOBaHNK HAaHOCTPYKTYp B Kamepe bpumkmeHa sBis-
IOTCSI HAHOJUIIONM YaCTHYHBIX IUCKIMHAIMN. B Metamme
MOTYT BO3HUKAaTh YIPYIHe COCTOSHUS C UCKPUBICHUEM KpHU-
CcTaJUIMYeCKOU peweTku B npegenax 3—10 um Ha 0,5-2°. Bol-
sIBJICHHBIE (G QeKThl (HOPMUPOBAHUS HAHOCTPYKTYP OIHCHI-
BalOTCA Ha OCHOBAaHMHU NPEIIOKECHHOM MOJIENH, COIJIACHO
KOTOPOH MepeoprueHTAIHS KPUCTAJUTMIECKON PEIIeTKH B 00-
JACTH HEKPUCTAJUIOrPa()Uueckoro COBHIA OCYIIECTBIISCTCS
IIyTeM KBa3UBS3KOIO TEUEHMs MaTepHaja MOTOKaMH HepaB-
HOBECHBIX TOYEYHBIX Ae(ekToB u3 obmactelt cxatusa «OPQ»
B obmactu pactspkeHus «ORSy» (puc. 6). Pasmep HaHOKpH-
CTaJUIOB, BBIABICHHBIX B BBICOKOIIPOYHBIX CTalsAX IOJ MO-
BEPXHOCTBIO U3JIOMa, COCTaBIJI BenMunHy MeHee 20 M [23].
KBa3uBs3knii MexaHU3M IepeOpHEHTAlN KPHUCTAIIA, KOTO-
peIit Hanboee 3h(heKTHBEH MPUMEHHUTETHFHO K HAHOOObeMaM
C pa3MepaMy HaHOKpUCTAIUIOB MeHee 10 HM [28], mo3BosieT
orcath 3(PEKTh BOZHUKHOBEHUsI HAHOCTPYKTYPHPOBAHHO-
ro obseMa B Cily4ae CBEPXMHOTOLMKIOBOH YCTAJIOCTH.
HmenHO OH OyeT fajiee KCIoJIb30BaH il onucanus 3hdhek-
Ta HAHOCTPYKTYPUPOBAHHs CyOCTPYKTYphl METajlla B odare
Ppa3pyLeHUs IPH CBEPXMHOTOLIMKIIOBOH yCTAIOCTH.

Wtak, B MCXOAHOM COCTOSIHUM OOBEMBbI MaTepuana
B 00pas3iie HaxOAATCs B yIIPYTrOM COCTOSTHUU BCECTOPOHHETO
cxatus. LluknpoBaHue MPUBOJIUT K MEPEBOJY Marepuala
Ha BOCXOJSIIEH BETBU HArpy3KU U3 COCTOSHUS BCECTOPOH-
HETO C)KaTUs K COCTOSHHUIO THIPOCTaTHYECKOTO pacTsDKe-
HUSI, TI0 O/THOM MJIM BCEM KOMIIOHEHTaM TEH30pa Harlpsike-
HUll cji. Ha HucXonsmel BeTBH Harpy3ku MaTepHal BO3-
Bpam@aercs B HCXOJHOE COCTOSIHHE THIIPOCTaTHIECKOTO
CcXaTwsl, HO B €ro 00beMax ¢ HamOOJbIIeld HEOTHOPOJIHO-
CTBIO HAaKaIUIMBAIOTCS AE(EKThl KPHCTaJUIMUECKOH perer-
KA. B yCIOBHSAX CokaTHs MaTepralia peain3yroTcs MPOIecChl
nedopmanny, CBA3aHHBIE ¢ 00Pa30BaHUEM CIIHPATICBUIHBIX
BOJIH OT 30HBI 3aKpeIuIeHHs oOpasla B ero LEeHTPaJIbHOH
yacTd. Takoe MOBeJIeHHE MEeTala aHAJOTUYHO TOMY, YTO
BBISIBJICHO B TIpezesiax 06jacTu riryOMHON 2 MKM IT0JT BJIaB-
JMBaeMbIM B HETO M I€pEeMEIIaeMbIM HHIESHTOPOM B YCIIO-
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BUAX TpeHus ckoiabxeHus [28]. I[loatomy B oOBbemax
HanOoJiee HEOTHOPOIHOTO paclpeleNieHus moyei nedop-
MAaIiH TIPH OJHOBPEMEHHOM THAPOCTATHYECKOM COKATHH H
CKPYYHMBAaHUHU MaTepHal HAaKaIUTMBaeT Ie(EeKTH B 30HE II0-
CJIEIYIOUIETO 3apOKICHUSI TPEUIUHBI 32 CUET BIUSHUS BUX-
PEBBIX MTOTOKOB JepOpMAIIUH HA (PparMEHTAIIUIO MaTepHraia
TIPH IUKJINPOBAHHUM, PAa3BUTHS B PEKUME CBEPXIUIACTUIHO-
CTH KBa3UBS3KUX MOTOKOB B CIBUTOBOM HEYCTONUYMBOM Cpe-
JIe¢ B YCJIOBHUSX CTPYKTYPHO-(Da30BBIX NpEBpamICHUN (CM.
puc. 6). Ilopoxmaemble TpH HArpy>KeHHHM MOMEHTHEIC
HaNpsDKEHUS, B3aMMOJEHCTBYIOIIME C  MOMEHTHBIMH
HaNpsDKEHUSIMUA Yy BKJTIOYEHHM, a TakKe BBICOKHE JIOKAJb-
HBIE TPAIUEHTH HANPSDKCHAN BBI3BIBAIOT KBA3UBS3KAN Me-
XaHW3M TICPEOPHCHTAIIMA HAHOCTPYKTYPHBIX 3JIEMEHTOB
(puc. 7). Ha ¢done xapakTepHOro mjisi HAaHOCTPYKTYPHBIX
COCTOSIHUM CHMKEHUS AUCIOKAIMOHHOW aKTUBHOCTH Iepe-
OpHEHTAIMsI HAHOCTPYKTYPHBIX JIIEMEHTOB OOYCIIOBJIICHA
MMOTOKaMH HEPaBHOBECHBIX TOYCUHBIX Ae(PEKTOB B Ipolecce
IBMOKEHMST JUMOJEH YaCTHYHBIX AUCKIMHAIMK. B momsax
BBICOKMX 3HAYCHHUI KPUBHU3HBI KPUCTAJUIMICCKON PEIICTKH
MOTYT 00pa30BBIBATHCS BUXPH HaHOMOJ0C [28].

Puc. 6. KBasuBsBKuii MeXaHH3M IIEPEOPUEHTAIMH TOTOKAMHU
HEPaBHOBECHBIX TOYEYHBIX NE(EKTOB B MOJIX BBICOKHMX JIOKAJIBHBIX
TPaiUEHTOB  HANpsKeHWi: a  — JTaBIICHUS
P=(cuu+o2z+033)/3 B HampaBleHHH €ro MaKCHMAJIBHOTO
rpaJiieHTa B IIOCKOCTH 3aJleranus aunons 1, Ha paccrosHusx 1 HM 2
u 3HM 3 OT OSTOH IUIOCKOCTH; 6 — cXeMa IepeOpHEHTAINN
KPUCTAJUTMYECKOH pereTkd T (y3HOHHBIMA TOTOKAMH BaKaHCHUH
B IpoLIecCe IBIDKEHHS JIUTIONS YaCTUIHBIX AUCKIMHANUH. [TnockocTs
3aJIeraHusl AUMOJIS — XZ; TUNIOCKOCTh IBIKEHHS U0 — Yz [28]

HU3MCHCHHUEC

Fig. 6. The quasi-viscous mechanism of reorientation by flows of
non-equilibrium point defects in fields of high local stress
gradients: a — change in pressure P = (c11 + 622 + 633) / 3 in the
direction of its maximum gradient in the plane of dipole (1), at
distances of 1 nm (2) and 3 nm (3) from this plane; b — the
reorientation scheme of the crystal lattice by diffusional flows of
vacancies in the process of movement of the partial disclination
dipole. Dipole plane — xz; dipole plane of movement — yz [28]

Wrak, pematomee 3HaueHWe Tpu (HOPMUPOBAHHUU
HavYaJIbHOW 30HBI Pa3pyIICHUS METaJlIa MO TOBEPXHOCTHIO
HMMEIOT LIMKJIBI CKAaTHsl, KOTOPbIe B KOHEYHOM CUETE NMPUBO-
AT K (OPMHPOBAHUIO HAHOCTPYKTYPHPOBAHHON 30HHI, IO
IpaHUIlaM KOTOPOU Pa3BUBAETCS YCTAIOCTHAS TPEIIHHA.
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HHKIIBI

6 2
7] Heo,

Puc. 7. Cxema BO3HUKHOBEHHUSI HAHOCTPYKTYPHUPOBAHHOHN 00JIaCcTH
(HCO) B 06beme MeTasuia IpH CBEPXMHOTOIIMKIIOBOH YCTAIOCTH
BOKPYT BKJIFOUCHUS

- BKJIIOUCHUE, E:\ BpaIaomuecs 00beMbl

Fig. 7. Diagram of the nanostructured region (NSO) emergence in
the metal volume with ultrahigh-cycle fatigue around the inclusion

Wuoe moHunmanue (HOPMHUPOBAHHS HAHOCTPYKTYPHPO-
BaHHOH 30HBI pacCMOTPEHO B pabote [25]. B Heil npeamno-
jaraercs, 9to (OPMHPOBAHNE HAHOCTPYKTYP MPOUCXOTUT
MOCJIEIOBATEIFHO B TIONYNHKIAX Ha HHUCXOMAAIICH BETBH
HATrPYKCHUS TIPU CXKATHHU, & HE B Pe3yJbTaTe CIOHTAHHOTO
mepexoa MeTalla B HAHOCTPYKTYPHUPOBAHHOE COCTOSHUE
B HEKOTOPOH 00JacTH, B KOTOPOW MPOM3OMIET MEePeXo
K CBEPXIUIACTUIHOMY COCTOsIHHIO. OJHAaKO Takoe MOHUMA-
HHE HE corjacyercs ¢ cuTyarmed (cMm. puc. 4, 6), Korga
B METaJUIe HeT BKIIOYCHHUS WM HAaYaIbHOHW (PaceTKH, B TOM
YHCIIie W TPU 3apOKACHUH TPEIINHBI HA TPaHUIE CTHIKA 3¢-
peH. B aToM ciydyae HeT yciaoBUH AJiA JIOKaIU3allMM KOH-
[EHTpaNWN HANpsDKeHHH, U Bo3HUKHOBeHHe MK3 00ycioB-
JICHO TOJBKO OOIMIMM HANpPsHKEHHBIM COCTOSTHUEM JIOKAIb-
HOro 00BeMa, B KOTOPOM H MPOHCXOIUT MEPEXOJ
K CBEPXIUIACTUIHOMY COCTOSIHHIO.

Takum 00pa3oM, SBONIOIHUS B MOBEJCHHHA METala BO
BCEX TpeX OOJACTSIX YCTAJOCTHOIO Pa3pyIICHUS Ha TPeX
MaCIlITa6HI)IX YPOBHAX OTJIMYACTCA paJdKaJIbHO, U OHA HE
MOJET OBITh PAcCMOTPEHA B paMKax MapaaurMbl Bemrepa.
HanpasieHne 3BOJIONHK COOTBETCTBYET IIKAlle HAIpsDKe-
HU B HAIIpaBJICHUU €T0 BO3paCTaHUsd, a HE y6I)IBaHI/IH, qTO
1 OyZIeT pacCMOTPEHO JaJee.

3. lWkana aBonouumn u macwTabHble YPOBHU
nepexona ot CBMY k MHLY

Kak y)xe moguepKuBagoch BHIIIE, Pa3BUTHE IPOIECCOB
SBOJIIOIUH B CHHEPTETUIECKUX CHCTEMAax, K KOTOPBIM OTHO-
CUTCS METall B YCIOBUSX LMKIMYECKOrO0 HArpyKeHus,
NPOUCXOJUT B HAINPABJICHUH BO3PACTAaHMs MaclITaOHBIX
ypoBHel. bosee TOro, nis NOCTPOEHHUS YHUBEPCAIbHOU
CBS3M MEXAY HANpPSKEHHEM M JIOJTOBEYHOCTHIO HEO0XO-
JUMO UMEThb B BUJY, YTO HE3aBUCUMO OT MECTA PacIooxkKe-
HUS OYara paspylieHHs IpeaeIbHOe COCTOSIHHE, CBI3aHHOE
¢ ero (OpMHPOBAHUEM, ONPENENIETCS IUIOTHOCTBIO SHEp-
run nedopmarmu [30]. BHemHee BO3IeicTBHE TOPOXKIACT
JIOKJIM3alHMIO TUIACTUUECKOH eopMalii BMECTE C YIpy-
TUMH HCKOXCHUSAMH B KPHCTAIHMYECKOW pemeTKe, YTO
B KOHEYHOM CUE€TE€ NPUBOJUT K HAPYIIECHHUIO CILIOUIHOCTH

Marepuaiga M 3apOXKICHHUIO YCTAJOCTHOW TpemuHbl. Yem
Oosiee JOKanM30BaHAa HaKalulMBaeMmasl SHEpPrHs, TeM Ipo-
JOJDKUTEIFHEE CaMO 3apOXKICHHE TPEIIUHBI O] MOBEPX-
HOCTBIO MJIM C TIOBEPXHOCTH B 3aBHCHMOCTH OT YPOBHS
BHOCcHMOW sHepruu. ClenoBaTenbHO, ITOJHOE ONHCAaHUE
npoliecca 3BOJIONUU MeTalla Ha TPEeX pPacCMaTpHBaEeMBIX
MacIITa0HBIX YPOBHAX NaeT OndypKalroHHas AHarpaMMa
[30], Ha xOTOpOIl MpeAcTaBIeH Kackaa yCTaJOCTHBIX KpH-
BBIX [0 MacIinTabdaM 3BOJIIOIHHU, a Takxke obyactu oudyp-
KaIMOHHBIX IE€PEX00B, AJS KOTOPBIX PacCMaTpPHBAETCS
OMMOMaNbHOE pACIpPEEIEHHE YCTAIOCTHON JONTOBEYHO-
ctu (puc. 8). Ha yka3anHOW anarpamMMe He NpPEICTaBICHO
OMMOMaNbHOE pACIpPEENEeHHE YCTAIOCTHON JONTOBEYHO-
CTH Ha Me30MacIiTa0HOM ypOBHE BOJH3M 0OJIAcTH Tiepe-
xoaa or CBMY x MHILY. OTo0 cBsI3aHO C TeM, UTO IjaB-
HOE NMOHUMAaHHUE IMpolecca YCTAIOCTH Ha 3TOM Juarpamme
CBSI3aHO C MepapxHel IMOCIeI0BaTeIbHOCTH MacIITaOHBIX
ypoBHE#l mpoueccoB 3Boitouuu or CBMY x MHIY
u nanee k MILY.

Puc. 8. budypranmonnas auarpamMma YCTaJOCTH METaJLUIOB

(Nf—oe), mOCTpO€HHas B COOTBETCTBHH C  JHarpaMMmoii

pacTspkeHus (Ce—€) B TEPMHHAX <«OKBUBAICHTHBI YPOBEHb

HAINpPSHKEHUs Ge» WIN IUIOTHOCTD dHeprun aedopmaruu dW/dV».

VYxa3zansl obmactu Oudypkanum AQwi IpH Tepexogax K MHKpPO-

WA HaHO- (Owi— Owz), Me30- (Ow2—Ows), U Makpo- (ows— owa)
MacITaOHBIM YPOBHSM pa3pyLICHUS

Fig. 8. Bifurcation diagram of the metals fatigue (Nf— oe) constructed

in accordance with the tension diagram (ce—¢€) in terms of the

equivalent stress level ce oOr strain energy density dW/dV. The areas

of bifurcation Aqwi are indicated during transitions to micro- or

nano- (ows — o6wz), MesSo- (owz — ows), and mMacro- (cws — ows) Scale
damage levels

3apokeHue TPEUIMH TI0J MOBEPXHOCTHIO SIBIISETCS
MepBBIM, HAUMEHEE 3HEPrOeMKHM IPOLIECCOM HAKOIICHUS
MOBPEXJICHNH, KOT/Ia METaJUI MPEeCTaBIsieT co00H JyacThud-
HO 3aMKHYTyI0 cucteMy. OOMEHHBIE MPOIECCHl C OKpYKa-
IOIIIEH Cpeioil OTCYTCTBYIOT, TaK Kak TpPEIWHA 3apOKIaeT-
sl IO/l TIOBEPXHOCTBIO, OJTHAKO MOCTYIJICHUE 3HEPTUHU IPO-
UCXOIUT B pe3yNbTaTe HArPYKeHHU MeTaia. Jlokamu3arms
MPOIIECCOB HAKOIUICHHS MOBPEKICHUH pPAacCMOTpPEHa B
HpeABIIYIIEM pa3Jiene.

Crenyromuii nepexosl Npy BO3pACTaHUM HaNpsDKEHUH
OTIpeiesIsieTcsl BO3pacTaHWEM KOHICHTpAIMK HaNpsDKeHUN

203



Shanyavskiy A.A., Soldatenkov A.P. / PNRPU Mechanics Bulletin 1 (2019) 196-207

10 TIOBEPXHOCTH, TJ€, B YaCTHOCTH, HAPACTAIOT JOKAIbHBIC
npouecchl AeopMaliy, YTO CHOCOOCTBYET TEIJIOBBIAEIE-
HUIO ¥ aKTHBH3AlMU IPOILECCOB OKMCIeHns Mmeraiia. Cra-
TUCTHYECKH ATH MPOIIECCHI TeM 0oJiee MPOSBILIOT ce0s1, 4eM
BBILIIE YPOBEHb HampspkeHus. HakoHel, MOBEpXHOCTh OKa-
3bIBaeTCs 0OJIee NHTEHCHBHO MOBPEXIAeMOW B JIOKAJIbHBIX
30HaX M YK€ BO BCEX CIyYasxX TPEUIUHBI IIPH BO3PACTAHUH
HAaIpsDKEHUS 3apOXKJAI0TCS B IOBEPXHOCTHOM CIIOE.

HaxkoHen, npubnmkeHne K Mpeeisy TeKydecTH COMpo-
BOXKIACTCS TPOSBICHHEM HAKOIUICHUS IIOBPEXKACHUI Ha
MaKPOCKOIIMYECKOM MAacIITa0HOM YPOBHE, YTO BBI3BIBACT
CO3/IlaHNEe MHOXKECTBA 30H C OCTATOYHBIMHU JedopManusimy,
a 3TO COMPOBOXKIACTCS MHOTOOYArOBBIM 3apOKACHHEM
YCTaJOCTHBIX TPEIINH.

MHoroMacmTaOHbIH MOAX0/] K aHAM3Y [TOBEACHUS Me-
TaJUla IPU NUKIMYECKOM HArpy>KeHHH PaJHMKalbHO OTIHYa-
ercst OT ogHOMacmTabHOro moxaxoma Bemrepa m maxe oT
JIByXMacITabHOro mojaxoa 0e3 yuera (hakra CyIIeCTBOBa-
HUS Me3oMacTabHoro ypoBHs. OnHa U3 Haubosee U3BeCT-
HBIX paboT, MOCBSIIEHHBIX 3TOMY ABYXMACIITA0OHOMY IO~
XOAy K aHAJIN3Y YCTaJOCTH METAJUIOB, — 3TO HCCIEeJOBaHUE
Myrpa6u [31]. B mpeacraBieHHOM MOJIXO0JE K aHAIU3Y Tie-
pexona x obmactu CBMY Ha ocHOBe mapaaurmbel Bemnepa
MMOKA3aHo, YTO ITOT MEePEeX0l MPOUCXOoAnT B obmacts MY,
MuHYsI coOcTBeHHO oOsmacte MHILY. OnHa u3 mpuynH Ta-
KOT0 MOAXO0Ja CBA3aHA C TeM, UTO B moaxojne Bemnepa u B
CTaHJAPTU30BAHHBIX HCIBITAHUSX 110 OMPEHCICHHUIO «IIpe-
JieNia yCTaJoCTH» He BBEICHBI IIPEJCTABICHHS O TOM, KaKO-
BO COOTHOIIEHHE MEX]y BEJIMYMHOW G_1 M IPENEIIOM TeKy-
4ecTH MaTepuaia Goo. JDTO MOTPeOOBAIIO TPOBEICHUS aHa-
JU3a PE3YNTaTOB YCTAIOCTHBIX HCIBITAHUN DPa3IMIHBIX
aBUALIMOHHBIX CTaJel U CIUIABOB, KOTOPHIC ObLIM BBINOJIHE-
HBI C UCIIOJIb30BaHUEM cripaBouHuka BUAM [32].

Oxa3zanoch, 4TO MOJABIIIONICEe YHCIO CIUIABOB Ha OC-
mose Fe, Al, Mg, Ti, Cu, Ni HMEIOT COOTHOIICHHUEC
6.1/ 0602 <1 (puc. 9). D10 03HAYAET, YTO JUIS MOAABJISIOIIE-
ro OONBIIMHCTBA CILIABOB ME30MACIITAOHBIA YPOBEHbB, OT-
Beuaronuii obmactu MHILY, cymectByeT u peanusyercs
B KOHCTpYKLMsX. [lo Mepe yBenuueHHs COOTHOLICHUS
6.1/ 602 Me30MacHITaOHBI YpOBEHb OTBEYAET BCE MEHb-
oieMy WHTepBaly HampspkeHuid. Hakoner, HeOOJbIIOE YHC-
JIO CIUIABOB, HE MCHOJIb3YEMBIX B CHJIOBBIX U HECYLIMX 3JIe-
MEHTaX KOHCTPYKIMH, MOTYT HCIIBITBIBATH OCTaTOYHYIO
nedopmarnuio, uMest CooTHomeHue 61 / 6o > 1.

B pamkax mepexoma oT mapagurmsl Bemnepa, paccmar-
pHUBaBIIEH SBONIOIHUIO B MOBEJICHUH METajyla B HampaBie-
HHUM YMEHBIICHUS YPOBHS HAIPSDKEHHs, K HOBOMY ITOHUMa-
HHUIO 3BOJIIOIMM MeTajla KaK CHHEPreTH4YeCKOW CHUCTEMBI
ObUTa PaCCMOTpPEHA CIEXYIONasi CUTYalus C MePEeX00M OT
CBMY x MHILY, nanee xk MILY (puc. 10). IIpencrarien-
Hasl TMarpaMMa yYMTBIBaeT TPEXMacIITaOHBIH YPOBEHb pa3-
JUYUHA B NOBEICHUH METaJlla NPU HUKINYECKOM Harpyixe-
HUHM ¥ PacCMaTPUBAET SBOJIIOLHIO IO IIKajie BO3pPaCTAroIIe-
IO HampsDKEHHs C Y4YeTOM 3aBHCHMOCTH, ITOKa3aHHOMN
Ha puc. 9.
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Puc. 9. 3aBHCUMOCTH COOTHOIIEHHS G-1 / G0,2 OT 60,2, TOCTPOEHHAS
JUTsl aBHAL[MOHHBIX MaTepuaioB Ha ocHoBe Fe, Al, Mg, Ti, Cu
u Ni [31]

Fig. 9. Dependence of the ratio o-1/6c02 0On ooz, constructed
according to the data from the reference book [31] for aviation
materials based on Fe, Al, Mg, Ti, Cu and Ni
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Puc. 10. [lparpaMMBbl yCTaJIOCTH METAJUIOB € 00IacTsIMK OndypKamn
AQui, TOCTpOEHHBIE B COOTBETCTBUH C MapagurMoi Bemnepa s
CHUTYAIIUH, pPACCMOTPeHHON Myrpabwu, kormna o-1/ 602 = 1,

B 001eM ciydae, korga 6-1/ 602 < 1

Fig. 10. Metal fatigue diagrams with Aqwi bifurcation domains

constructed in accordance with the Weller’s paradigm for the

situation considered by Mughrabi, when 6.1/c02=1 and in the
general case, when -1/ c02<1

Ilpu Bo3pacTaHMM COOTHOIIEHUS G-1/Gp2 y MeTaia
YMEHBIIAETCS WHTEPBANl HANPSHKEHUH, B KOTOPOM MOXKET
OpITh peamm3oBaHa obOmacte MHILY, korma mpormecchr
HAKOIUICHUsI TIOBPEXKJIEHUN JTOKAJIM30BaHbI B MOBEPXHOCT-
HOM cioe. [lpu JOCTH)KEHMH Yy MeTajyla COOTHOIICHHS
6.1/ 602 = 1 IPOUCXOUT «BBIPOKACHHE)» ME3OCKOTTUIECKO-
ro MaciTabHOro ypoBHs U nepexosa or CBMY peanuzyercs
HenocpeAcTBeHHO kK obmactm MILY. O6nacte MHITY
HAXOIUTCSI BHYTPH OOJIACTH TIEpeXo/a, W €€ MpPOSBICHUC
XapaKTepU3yeTcss MYJbTUMOJAIbHBIM  paclpeeeHueM
YCTIOCTHON TONTOBeYHOCTH [31].

BbiBOoAabI

1. Pa3zButne mporiecca yCTaIoCTH METAJIOB POUCXOJHUT
B HAIPABJICHUU YBEIIMYCHUS YPOBHS MEPEMEHHOTO HATIPsDKE-
HUSL U peallu3yercsl IMOCeNI0BaTeIbHO HAa MHUKPOCKOIIMYE-
CKOM, ME30CKOTMYECKOM M MAaKpOCKOIHUYECKOM MacliTad-
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HBIX YPOBHSIX, YTO COOTBETCTBYET O0JIACTH CBEPXMHOTOIUK-
JIOBOW, MHOTOLIMKJIOBOM U MaJIOLIMKJIOBOU YCTAJIOCTH.

2. I'parnIsr MacmTaboB IMPEACTABIIIOT CO00# obmacTu
nepexoza OT OHOTO crloco0a MOTJIOIIEHNST SHEPTUH K ApY-
TrOMy B HEKOTOPOM HHTEpBaJiC€ HANPsDKEHWH, BHYTPH KOTO-
poro peannsyercs OMMOAAIBHOE pacIpeneIeHHE YyCTaIoCT-
HOH JONTOBEYHOCTH C Pa3HOM BEPOATHOCTBIO JUIS OIHOTO
U3 JIByX MEXaHW3MOB HaKOIUJICHUS MOBPEXICHUH npu (uk-
CHPOBAaHHOM YPOBHE HAIIPSKECHHSL.

3. «llpenmen ycramocTu» MeTaula Kak €ro XapakTepH-
CTHKa OoJyiee HE CYIIECTBYET. JTO OJHO M3 HaNpsOKEHHH,
COOTBETCTBYIOIINX 00NacTH OuypKamuy, KOTopas MOXKET
ObITh peajn30BaHa B 3aBUCHMOCTH OT COOTHOLICHUS
0.1/ 602 b0 npu mepexoge or CBMY k MHILY, nu6o
npu nepexone ot CBMY k MITY.
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4. TlocTpoeHre MojeNieil HaKOTUICHUS TIOBPEKACHUI
Ha OCHOBe KpuBOH Bemiepa B ogHoMacmTabHOW mapa-
JUTME HEKOPPEKTHO, TaK KaK B YCJIOBHUSAX HECTAlMOHAP-
HOTO HAarpyXeHHs HEoOXOAWMO IS KakKIOTO MacmTad-
HOT'O YPOBHS HCIIOJIB30BaTh CBOM KO3((ULIMEHTHI ypaB-
HeHus (1).

5. Mcnionp30BaHKe 3BOIOIIMOHHOIO MOAX0/1a B aHAJIN3E
MPOSIBIICHUS Pa3HBIX 30H HAKOIJICHUS MOBPEXJICHUH Me-
TalioM noxa nosepxHocThio (CBMY) u Ha moBepxHOCTH
(MHITY wm MIIY) no3BOJSACT 3aKIIOYHTh, YTO HMEHHO
B obmactt CBMYVY Metamn mposiBIsieT CBOE€ CBOWCTBO CO-
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