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3ajgaya o0 KpaeBoM AMCJIOKAIUN, Oeryuieid ¢ TPAHC3BYKOBOH CKOPOCTbIO
B.M. Camosckuii, O.B. CagoBckas

WnctutyT BeraucaurensHoro Mopenuposanust CO PAH, Kpacuospck, 660036 Poccnst

B kauecTBe Mopenu CIOBMIOBOrO pa3pblBa B 3€MHOH KOpe Ha INIyOMHaX CEHCMHYECKOW aKTHBHOCTH,
pacTymiero co CKOPOCTBIO B AHWANa30HE MEXIy CKOPOCTSAMH IIOTIEPEYHBIX M MIPOJOIBHBIX YIPYTHUX BOJH,
paccMaTpuBaeTcs KpaeBas AUCIOKaus Bompreppa, ABmKymIascs B Oe3rpaHIYHONW M30TPOMHON YHpyroi cpeze
Mo JIEHCTBUEM TIPEIBAPUTEILHBIX KAaCaTeNbHBIX HANpsOKeHWH. B mpuOMmKeHUW TUTOCKOW medopMamnun
YpaBHEHHsI CTAIMOHAPHOTO ABIKEHHS CPEAbI BOKPYT IUCIIOKAIIMH MPUBOIATCA K AJUIUIITHKO-THIEPOOINIECKO
CHCTEME ypaBHEHHUH JJISI CKOPOCTEH W HANPSIKCHUH, KOTOpask HHTETPUPYETCS C MPUMEHEHHEM aHAINTHIECKUX
(GyHKIAH KOMIUIEKCHOM TepeMeHHOH W MeToAa XapakTepucTWk. C NOMOINBI0 MHBAPHMAHTHOTO J-MHTErpasa
MOJyYeHa OIleHKa PHEPruM Je(opMalMOHHBIX MPOLIECCOB, BBIACISEMON NP NPOABHKEHUM JTUCIOKAIMU Ha
CANHUYIHOC PpacCTOAHUEC, B 3aBUCUMOCTH OT CKOPOCTH, BCJIMYMHBI KaCaTCIbHOI'O HaIPsOKCHUSA Ha
0ECKOHEUHOCTH, JAJIMHBI Beepa, MPUMBIKAIOIIET0 K BEPIIMHE, U OT XapaKkTepa pacrpe/eiieHus: Bekropa broprepca
B Beepe.

Kniouesvie cnosa: ciBUTOBBIN pa3phIB, CTAIIMOHAPHOE IBIDKEHHE, KpaeBas JUcIoKauus, ypaBHeHus Ko —
Pumana, puMaHOBE HHBapHUaHTHI, HHBAPUAHTHBIH HHTETPa

Transonic Edge Dislocation Problem

V.M. Sadovskii, O.V. Sadovskaya
Institute of Computational Modelling SB RAS, Krasnoyarsk, 660036 Russia

A Volterra edge dislocation moving in the infinite isotropic elastic medium under preliminary shear stresses
is considered as a model of a fault in the Earth’s crust formed at seismic depths and propagating at velocities in
the range between the transverse and longitudinal elastic wave veloc-ities. In the plane strain approximation, the
equations of stationary motion of the medium around a dislocation are reduced to an elliptic-hyperbolic system
of equations for velocities and stresses, which is integrated using analytical functions of a complex variable and
the method of character-istics. The invariant J-integral is used to estimate the deformation energy released during
the dis-location motion depending on the velocity, shear stress at infinity, length of a fan adjacent to the
dislocation vertex, and Burgers vector distribution in the fan.

Keywords: fault, stationary motion, edge dislocation, Cauchy—Riemann equations, Riemannian invariants,
invariant integral
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BoruucianrejbHass Me30MeXaHUKA MaTepHuaJoB HA IIPUMEPE aIAUTUBHO
H3Ir0TOBJICHHOI'0 3 BTCKTHICCKOI'0 AJJIOMUHHEBO-KPEMHUEBOI'0 CILJIaBa

P.P. BaJ'IOXOHOBl'Z*, B.A. POMaHOBal’Z, A.B. 3emstHos?,
.. raTI/IHTYJIJII/IHal'Z, A.P. I_HyrypOBl'a, .P. UBamros™?,
B.P. BaJ'IOXOHOBl’Z, A.C. KyJ‘IBKOBl, E.M. I{LIMHI/Iql

Y Hnemumym gusuxu npounocmu u mamepuanosedenus CO PAH, Tomck, 634055 Poccus
2 Tomcxuii 2ocyoapemeennviti yuusepcumenm, Tomck, 634050 Poccus
3 Tomckuii norumexnuyeckuii yrugepcumem, Tomck, 634050 Poccus

B pabote 4yKCICHHO UCCIEAYIOTCS 0COOCHHOCTH NeOpMHUPOBaHHS U Pa3pyILEHUs] IBTEKTHYECKOTO CILIaBa
AlSil2, M3rOTOBIEHHOTO 3JEKTPOHHO-TYYEBBIM AIUTHBHBIM IUIABJICHHEM MPOBOJIOKA. Peann3oBaH MOAXO.
«CBEPXY-BHH3» ISl YUCICHHO-OKCIIEPUMEHTAJIBHOTO OMPECTCHHUS JIOKAJIBHBIX MJIACTHYECKUX U MPOYHOCTHBIX
cBolicTB MatepuaioB. CTpyKTypa CIIaBa Ha pa3HbIX MacuITabdax MCCIIeI0BaHa IKCIEPUMEHTAIBHO C MOMOIIBIO
onTHyYeckoit Mukpockonuu. [IpoBeeHbl MEXaHUYECKHE UCTIBITAHUS HA PACTSHKEHHE U HAaHOMHCHTHpoBaHue. Ha
OCHOBE 3KCIICPUMCHTAJBHBIX JAHHBIX CO3JIaHbl KOHECYHO-3JICMCHTHBIC MOJCIH CIOMCTONH CTPYKTYphI Ha
MakpOypoBHE H JCHIAPUTHBIX CTPYKTYp Ha ME30ypOBHE. AHAIHM3 «CBEPXY-BHH3» MpPEIIOJIaract
MOCJICIOBATEIEHOEC YHCICHHOE MOJICTUPOBAHUE HAa MAaKpO- M ME30YPOBHSX JJIsl M3BJICUCHHUS MEXaHHUCCKUX
CBOWCTB aJIIOMUHMS B JICHIPUTAX M MaTepUasia 3BTCKTUYECKOTr0 Kapkaca. Ha MakpoypoBHE ¢ HCIOJIb30BaHUEM
9KCIIEPUMEHTAIILHOM KPUBOI T€UEHHs U JaHHBIX HAHOWHJICHTUPOBAHUS ONPEEISIOTCS (YHKIUH YIIPOUHEHUS U
npeaenpHbie AedopMaIyu Ui MATCPUATIOB CJI0S U IPOCIONWKH MYyTEM YHUCIICHHOTO MOJICIIUPOBAHMS PACTKCHUS
CIIOUCTOM CTPYKTYphI. TloydeHHbIe CBOWCTBA CJIOS U JITAaHHbIE HAHOMHJICHTUPOBAHMUS 3aTE€M HCIIOJB3YIOTCS IS
OTpEe/IeTICHUs] CBOMCTB aJIOMUHHS B JCHAPUTAX W MaTepHalia IBTCKTUKH HPH MOACIMPOBAHUU PACTIKCHUS
JCHIPUTHOU CTPYKTYPbl B ME30CKOMHUYECKOM Maciitabe. M3BIeYeHHbIE IMJIACTHYECKUE M IMPOYHOCTHBIE
XapaKTEPUCTHUKU AOMHUHUS M MaTepHaa dBTEKTUKH MPUMEHSIOTCS [Tl YHCICHHOTO U3y4YeHUsT HEOTHOPOAHOTO
TUIACTUYECKOTO TEUCHUSI U PACTPECKUBAHUS IEHAPUTHOW CTPYKTYPBI C MPOCIONKOH, comepsKaiieii MUKPOHHbIC
YacCcTUILbl KPDEMHUA.



Kniouesvie cnosa. BbIMWCINTENBHAS ME30MEXaHHWKA, MHOTOYPOBHEBOE MOJCIHPOBAaHUE, AaIIWTHBHOE
MIPOU3BOJICTBO ATFOMHHUEBO-KPEMHHUEBBIE CIIIABHI, IDTACTHYECKas AedopManus, pa3pylieHne

Computational Mesomechanics of Materials Using the Example of
Additively Manufactured Eutectic
Aluminum-Silicon Alloy

R.R. Balokhonov!?*, V.A. Romanoval?, A.V. Zemlianov!,
D.D. Gatiyatullina*?, A.R. Shugurov'?, I.R. Ivashov?,
V.R. Balokhonov'?, A.S. Kulkov', E.M. Dymnich?

! Institute of Strength Physics and Materials Science, Siberian Branch, Russian Academy of Sciences, Tomsk, 634055 Russia
2 National Research Tomsk State University, Tomsk, 634050 Russia
% National Research Tomsk Polytechnic University, Tomsk, 634050 Russia

The study numerically investigates the deformation and fracture of the eutectic alloy AlSil2 pro-duced by
wire-feed electron beam additive manufacturing. A "top-down" approach is implement-ed for the numerical-
experimental determination of local plastic and strength properties of mate-rials. The alloy's microstructure of
different scales is experimentally examined using optical mi-croscopy. Mechanical uniaxial tensile and
nanoindentation tests are performed. Based on the ex-perimental data, the finite element models of the layered
structure at the macrolevel and dendritic structure at the mesolevel are created. The "top-down" analysis involves
sequential numerical simulations at the macro- and meso-levels to extract the mechanical properties of the
aluminum in the eutectic material and dendrites. With the use of the experimental flow curve and
nanoindentation data at the macrolevel, the hardening functions and ultimate strains for the layer and interlayer
materials are determined by numerically simulating the layered structure tension. The layer properties obtained
and nanoindentation data are then used to derive the properties of the aluminum in the eutectic material and
dendrites by simulating the dendritic structure tension at the mesoscopic scale. The derived plastic and strength
characteristics of the aluminum and the eutectic material are applied to numerically analyze the heterogeneous
plastic flow and cracking in the dendritic structure with an interlayer containing micron-sized silicon particles.

Keywords: computational mesomechanics, multiscale modeling, additive manufacturing, aluminum-silicon
alloys, plastic deformation, fracture
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Hepapxusi MexaHM3MOB yYCTAJ0CTH METAJJIOB € NO3UIUIT «PU3NYeCKOH

ME30MEXaHUKH»

AA. maHHBCKHﬁl'Z*, ATl COJ‘II[aTeHKOBl’Z, AL Huxurun®

"MucTuTyT aBToMaTH3aImuu npoekTuposanus PAH, Mocksa, 123056 Poccus
2 Asuapeructp Poccun, MockoBckas o6iactb, 141426 Poceust

PaccMoTpeHbl MeXaHU3MBI 3apOXKACHHUS M PACHPOCTPAHEHHs YCTAIOCTHBIX TPEIIMH B METajulaX Ha OCHOBE
npexactaBineHuit  Pusnyeckoil MezoMmexaHwku. IlpencraBieHa SBOJIONMS B IIOBEJCHMM METAJUIOB 110
HalpaBJCHUIO BO3pacTaHWsl MaclITaOHBIX YPOBHEH S5BOJIOIMH B COOTBETCTBHM C BO3PAacCTaHHEM YPOBHS
SKBUBAJICHTHOTO NMKIMYECKOTO HANPSDKEHHWS WIM IUIOTHOCTH SHepruu aedopmaruu. [IpoanamusupoBaHbl U
NPOWUTIOCTPUPOBAHEl  pa3iMyusi B IpoLeccax HAKOIUICHHS MAe(PEKTOB B IOBEPXHOCTHOM CIOE M IIOJ
MOBEPXHOCTHIO HA TPEX MACIITAOHBIX YPOBHSAX, OTBEYAIOIIMX CBEPXMHOTOLMKIOBOH, MHOTOLMKIOBOH H
MaJIOIIMKJIOBOH YCTaJOCTH COOTBETCTBEHHO. [I0Ka3aHBI MEXaHW3MBI 3apOXKACHHS TPELIMH MOJ IOBEPXHOCTHIO
Marepuana, MpUBOAAIINEe K (OPMHPOBAHHIO OYaroB B BHIE INagKOil (aceTKy MM MEIKOKPHUCTAJUTMYECKON
30HBL. O0a oyara (OpMHUPYIOTCS B YCIIOBHSIX BHXPEBBIX ITOTOKOB IUTacTHUecKoi aedopmarmu. OOCYXIEHO H
OPOMUIIOCTPUPOBAHO pa3nuyue B (OPMHUPOBAHUM OYAroB 3apPOXKACHUS TPEIIUH HAa ME30CKOIHUYECKOM U
MaKpOCKOIIMYECKOM MaclITaOHOM ypoBHe. PaccMOTpeHbl OCOOEHHOCTH pa3pyLIeHHs] BSI3KUX METaUIOB B
o0macTy  yIbTPaMaJOLMKIOBOM YCTaJOCTH, SBIAIOIIEHCS MEpexoJoM OT YCTaJOCTH K MOHOTOHHOMY
pacTsDKEHHIO MaTepuasa.

Kniouesvie cnoea: ycranocts, MacmTaOHble YPOBHH, CKOJBKECHHE, AUCIOKALUM, YCTAJIOCTHBIC OOPO3ZKH,
(aceTka, HAHOCTPYKTYpa, pOTAIIMOHHASE MOJIa Ae(OPMAIHH U Pa3pyIICHHs

Hierarchy of the Metal Fatigue Mechanisms Based on The Physical
Mesomechanics Methodology

A.A. Shanyavskiy™?, A.P. Soldatenkov'?, A.D. Nikitin*

! Institute for Computer Aided Desigh RAS, Moscow, 123056 Russia
2 Aviation Register for the Russian Federation, Moscow region, 141426 Russia

Mechanisms of fatigue crack nucleation and propagation in metals are considered on the basis of the physical
mesomechanics methodology. Evolution in the metal behavior is presented in the direction of increasing scale
levels of evolution with growing cyclic equivalent stress or strain energy density. Differences in damage
accumulation in the surface layer and internal volume on the three scales corresponding to very high-cycle, high-
cycle and low-cycle fatigue regions are analyzed. The subsurface crack initiation mechanisms leading to origins
in the form of a smooth facet or fine-granular area are shown. Both types of origins are created under vortex flow
of plastic deformation. Differences in the fatigue crack nucleation on the meso- and macroscales are discussed
and illustrated. Fracture features of ductile metals in the ultra-low-cycle fatigue region, which is a transition
region from cyclic to monotonic static loading conditions, are considered.

Keywords: fatigue, scale levels, sliding, dislocations, fatigue striations, facet, nanostructure, rotational mode
of deformation and fracture
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Pa3zBuTHe TPpEIUH NPU U30TEPMUYECKON U TEPMOMEXAHUYECKOMN YCTAJIOCTH
U JOMHHHUPYIOLINE MEXaHU3MbI Pa3pylICHUs B }KapONPOYHOM CIJIaBe

*
B.H. [LInsHuuKoB* , AA. [LIansBCKMiA®

Y Uncmumym snepeemuxu u nepcnexmuenix mexuonozuii ®HL] “Kasanckuii nayunsiii yenmp Poccuiickoii akademuu nayx”, Kazanw,
420111 Poccus
2 Asuayuonnwiii pezucmp Poccutickoii @edepayuu, Asponopm Llepevemveso-1,
Xumwu, 141426 Poccus

B nmamHo#t pabote mpencTaBiieH aHAJNN3 CKOPOCTH POCTa TPEIIMH W OICHKA MEXaHW3MOB pa3pyIlIeHUs s
9KCIEPUMEHTANBHBIX MaHHBIX 110 M30TEPMHYECKOW M HEM30TEPMHUYECKOH ycTamocTd. Pe3ymbTaTsl MCIBITAaHUNA



MOJIy4eHbl B auana3oHe temmepatyp 400-650°C mis yciaoBHWH TapMOHUYECKOW YCTAJIOCTH, B3aUMOJCHCTBUS
MONM3YYeCTH WM yCTAJIOCTH, CHH(pA3HOTO ¥  HECHMH(A3HOTO  TEPMOMEXaHHYECKOTO  IHUKIMYECKOTO
nepopmupoBanus. OOBEKTOM HCCIEIOBAHWN BBICTYNAJ >KapONpPOYHBIA CIDIaB HAa OcHOBe HuKkens DM698.
OO0pasIsl mociie MCIBITAaHUH TTOABEPTAINCH MOIPOOHOMY (pakTorpapuuecKoMy aHaIH3y C HCIOIb30BaHUEM
CKaHUPYIOMIEH AIEKTPOHHON MHUKPOCKOTINH. BBITIO 00HApYKEHO, YTO C TOUKH 3PEHHs YCKOPEHUS pOCTa TPEIIHH
IUArpaMMBl  YCTAJIOCTHOTO pa3pyIICHHs] pAclojiaraloTCs B CICOYIOMEM TIOPSAAKE: HM30TEePMUYECKOE
B3aMMOJICHICTBHE TOJ3YyYECTH U YCTAJIOCTH, HEU30TEpPMUYCCKas CHH(a3Has TEpPMOMEXaHHYECKas YCTaJIoCTh,
M30TePMHUYCCKAsl YUCTas YCTAIOCTh WM HEH30TEpMUYECKas HecHH(a3Has TePMOMEXaHUYECKas YCTaloCTb.
Pacnionoxxenue KPUBBIX CKOpOCTH pocTa TPpCIIH IIOCTAaBJICHO B COOTBECTCTBHEC JOMUHHUPYIOIIUM
MEKKPUCTAJUIMTHOMY U TPAHCKPUCTAUIMTHOMY MCEXaHHU3MaM paspylieHuss U YCTAaHOBJICHBI OCO6€HHOCTI/I ux
HU3MEHEHHUH.

Kniouesvie crosa: TepMOMexaHWYECKas YCTaJIOCTh, CKOPOCTh POCTA TPEIIUH, TOMHHUPYIOMIAE MEXaHU3MBI
pa3pyIeHHs, KapOIPOYHBINA CIIaB

Crack Growth under Isothermal and Thermomechanical Fatigue and
Dominant Failure Mechanisms in Heat-Resistant Alloy

V.N. Shlyannikov', A.A. Shanyavskiy?

! Institute of Power Engineering and Advanced Technologies,
FRC Kazan Scientific Center of Russian Academy of Sciences, 420111 Russia
2 Aviation Register for the Russian Federation, Airport Sheremetievo-1,
Moscow region, 4 Chimkinskiy State, 141426 Russia

This study presents an analysis of crack growth rates and an assessment of fracture mechanisms based on
experimental data on isothermal and non-isothermal fatigue. The test results were obtained in the temperature
range of 400-650°C under conditions of harmonic fatigue, creep-fatigue interaction, in-phase and out-of-phase
thermomechanical cyclic loading. The object of the study was the heat-resistant nickel-based alloy E1698. After
testing, the specimens underwent detailed fractographic analysis using scanning electron microscopy. It was
found that, in terms of crack growth acceleration, the fatigue fracture diagrams follow this order: isothermal
creep-fatigue interaction, non-isothermal in-phase thermomechanical fatigue, isothermal pure fatigue, and non-
isothermal out-of-phase thermomechanical fatigue. The arrangement of the crack growth rate curves corresponds
to the dominant intergranular and transgranular fracture mechanisms, and the features of their changes have been
identified.

Keywords: thermomechanical fatigue, crack growth rate, dominant failure mechanisms, heat-resistant alloy
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MonespoBaHue BJIANSIHUA OCTATOYHBIX HANIPSIKEHNH HA KOHTAKTHO-
YCTAJIOCTHOE pa3pylieHne YIPYTrux TeJ B YCJAOBUSX TPEHUSA
CKOJIbKCHU S/ KadeHU A

nr. Fopﬂqual, A.A. Sixoenko™*, E.A. I'auerosa’, U.A. [TanTernees”

Y Unemumym npotnem mexanuxu um. A.FO. Hununckozo PAH, Mockea, 119526 Poccus
2 Hucmumym mexanuxu cniownvix cped YpO PAH, Iepmb, 614068 Poccus

C uenbl0 HCCIAENOBAaHUS BIMSHUS OCTATOYHBIX TMOJIEM HANpsDKEHUM Ha MPOLIECCHl  pa3pyLIeHHs
IOJIIOBEPXHOCTHBIX CJIOCB MATEPUAIOB B YCIIOBHUSIX KOHTAKTHOTO B3aMMOJCUCTBUS B pabOTE MPOBEJCH aHAIU3
HaMpsDKEHHOTO COCTOSIHMSI TOATNOBEPXHOCTHBIX CJIOEB MaTepualla MpU KAu€HUHW U CKOJIBXEHUH YIPYroro
LHWIMHIpA [0 YHOPYroW IMOJIYIUIOCKOCTH IIpM HaJM4YUM B HEH OCTAaTOYHBIX HamnpsbkeHuil. Ha ocHoBe
MaKpPOCKOIIMYECKOTO TOIXO0Ja TPOBENCH pacueT HAKOIUICHHS KOHTAKTHO-YCTAJOCTHBIX ITOBPEKICHUHA MpPH
Pa3HBIX BHIAX pacHpeAeiCHUs OCTATOYHBIX HAINPSDKEHUH B IMPUIIOBEPXHOCTHOM CIIO€ MaTepHaja W Pa3TUIHBIX
YCIIOBHSIX KOHTAKTHOTO B3aWMOJCHCTBHA (3HAUCHHAX KOI(D(UIMIEHTa TPEHHS, BEIWYMHBI OTHOCHTEIHHOTO
MIPOCKANB3BIBAHAA U T.1.). PacCMOTpEHBI CKMMAIOIINE W PaCTATUBAIOIIAE OCTATOYHBIE HAINPSHKEHUS, KOTOpPHIC
00 MTOCTOSIHHBI 10 TITyOMHE B MPUIOBEPXHOCTHOM CJIO€ 3aJaHHOW TOJIIUHBI, OO0 JHHEHHO CIagaloT B HEM
no wyns. [lokazaHo, 4TO CXKUMAIOIIME OCTATOUHBIE HANPSHKEHUS B TOJMNOBEPXHOCTHOM CJIOE TMPHUBOJISAT K
YMEHBUICHUIO aMIUTATYIHBIX 3HAYEHUI YKBUBAJIEHTHBIX Hal'lp}l)KeHI/Iﬁ KaK B YCJIOBUAX TPCHUSA CKOJIbLXKCHUS, TaK
U TPpCHHUA KauCHUA U 3aMCIJIAIOT CKOPOCTHh HAKOIUJICHHUSA YCTAaJOCTHBIX HOBpe)K}IeHI/Iﬁ B NOAIMOBEPXHOCTHBIX
CIOSIX MaTepuajoB B3auMoOAEHCTBYyroUMX Tel. IlodydeHHBIe pe3yabTaTbl MOTYT OBITH HCIIOJIB30BAaHbI IS
pa3paboTKu crioco0OB yNpaBieHHs MPOLEecCaMi KOHTAKTHO-YCTAJIOCTHOTO pa3pyLICHUs] MOBEPXHOCTHBIX CJIOEB
MaTepHalioB, pPa0OTAIOMKUX B VYCIOBHAX TPCHHSA KA4YCHHS M CKONBXCHHA, 3a c4eT (OpMUpOBaHHA B
KOHTaKTHPYIOIINX MaTepHaax MMoJicH OCTaTOYHBIX HAIPSIKCHUH.

Kniouesvie cnosa: octaTouHble HANIPSDKEHIS, KAUCHUE, CKOJIBKCHUE, KOHTAKTHAS YCTAIOCTh, H3HOC

Modeling the Residual Stress Effect on Contact Fatigue Fracture of Elastic
Solids under Sliding/Rolling Friction

I.G. Goryacheva', A.A. Yakovenko!, E.A. Gachegova?, and I.A. Panteleev?

% Ishlinsky Institute for Problems in Mechanics, Russian Academy of Sciences,
Moscow, 119526 Russia
2 Institute of Continuous Media Mechanics, Ural Branch, Russian Academy of Sciences,
Perm, 614068 Russia

The effect of residual stresses on surface and subsurface fatigue fracture under rolling and sliding friction is
studied by analyzing internal stresses during rolling and sliding of an elastic cylinder against an elastic half-plane
with residual stresses in the subsurface. The macroscopic approach is used to calculate the accumulated contact
fatigue damage for different types of residual stress distribution in the subsurface layer and for various contact
conditions (friction coefficient, relative slip, etc.). Compressive and tensile residual stresses, which are either
constant across the subsurface layer of a given thickness or decrease linearly to zero in it, are considered. It is
shown that compressive residual stresses cause a decrease in the equivalent stress amplitude in the subsurface
region of the half-plane under both sliding and rolling friction. They also decrease the rate of fatigue damage
accumulation in the subsurface layers of the friction pair. The obtained results can be used to develop methods
for controlling the contact fatigue fracture in the subsurface layers of the friction pair under rolling and sliding
friction by inducing the appropriate residual stresses in the interacting materials.

Keywords: residual stresses, rolling, sliding, contact fatigue, wear
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N3meHYnBOCTH 3PPEKTUBHBIX YIPYIHX XaPAKTEPUCTHK ABYXCJIOMHBIX
IUIACTHH U3 OPTOPOMOMYECKHX KPUCTAJIOB

M.A. Bonkos, B.A. I'opoanos, J1.C. JIucoBeHko

Hncmumym npobnem mexanuxu um. A.FO. Hununckoeo PAH, Mockea, 119526 Poccus

B cratbe paccMmaTpuBacTCs IPOJOJIBHOE PACTSHKCHHE [BYXCIOWHBIX IUIACTHH M3 OPTOPOMOHYECKUX
kpuctawioB. Ilomydensl BwIpakeHHs 3¢ ¢exkTuBHBIX Moxayneii FOnra m xo3pdummentos Ilyaccoma s
pa3IMYHBIX HanpaBleHWH pacTspkeHHs. Ha OCHOBEe W3BECTHBIX OSKCIIEPHMEHTAJBHBIX 3HAYCHMH KOHCTaHT
YIPYroCTH TPOBEIECH aHalM3 HM3MEHYMBOCTH S(QQEKTHBHBIX YIPYIHX XapaKTepUCTHUK IUTaCTUH IS BCEX
BO3MOXKHBIX KOMOHMHAIMH OPTOPOMOMYECKMX KPUCTAJUIOB. BBIABICHBI miacTHHBI ¢ 3()(EKTUBHBIM MOIYJIEM
IOHra Oompmieit BenmmumHBL, YeM Moxynun FOHra cioeB W IUIaCTHHBI C OTPHUIATEIBHBIM 3(PPEKTHBHBIM
ko3 punnenrom Ilyaccona.

Kniouesvie crosa: aykceTHKH, OPTOPOMOHMYECKHE KPUCTAIIBI, JIBYXCJIOWHBIE KOMIIO3UTHI, MOxyib FOHra,
ko3 punment [Tyaccona

Variability of Effective Elastic Properties of Two-Layered Plates of
Orthorhombic Crystals

M.A. Volkov?, V.A. Gorodtsov?, D.S. Lisovenko!
! Ishlinsky Institute for Problems in Mechanics RAS, Moscow, 119526 Russia

The article discusses the longitudinal stretching of two-layered plates of orthorhombic crystals. Expressions
for effective Young’s modulus and Poisson’s ratio for various stretching directions are obtained. Using well-
known experimental data on the elasticity constants, the variability of the effective elastic characteristics of
plates is analyzed for all possible combinations of orthorhombic crystals. Plates with effective Young’s modulus
greater than Young’s moduli of the layers and plates with a negative effective Poisson's ratio are identified.

Keywords: auxetics, orthorhombic crystals, two-layered composites, Young's modulus, Poisson's ratio
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JIMCI0KAIIMOHHO-OPHEHTHPOBAHHAS KOHCTUTYTHUBHAS MO/eJIb: ONMCAHHE
BJIMSIHUA TPAHHUI 3epPeH Ha AedopMHUpOBaHUE METAJLIOB

IL.B. Tpycos, K.A. Kypmosipuesa, /I.C. I'pudos

Tepmckuil HAYUOHATBHBLIL UCCTIEO0BAMENLCKULL NOTUMEXHUYECKUTL YHUBEPCUMEN!,
Ilepmb, 614990 Poccus

[MpeanoxeHa MoAU(UKALUS AUCIOKAHOHHO-OPHEHTHPOBAHHON KOHCTHTYTUBHOM MOJENH ISl OIUCAHUSI
neopMUpOBaHHs MOJMKPUCTAUINYECKUX MATEPUAIOB C YYETOM BHYTPH3EPEHHOTO U 3€PHOIPAHHUYHOIO
ynpouHeHHA. B Momenn paccMOTpeHHe OCymIecTBISEeTCS Ha Tpex (Makpo-, Me30-1 W Me30-2) mepapXudecKu
CBSI3aHHBIX CTPYKTYpHO-MacIITaOHBIX YpoBHsAX. Ha BepxHeM ypoBHE (TPeICTaBHTEIBHOTO MaKpooObeMa)
OmpeNeNsIeTcsl OTKIMK Marepuana (Mepa HANPSIKCHHOTO COCTOSHHS) Ha TEPMOMEXAHHMYCCKUE BO3JCHCTBHS
(3aaHHBIC M3MEHCHHSI MEphl JeOopManuu U TeMiepaTypsl). s 3JeMEHTOB Me30ypoBHsS-1 paccMoTpeHwme
BEJICTCSA B TCPMHUHAX MCXAaHHUUYCCKUX MEePEeMEHHBIX. Ha Me30ypoBHe-2 OMUCAHUE OCYINECTBISACTCS B TEPMUHAX
IUIOTHOCTEH U CKOPOCTEH JBIDKEHUS auciokaluii. Oco00e BHUMaHHUE YACISICTCS B3aUMOICHCTBHIO TUCIIOKAIIMIA
C TpaHUIAMH 3€PCH, KOTOPHIC OKA3bIBAIOT CYIIECTBCHHOC BIMSHHUC HA TMOBEACHUS IMOJMKPUCTALTHYECKUX
MaTepuasioB. ['paHUIIBI 3epPEH SIBIIIOTCS OaphbepaMu JUIs CKOJIBKEHHUS JUCIOKAIMH, YTO MOXET MPHUBECTH K
00pa30BaHUI0 CKOIUICHUSI JUCIOKAIlMid B TNPUIPAHUYHBIX o00nacTsx. [lpuBeseHO JeTanbHOE OMHCAHUE
MOJIMOJICNTA y4eTa IOTOKOB HMCJIOKAIMA B OKPECTHOCTSAX T'paHMIl 3epeH u cyb3epeH. [IpuBeneHbl mpuUMepbl
NPUMEHEHUsT MOJENU JUIS HWCCICOBAaHMS HArpYXKEHUs OMKpHCTAIUIMYeCKuX o0pasinoB. [lokazaHo, 4TO
pa3paboTaHHasi MOJIETb MO3BOJSIET OMKCATh MUCIOKAIIMOHHBIE MOTOKU Yepe3 TPAHUIy U KaYeCTBEHHO Y4YeCTh
3€pPHOTPAHUYIHOE YIIPOYHEHHE.

Kniouegvie cnosa: MUCIOKAIMOHHO-OPUEHTUPOBAHHAS TPEXYPOBHEBass KOHCTUTYTHUBHAS MOJIEINb, TPAHHIIBI
3epeH, INIOTHOCTHU JTUCIIOKAIMHA, BHYTPU3EPCHHOE U 36PHOIPAHHYHOE YIIPOUHCHHUE.

Dislocation-Based Constitutive Model: Description of the Influence of
Grain Boundaries on the Deformation of Metals

P.V. Trusov, K.A. Kurmoyartseva, and D.S. Gribov

Perm National Research Polytechnic University, Perm, 614990 Russia

A modification of the dislocation-based constitutive model is proposed to describe the deformation of
polycrystalline materials taking into account intragranular and grain boundary strengthening. The developed
model is based on the introduction of internal variables, physical elastoviscoplasticity theory, and multilevel
approach; it is considered at three (macro-, meso-1, and meso-2) hierarchically related structural and scale levels.
At the upper level (of a representative macrovolume), the response of the material (a measure of the stress state)
to thermomechanical effects (given changes in the measure of deformation and temperature) is determined. The
elements of the meso-1 and meso-2 levels have the same scales, differing in the way they are described. The
meso-1 elements are considered in terms of mechanical variables (stress measures, residual and critical shear



stresses, and shear rates on slip systems). At the meso-2 level, the description is carried out in terms of densities
and velocities of dislocations. Particular attention is paid to the interaction of dislocations with grain boundaries,
which have a significant effect on the behavior of polycrystalline materials. Grain boundaries determine the local
stress-strain state and are barriers to dislocation slip, which can lead to dislocation pile-ups in the near-boundary
regions. The submodel taking into account the dislocation flow in the vicinity of grain and subgrain boundaries
within the dislocation-based model is described in detail. Examples of the model application to the study of
loading of bicrystal specimens are given. It is shown that the developed model allows describing dislocation
flows through the boundary and takes qualitative account of grain-boundary strengthening.

Keywords three-level dislocation-based constitutive model, grain boundaries, dislocation densities,
intragranular and grain boundary strengthening
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Hedopmanus u paspymenne 3D-HanmeyaTaHHBIX KOMIIO3UTOB TI—-6Al-
AV/TIC, mory4eHHBIX POBOJIOYHOM 3JIEKTPOHHO-JIY4€eBOi aJINTHBHOI

TEXHOJIOTUEH, IPU OAHOOCHOM PACTHAXKCHUU
A.B. Iauuua™?, M.C. Kazauenok', A.P. H_IyrypOBl’z,
I'"M. EpeMI/IHal, AXO. Cmonun®

Y Hnemumym gusuxu npounocmu u mamepuanosedenus CO PAH, Tomck, 634055 Poccus
2 Hayuonanvuwiii uccredosamensckuti Tomckuil nonumexnudeckuti yrueepcumem, Tomck, 634050 Poccus

W3ydeHbl 3aKOHOMEPHOCTH Aedopmariui U paspymenus 3D-HaneyatanHbix kommo3utoB Ti—6AI-4V/TIC,
N3TOTOBJICHHBIX MIPOBOJIOYHOM SJIEKTPOHHO-JIy4eBOH aJIJUTUBHOM TEXHOJIOTHEH C MCIIOJIb30BAHHEM IPOBOJIOKH
Ti-6Al-4V, monmBeprHyTod  NpEIBAPUTEILHOMY  JJNICKTPOMCKPOBOMY  JIETUPOBAaHHIO C  [TOMOIIBIO
KapOHI0COIepIKAIIUX ITEKTPOIOB, JIMOO MyTeM OJJHOBPEMEHHOT'O IUIABJICHHS THTAHOBON MPOBOJIOKHU U TIOPOIIIKA
TiC. TIlokazano, uro xommo3uThl Ti—6Al-4V/TiC, mnomy4eHHBIe OOOMMH METOJAMH, XapaKTEPH3YIOTCS
OJIMHAKOBBIMHA MHUKPOCTPYKTYpOH M 00BeMHOW foneilt kapouauoil ¢aser (~2 %), 0IHAKO pa3HBIMH pa3MepaMu
BrmoueHnii TiC. YcTaHOBJIEHO, YTO TIACTHYHOCTE KommoszuTa Ti—6Al-4V/TiC, moiayueHHOTO C TTOMOIIBIO
ANIEKTPOUCKPOBOTO JIETHPOBAHMUS IIPOBOJIOKHU | cojeprxkaiiero BiimodeHus TiC nuameTpoM ~1 MKM, OKa3bIBaeTCs
CYIIECTBEHHO BhINNE, YeM Yy oOpasua, 3D-HamedaTaHHOro IHyTeM OJHOBPEMEHHOTO ILIABJICHUS THTAaHOBOM
npoBoJioku U nopoinka TiC, B KOTOpoM pa3Mepsl BKIIOUEHHUI BapbupytoTcs B mpenenax 15-30 mkm. BriseieH
pas3TUUHBIN XapakTep pa3pylleHHs UCCIeIOBAaHHBIX KOMIO3UTOB Ti—6Al-4V/TiC npu 0JHOOCHOM PACTS)KEHHH.
MeToJ0M MOJIBMXHBIX KJIETOYHBIX aBTOMAaTOB IPOBEIEHO TPEXMEPHOE MOEIMPOBAHUE YIPYTrOIIACTHYECKOTO
ne(OPMHUPOBAHUS H Pa3pyLICHUSA MOJACIbHBIX KOMIO3UTOB Ti/TiC mpH MEXaHHYECKOM HarpyKCHHUHU.
[MponemMoHCTpUpPOBaHO BIMsSHUE pazMepa U TBepaocTH uyactul TiC, a Takke Xapakrepa UX paclpesieieHHs B
TUTAHOBOW MATpHIE HA 3aKOHOMEPHOCTU 3aPOXKACHHS U PACIPOCTPAHEHUSI TPEUIMH B MOJCIHHOM KOMIIO3UTE.



[Toka3aHo, YTO HEOTHOPOIOHOE pacHpenesicHHe KPYHMHBIX KapOWTHBIX BKIIIOYCHHH B THUTAHOBOH MAaTpHIIC
SIBJISIETCS KITFOUEBBIM (DaKTOpOM OoXpymuuBanusi KoMo3uToB Ti—6Al-4V/TiC, monyueHHBIX TyTeM POBOIOYHOM
3JIEKTPOHHO-1Y4€BOW aIUTUBHOMN TEXHOJOTUEH.

Kniouesvle cnosa: THTaHOBBIE MeTalutoMaTpuuHble KOMITO3uTh, Ti—6Al-4V/TiC, simekTpoHHO-TyYeBOE
aJITUTABHOE TIPOM3BOJICTBO, HeopMaIs, pa3pylIeHHe, TPEIIUHBI, METOI IOJBIKHBIX KIIETOYHBIX aBTOMATOB.

Deformation and Fracture of 3D Printed Ti-6Al-4V/Tic Composites
Produced by Wire-Feed Electron Beam Additive Manufacturing under
Uniaxial Tensile Stress

A.V. Panin*?, M.S. Kazachenok®, A.R. Shugurov', G.M. Eremina’, A.Yu. Smolin®

! Institute of Strength Physics and Materials Science SB RAS, Tomsk, 634055 Russia
2 National Research Tomsk State University, Tomsk, 634050 Russia

The deformation and fracture patterns of 3D printed Ti-6Al-4V/TiC composites produced by wire-feed
electron beam additive manufacturing using Ti—-6Al-4V wire pre-electrospark alloyed with carbide containing
electrodes or by simultaneous melting of titanium wire and TiC powder were investigated. It is shown that Ti-
6Al-4V/TIC composites obtained by both methods are characterised by the same microstructure and volume
fraction of carbide phase (~2%), but different sizes of TiC inclusions. It was found that the ductility of the Ti-
6AI-4V/TiC composite obtained by electrospark alloying of the wire and containing TiC inclusions with a
diameter of ~1 um is significantly higher than that of the sample 3D printed by simultaneous melting of titanium
wire and TiC powder, in which the inclusion sizes vary within 15-30 um. The different fracture characteristics
of the investigated Ti-6AI-4V/TiC composites under uniaxial tensile stress were revealed. Three-dimensional
modelling of elastic-plastic deformation and fracture of model Ti/TiC composites under mechanical loading was
carried out using the method of moving cellular automata. The influence of the size and hardness of the TiC
particles, as well as the character of their distribution in the titanium matrix, on the regularities of crack initiation
and propagation in the model composite was demonstrated. It was shown that the inhomogeneous distribution of
large carbide inclusions in the titanium matrix is a key factor for crack initiation and propagation in the model
composites.

Keywords titanium metal matrix composites, Ti-6Al-4V/TIiC, electron beam additive manufacturing,
deformation, fracture, cracks, moving cell automata method
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YeranocTHble XapaKTePUCTHKHU NMPH MUKJIHYECKOM PACTAKEHUH U CKATHH
KOMIIO3UTA HA OCHOBE NMoJndTaaMuaa, apMUPOBAHHOTO KOPOTKUM
CTEKJSIHHBIM BOJIOKHOM

A.A. bornanos, C.B. Ilanun, /I.I. bycnosuu

HUnemumym huzuru npounocmu u mamepuanogedenuss CO PAH, Tomck, 634055 Poccus

HccrnenoBaHo BIUSHHE CPEIHEr0 HAMPSKEHUS HA COMNPOTUBIEHUE YCTAJIOCTH KOMIO3MTAa HA OCHOBE
nojudragaMuia, HamojgHeHHoro 33 macc. % KOPOTKHMX CTEKJISSHHBIX BOJIOKOH B DasiIMYHBIX YCIOBHSX
Harpy»XeHus, BKIIOUYAIOMIMUX [UKINUECKOE PacTKEHUE, pacTsHKeHHe-CokaTHe U cokaTHe. Vcronbp30BaHbl cpeHue
HanpsbkeHus nukna 45, 0, —60 u —120 MIla u amMmiuTyasl HanpsbkeHHs B quamnasoHe oT 15 go 80 MIla.
[TpoBeneHoO cpaBHEHHE MOJNYYEHHBIX PE3yIbTaTOB ¢ M3BECTHBHIMU Mojensimu ['yamana, Conepbepra u I'epbepa,
MOKa3aHa HEOJHO3HAYHOCTh PEUICHUs 3aJa4d MO Mpe/ICKa3aHWI0 BIUSIHUS CPEJHEro HampspKeHHs B o0iacTh
BBICOKHX MOJOXKUTEIBHBIX W OTPUIATEIBHBIX 3HAUEHUH CPETHEr0 HANpsDKEHHA. [Ipu OTpHUIATENBHBIX CPETHUX
HaNpsDKEHUSIX MOTydYeHbI 00Jee BBICOKHE 3HAYCHUS NMPEICIbHBIX aMIUIUTY, KOTZIa COMPOTHBICHUE YCTAIOCTH
MOBBIIIATOCH BIUIOTH [0 JOCTHXKEGHHUS MaTEpPHAIOM IMIpefesia TEKydeCTH Ha CXKaTHe, IOCNe IPEBBIIICHUS
KOTOpPOT'O BHOBb HaOIIOJaNOCh CHM)KEHHE. BBIABICHBI pa3nuuus B 3aKOHOMEPHOCTSIX Pa3BUTHS yCTAJIOCTHOTO
paspylIeHust (HaKOMJICHHE IOBPEXKACHHWH) B YCJIOBHSAX IHUKIMYECKOTO PACTSDKEHHS M CXKaTWA. B ycrmoBmsix



IUKITTIECKOTO PACTSKCHHSI YCTaJOCTHBIC IMOBPESXKIEHUS pa3BUBAIUCh Ha WHTep(deiice MEXIy BOJOKHOM H
MaTpUIIeH 0 MEeXaHU3My HapYIICHUs anre3nu. B cBOI0 ouepens B YCIOBHUIX HUKIMYECKOTO CKATHS OCHOBHBIM
MEXaHU3MOM HaKOIUICHHWS YCTAJIOCTHBIX MOBPESKICHUN SBISUIOCH DPa3BUTHE MOI3YYECTH C IIOCIEAYIOIINM
KOT€3MOHHBIM pa3pymeHHeM 0 MaTepHaly MaTPHIbI MOTU(pTaTaMHIA.

Knouesvie cnosa: TIOA KOMIO3UT, YCTATIOCTHOE IOBENEHUE, PACTSIKEHUE, C)KATUE, BIUSHUE CPEIHETO
HaTIPSOKEHUS

Tension and Compression Fatigue Properties of Short Glass Fiber
Reinforced Polyphthalamide Composite

A.A. Bogdanov, S.V. Panin, and D.G. Buslovich

Institute of Strength Physics and Materials Science, Siberian Branch, Russian Academy of Sciences, Tomsk, 634055 Russia

The effect of mean stress on the fatigue strength of a polyphthalamide composite with 33 wt% short glass
fibers was studied under various loading conditions, including cyclic tension, tension-compression, and
compression. The mean cycle stresses were 45, 0, —60, and —120 MPa, and the stress amplitudes ranged from 15
to 80 MPa. The results were compared with the known models by Goodman, Soderberg, and Gerber,
highlighting the ambiguity in predicting the effect of mean stress in the region of high positive and negative
mean stress values. At negative mean stresses, the limiting stress amplitudes were higher, when the fatigue
resistance increased until the material reached its compressive yield strength, after which a decrease was
observed again. Differences in the fatigue damage mechanisms were identified in cyclic tension and cyclic
compression modes. In the tension mode, fatigue damage developed at the fiber—matrix interface due to adhesion
failure. In contrast, in cyclic compression modes, the main mechanism of fatigue damage accumulation was
creep followed by cohesive fracture of the matrix.

Keywords: PPA composite, fatigue behavior, tension—tension, compression—compression, mean stress effect
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