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CTpyKTypHO-MeXaHM4YeCKHUe MOJEJU MATEPHAJIOB, H3TOTOBJIEHHBIX
CeJIEKTUBHBIM JIa3ePHBIM CILUIABJIEeHHEM, HA IpuMepe ctaau 316L (0630p)

M. Iucapes!, E.C. Emenbanosa!, B.A. Pomanosa'*,
A. Zinoviev?, Liying Sun®, P.P. BanoxoHos!

! UuctutyT Qusuku npounoctu u matepuanoseaenus CO PAH, Tomck, 634055 Poccus
2 Vuusepcurer Hosoro IOskuoro Yansca, KanGeppa, Ascrpanus
3 IHCTUTYT HOBBIX MaTepHasIoB, AkajeMus Hayk poBuHIMHU I'yanayH, I'yanwkoy, 510650 Kurait

B mnacrosmieit pabore Ha mpuMmepe ayCTEHHTHON HepkaBewmled crtamu 3161, momydeHHOH MeToaoM
CEJICKTUBHOTO JIa3ePHOTO CIUIABJICHHUS, PACCMOTPEHBI MOJEIN MEXaHUYECKOTO TOBEJEHUS, B SIBHOM BHJIE
YUYUTBIBAOIIUE CTPYKTYPHBIC OCO6CHHOCTI/I AOTJTATUBHO-NU3TOTOBJICHHBIX METAJUIOB Ha pPAa3HbIX MaCHITa6HI>IX
ypoBHsix. [IpeacraBieH 0030p 3KCHEpUMEHTAIBHBIX HCCIIEIOBAHUN 0COOCHHOCTEHN HepapXUIeCKO CTPYKTYPBI U
MEXaHUYECKHUX CBOMCTB TaKUX MaTepHrajioB. PaCCMOTpeHI)I OCHOBHBIE MOAXOAbI K MOCTPOCHUIO NBYMCPHBIX U
TpexMepHBIX Mognenedl. [IpuBeneH 0030p paboOT MO YUCICHHOMY HCCICIOBAHHUIO TPOIECCOB JIOKAIHA3AIIUN
neopManuy U KOHIECHTPAIMA HAIIPSDKEHHUH, CBI3aHHBIX C TPAaHUIIAMU pasJielia pa3IHIHON IIPHUPOJIBI, TEOMETPHH
1 Maciraba.

Knrouesvie cnosa: celeKTHBHOE JTa3epHOE CIUIaBICHHE, cTanmb 316L, mepapxmdeckas CTPyKTypa, KOHEYHO-
AJIEMEHTHBIE MOJIENTN TNITACTHIHOCTH KPHCTAILIOB.

Microstructure-Based Mechanical Models of Materials Manufactured by
Laser Powder Bed Fusion Using Stainless Steel as an Example (Review)
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The The paper reviews numerical models that explicitly consider structural features of additively manufactured
austenitic stainless steel 316L at different scales. Experimental studies on hierarchical structures and the
corresponding mechanical properties of the material are summarized. Key methods for generating two- and three-
dimensional structures are discussed. Numerical studies on the features of plastic strain localization and stress



concentration associated with interfaces of different nature, geometry, and scale in additively manufactured
stainless steel 316L are overviewed.

Keywords: laser powder bed fusion, steel 316L, hierarchical microstructure, crystal plasticity finite-element
models.
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Oco0eHHOCTH Ierpaganui HUTPUIHBIX
HOHHO-TIA3MEeHHbIX MOKPBITHI NPU TPEHUHU CKOJIbKEHUS

O.B. Kynpsxos'**, B.. Konecuukos!, U.B. Konecuukos', JI.C. Manrtypos!

' PocToBckuii rocyiapcTBEHHBIN YHUBEPCUTET MyTei coobmenus, Poctos-na-Jlony, 344038 Poccus
2 JToHCKO#1 rocyIapCTBEHHBIH TeXHUUECKHil yHUBepcUTeT, PocToB-Ha-J{ony, 344000 Poccus

B pabote wuccinenoBanbl mOKpbITHS HUTpUAHBIX cucteM TiAIN um CrAlSiN tommmaoit 0.8...4.0 MM,
MOJYYEHHBIX IO TEXHOJOTMM BaKyyMHOIO HOHHO-IIJIa3MEHHOIO HamblUICHHA. B kadecTBe NOMIONKEK Ui
OCKICHUS TOKPBHITHHA HCIOJIH30BaHBI 00pa3lbl C a30THPOBAHHON IMOBEpXHOCTBI0O W3 cramu 38X2MIOA u
00pa3Ipl ¢ IIeMEHTOBAaHHOH MOBepXHOCThIO W3 ctamu 12X2H4A. [IpencraBneHsl SKCIEPUMEHTAIBHBIC JaHHBIC
(U3UKO-MEXaHMIECKUX CBOWCTB IOKPBITHH, MOTY4YEHHBIX Pa3IMIHBIMU METOIaMH HHACHTUPOBAHUS, B TOM YHCIIC
METOJIOM CKpATY-TECTHPOBAHMA (LlapamaHusi), U TPHOOJIOTHUECKHX CBOMCTB IOKPBITHH, IOMYYEHHBIX IPH
UCTIBITAaHHUAX HA TPEHHWE CKOJbKeHus. [IpuBomsTcs Takke pe3yspTaThl MHUKpocTpykTypHOTro (SEM) m smepro-
JHUCTIepCHOHHOTO peHTreHoBckoro (EDX) aHanm3a MOKPHITHI, B TOM YHCIIE — 3JIEKTPOHHO-MUKPOCKOITMYECKHE
JlaHHbIE U3HAIIMBAHMSI TOKPBITHH B TIpoliecce TPUOOJOrn4ecKux ucnbitanuid. [TokazaHo, 4To HU 0J1HA U3 (HPU3HKO-
MEXaHWYECKUX XaPAKTEPUCTHK (TBEPAOCTL H, MOXY b ynpyrocTu E u ux otHomenus H/E, H/E?), ony4enHbx
IPH HENPEPHIBHOM MM NPH IHHAMHYECKOM (HATIHMEp, KPHTHUECKAs HArPy3Ka CKANBIBAHHS TOKPBHITHSA N,
ompezernsieMasl Ha CKPITY-TECTEPE) MHACHTUPOBAHUH IO OTJECIHHOCTH HE MOXET OLECHHUTh M3HOCOCTOHKOCTDH
MIOKPBITUS B YCJIOBHSIX MPOBOJMMBIX HCIBITAHMHA. B 3TOM cOCTOMT MeTojoJorudeckast mpodnema, KoTopas He
MO3BOJISIET KOPPEKTHO MPOTHO3MPOBATH PE3yNIbTaThl M3HOCA MOKPHITHH. [IpemnoskeHHOe B paboTe penieHHue
MpOoOJIeMBI 3aKIIF0YaeTCs] B COBMECTHOM HCIOJIb30BAaHUH PACUYETHBIX BEJIIMYMH YAETbHOM paboOTHl OTCIaMBaHUSA
MOKPBITHSL OT TOMIOKKA G M CONPOTUBJICHUS MOKPBHITHS IUIACTHYECKOM nedopmanmu HY/E?, KoTopwie B
COBOKYITHOCTH OTIPEIEIISIIOT HE TOJNBKO CYTh Ipolecca AErpajallidl IOKPBITHS, HO M Tpolecca IOTepH
YCTOHYMBOCTH BCEH CHCTEMBI KITOKPBITHE—TIOATIONKKAY.

Kniouesvie cnosa: BakyyMHasi HOHHO-IJIA3MEHHASI TEXHOJOTHS, HUTPUIHBIE TOHKUE IIEHKH, CKAHUPYIOILAs
JIEKTPOHHAsT MHUKPOCKOIHS, MHACHTHPOBAHUE, CKPATU-TECTUPOBaHME (LlaparaHue), MeXaHWYeCKHe CBOICTBa
TIOKPBITHH, TPUOOJIOTMIECKUE UCTIBITAaHUS, TPEHHE CKOJIBXKEHHS, aJre3usl, U3HOCOCTOMKOCTB.

Degradation Features of Ion-Plasma Nitride Coatings under Sliding
Friction

0.V. Kudryakov'?, V.I. Kolesnikov', I.V. Kolesnikov!, and D.S. Manturov'

! Rostov State Transport University, Rostov-on-Don, 344038 Russia
2 Don State Technical University, Rostov-on-Don, 344000 Russia

The paper studies nitride coatings of the TiAIN and CrAlSiN systems with a thickness of 0.8...4.0 ym
deposited by the vacuum ion-plasma technology. Specimens of nitrided 38Cr2MoAIN steel and carburized
12Cr2Ni4N steel were used as substrates for coating deposition. Experimental data are derived on the physical and



mechanical properties of the coatings by various indentation methods, including scratch tests, as well as on their
tribological properties in sliding friction tests. The results of microstructural (SEM) and energy-dispersive X-ray
(EDX) analysis of the coatings are also presented, including electron microscopic data on coating wear in
tribological tests. It is shown that none of the physical and mechanical characteristics (hardness H, elastic modulus

E, and their ratios H/E, H*/E?) determined by continuous or dynamic (for example, critical load FY for coating
spallation in scratch tests) indentation can separately describe the wear resistance of a coating under the test
conditions. This is the methodological problem that does not allow an accurate prediction of the coating wear. The
problem is solved by the joint use of the calculated specific work of coating delamination from the substrate G and
the coating resistance to plastic deformation H*/E?, which together determine not only the coating degradation
process, but also the loss of stability of the entire coating—substrate system.

Keywords: vacuum ion-plasma technology, nitride thin films, scanning electron microscopy, indentation,
scratch testing, mechanical properties of coatings, tribological tests, sliding friction, adhesion, wear resistance.
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BiusiHue cCKOpOCTH OXJIAKACHUS NPU KPUCTAIM3ALNH HA
MHUKPOCTPYKTYPY KBa3uOuHapHoro ciiiasa Al-Cu-Gd B iutom u
TOMOT€HU3UPOBAHHOM COCTOSIHUSIX

J.I1. Kopenuna!, M.B. T'maBarckux!, P.}O. Bapkos'*, A.B. ITo3ansxos!

! HarmoHanbHbIi HecyieioBaTenbeKmit TexHoIorunueckuit yausepcuter MUCHC,
Mocksa, 119049 Poccus

[IpoBeneHo uccnemoBaHWE BIUSHHUS CKOPOCTH OXJIAXKICHHWS TPU KPUCTAUTU3AIMH Ha MHKPOCTPYKTYPY
kBa3uOuHapHOTO cruiaBa Al-6Cu-3Gd mocie JHUThS W TOMOTCHHM3AlUH. Pa3IMYHBIE CKOPOCTH OXIIKICHUS
peaTM30BaHkI Iy TeM OBEPXHOCTHOTO Ja3epHoro mianeHus (I1J111), kpucTami3anuy B X0I0 HOM 1 ITOAOTPETOMH
M3JI0XKHHILE U ¢ reubo. [TokazaHo, 4To yBenmmdeHue ckopoctu oxiaxaeHus ¢ 0.02 K/c no 10°-107 K/c MPUBOJIUT
C CyIIECTBEHHOMY M3MEIBUCHHUIO pa3Mepa ACHIPUTHOH sueiiku co 126 no 0.5 MKM M HHTepMETaNTUIHBIX (a3 ¢
0.2—4 mxMm 110 0.05-0.1 MxM, yTO 0OEcTIEYUBAET POCT TBEPAOCTU CIUTKOB ¢ 25 10 75 HV. 3aBucumocTs pa3mepa
JNEHIPUTHON SYEeHKH TOYHO OINMUCHIBACTCS SMIHMPHUYECKUM YpPaBHEHHEM, IMOJYYEHHBIM HA JO3BTEKTHYECKOM
cunymuHe. B Mukpoctpykrype naeHtndunuposans qucnepcHas aptektuka ((Al) + AlsCusGd (t1)) u otnenbHble
BkiroueHus: aser (Al,Cu)7Gdz (t4), KOTOpBIE JEMOHCTPUPYIOT BBICOKYIO TEPMHUECKYIO CTaOWJIBHOCTH B
nporiecce romorean3armu pu 590°C. B mukpoctpyktype nocie [1JII1 BeisiBIeHO Hamuuue ceTku 00Jiee KpymHBIX
Y4acTHUI] pa3MEepOM OKOJIO | MKM, B TO BpeMsl Kak OCHOBHas aoiisi yacTuil pasmepoM 0.1-0.2 MKM OZHOpPOIHO
pactpeneneHa B o0beMe. B cruaBax, MOMYYEHHBIX C IMPOMEXYTOYHBIMH CKOPOCTSIMH oxiaxaeHus 1-15 K/c
HanOoJee OIM3KUME K IPOMBIIIICHHBIM, IIPOLIECCH (hparMeHTAIH U CHEPOUTU3AINH IPOTEKAIOT MPAKTHICCKU
0AMHAKOBO: pasMep yactull uzmensiercs ¢ 0.1-0.2 mxm B aurom coctosiHuu 1o 0.5-3 mxm nocie 1-24 yacos
FOMOTCHH3aluU. B cIulaBe, OXJIaXIEHHOM ¢ MUHHMainbHOH ckopocThio 0.02 K/c, gacTuipl MpakTHYECKH HE
U3MEHSIOT CBOEH MOP(OIIOTHH.

Knroueswvie cnosa: altoMUHHUEBbBIE CIUIABBI, FAJI0JMHUNA, MUKPOCTPYKTYPa, CKOPOCTh OXJIAXACHUS.



Effect of the Cooling Rate on the Microstructure of a
Quasi-Binary Al-Cu-Gd Alloy in the As-Cast and
Homogenized States

D.P. Korepina', M.V. Glavatskikh', R.Yu. Barkov', and A.V. Pozdniakov'
! National University of Science and Technology MISIS, Moscow, 119049 Russia

The paper studies the effect of the cooling rate during solidification on the microstructure of the quasi-binary
Al-6Cu-3Gd alloy after casting and homogenization. Different cooling rates are implemented by surface laser
melting (SLM), solidification in a cold or heated mold and with a furnace. It is shown that an increase in the
cooling rate from 0.02 K/s to 105-107 K/s leads to a significant refinement of dendritic cells from 126 to 0.5 um
and intermetallic phases from 0.24 pm to 0.05-0.1 um, which improves the hardness of ingots from 25 to 75 HV.
The dependence of the dendritic cell size is accurately described by an empirical equation obtained for
hypoeutectic silumin. The microstructure contains a dispersed eutectic ((Al) + AlsCusGd (1)) and individual
inclusions of the (Al,Cu)7Gd, (t4) phase, which demonstrate high thermal stability during homogenization at
590°C. The microstructure after SLM contains a network of larger particles of about 1 pm in size, while the main
proportion of particles 0.1-0.2 pm in size is uniformly distributed throughout the volume. In the alloys obtained
at the intermediate cooling rates 1—-15 K/s, which are close to industrial ones, the processes of fragmentation and
spheroidization occur almost identically: the particle size changes from 0.1-0.2 um in the cast state to 0.5-3 um
after 1-24 h of homogenization. In the alloy cooled at the minimum rate of 0.02 K/s, the particle morphology
remains almost unchanged.

Keywords: aluminum alloys, gadolinium, microstructure, cooling rate.
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HcciienoBanme ycTajJoCTHOM NPOYHOCTH TUTAHOBOTO ciiiaBa Ti-10V-2Fe-
3Al ¢ yacTunamMu Kapouaa TUTAHA

M.C. Kanuenko'2*, A.B. Xenuuna'?, A.A. TTonos>?

'TIAO «Kopnopamust BCMIIO-ABUCMA», Bepxnsis Canna, 624760 Poccus
! Vpanbckuii henepanbHblii yauBepcuTeT MMeHH neporo Ipesuaenta Poccun B.H. Enbuuna, Exatepun6ypr, 620002 Poccus
3 UncruryT dusuku metamios YpO PAH, Exarepun6ypr, 620108 Poccus

Metonamu HccneoBaHo CONPOTHUBIIECHHUE YCTATIOCTH MPH OJHOOCHON HHUKINYECKON HAarpyske mpyTKoB u3 cruiaa Ti-
10V-2Fe-3Al ¢ pasnuunbiM cozepkanueM yraepona (0.031 u 0.063 mac. %). B crpykrype cruiasa ¢ 0.063 mac. % yriepoza
MIPUCYTCTBYIOT YaCTHIIBI KapOuia THTaHA aHAIOTHYHBIE IO MOP(OJIOT M YacTHIAM IIepBUYHOI a-(ha3bl pa3MepaMu B CpeTHEM
oxouto 2-3 MkM. ITo pe3ysbTaTaM HCIIBITAaHUS HA YCTAJIOCTh YCTaHOBIICHO, YTO IIPE/Iel BRIHOCIUBOCTH CIUIaBa Ha 6ase 3 MIIH.
[UKJIOB C YacTHIaMu KapOuma tutaHa cocrtaBiser 1000 MIla. [Tpu uccienoBaHHM TMOBEPXHOCTH pa3pylICHHs 0OpasiioB
0oOHapy’>KeHO, YTO YCTAJOCTHOE pa3pylIeHHe oO0pas3loB BONM3M Mpeleiia BBIHOCIMBOCTH IIOANOBEPXHOCTHOE, OYaru
paspylieHuss HpeAcTaBiIeHBl (paceTKaMH CO CKOIUICHHEM YacTHIl NEpBUYHON 0-()a3bl, MHUIUHUPYIOIIUMH 3apOXKICHUE
TPELIMHBL. DKCIEPHUMEHTAIBHO MTOKA3aHO U TOATBEPKACHO YUCICHHBIMU pacueTaMy, YTO HAIWYKE YaCTUI] KapOuaa TUTaHa B
CTPYKTYpE HE BIUSET HAa YCTAJIOCTHYIO IPOYHOCTH CILIABA.

Kntouesvie cnosa: TATAHOBEIH CIUIAB, YCTAOCTh, KAPOUI TUTaHA, IPOYHOCTH, POM.

Study of Fatigue Strength of the Ti-10V-2Fe-3Al Titanium Alloy with
Titanium Carbide Particles

M.S. Kalienko'?, A.V. Zhelnina'?, and A.A. Popov*?

'PJSC VSMPO-AVISMA Corporation, Verkhnyaya Salda, 624760 Russia
2Ural Federal University named after the first President of Russia B.N. Yeltsin,
Yekaterinburg, 620002 Russia
3M.N. Mikheev Institute of Metal Physics, Ural Branch, Russian Academy of Sciences,
Yekaterinburg, 620108 Russia

The fatigue strength of rods made of the Ti-10V-2Fe-3Al alloy with different carbon contents (0.031 and
0.063 wt %) under uniaxial cyclic loading was studied. The structure of the alloy with 0.063 wt % C contains
titanium carbide particles similar in morphology to those of the primary o phase with an average size of about 2-
3 um. It was experimentally found that the 3 million cycle fatigue strength of the alloy with titanium carbide
particles is 1000 MPa. The analysis of fracture surfaces reveals that the specimens experience subsurface fracture
near the fatigue strength, and fracture sites are represented by facets where particles of the primary a phase
accumulate and initiate cracks. It is experimentally shown and numerically confirmed that the presence of titanium
carbide particles in the structure does not affect the fatigue strength of the alloy.

Keywords: titanium alloy, fatigue, titanium carbide, strength, SEM.
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Oc00eHHOCTH CTPYKTYPBI M CBOMCTB IKBHATOMHOI0 ciuiaBa Cu-Au,
YIOPA0YEHHOTO B 10JI¢ BHEIIHUX CHJI

A.10. Bonkos!, T1.0. IToarop6ynckas'»**, A.M. ITauenos!, B.A. Kazanmues!,
0.C. Hosuxkosa', A.A. I'apuosa'*?

! Mucruryt Qpusnku metamnos umenn M.H. Muxeesa Ypanbckoro otaenenus PAH,
Exatepun0Oypr, 620108 Poccus
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ATOMHO-yMOpSIOYEHHBIE 30J0TOMEIHbIE CIUIABBl HCIOJB3YIOTCS B TEXHUKE, ITOITOMY IOUCK CIIOCOOOB
MOBBIICHUSI HMX MEXaHHYECKUX CBOICTB SBIAETCS AaKTyaJbHOW HayyHO-IpakTH4ecKod 3amadeil. B
NPEACTAaBICHHON paboTe U3y4ajoch BIMSHHUE PACTATUBAIOLIMX U CXKUMAIOUIMX HANpPSDKEHUI Ha (OpMHpOBaHUE
YIOPSAAOUYCHHONW CTPYKTYpBI, TEKCTYPHI M (PU3NKO-MEXaHWYECKUX CBOMCTB 3kBHaToMHOro craBa CuAu. Bee
9KCTIEPUMEHTHI TIPOBOIMINCE Ha MPOBOJIOYHBIX 0Opasmax 1.5 MM, KOTOpBIE B MCXOIHOM COCTOSHHM OBLIH
pasynopsgodeHsl 3akankoil or 600°C wim ¢ HCHONB30BaHMEM IIacTHUeckoil nedopmammm Ha 75%.
DopMUPOBaHUE YHNOPSAOOUYEHHOW CTPYKTYphl IpoBoAuiau mpu Ttemmeparype 350°C, 24 wyaca; cKumarouiue
HaIpspKEHUs. B X0Z€ 3Toro oTkura coctasysiid 7 U 11 MIla; pactaruBaroniue HanpspkeHHs cocTaBisin 7 u 20
MITa. /Iy cpaBHEHHS HCTIOIB30BANIUCH 00pa3Iibl, YIOPSIJOUECHHbIE B CBOOOAHOM cocTostHUH. [loka3aHo, 4TO B
pe3yipTaTe OTXKHra B IOJIe CXKMMAIOIIMX HANpsDKEHHHM 3HAYUTEIbHAs 4acTh KOPOTKHUX C-OCell yHmopsimoueHHOM
pEIIeTKH BBICTPAUBAIOTCS BIOJb HaNpaBlIeHHs JeiicTBHSA CHiIbl. B cBOIO odepenb, OTKHUT MOJ pacTsDKCHHEM
(bopMHpYET HHYIO TEKCTYpY: OOJIBIIMHCTBO KOPOTKMX C-OCEH 3ajieraeT B IUIOCKOCTH HOIEPEYHOTO CEYEHHs
oOpasiia. OreHKa CTEeNeHU aanbHero nopsaka (S) mokasana, 4To MakCHMAalbHBINA aTOMHBIH mopsaok (S~ (0.95)
MOJIy4eH B 00pasiax, OTOXKEHHBIX B CBOOOHOM COCTOSHHH. B X07ie TMIaTOMETpHYEeCKOTO HCCIeI0BAHUS, IPH
TemrepaType (a30Boro npeBpamieHus opsIoK — OeCIopsAI0K BEIIBIEHO pe3koe (Ha ~0.7%) yBenndeHue JUIMHbI
oOpasia, KOTOPHIH MOCHE 3aKaJIKW ObUI yIOpSIOYEH B I0JI€ COKUMAIOIIMX HANPSDKEHWH. Y CTaHOBIEHO, YTO
MIPWIOKEHNE CXXHUMAIOIIEH Harpy3Kd B XOJAE€ YIOPSIOYEHHs 3aKaJIeHHBIX OOpa3loB BBI3BIBACT IOBBIIICHHUE
MIPOYHOCTH ¥ IUIACTUYHOCTH; PACTSATHBAIOIIME HArpy3KH MPHUBOIAT K MX CHIKEHHIO. BBIABIEHO, dTO
MEXaHWYeCKHE CBOMCTBa 00pa3loB, YHOPSJOYEHHBIX IIOCIE MPEABAPUTENIBLHON AedopMaIuy, IPaKTHIeCKH He
3aBUCAT OT HANpaBICHMS NPHUIOKEHHOH Harpys3ku. OOHapyXeHHOe sSBIeHHE OOBSICHEHO OTCYTCTBHEM SBHOM
TEKCTYpPBI: HCIIOJIB30BaHHBIE B paboTe MajIble Harpy3KH HE MPUBOAST K pa3BOPOTY C-AOMEHOB IPH YIIOPATOUECHUN
BBICOKOIIPOYHBIX JIe(pOpMHUPOBaHHBIX 00Pa3LOB.

Kniouesvie  cnosa: cmmaBel  Cu-Au, (Qas3oBble  INpeBpallieHHs, PEHTTeHOCTPYKTYpHBIH  aHalu3,
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Atomically ordered gold-copper alloys have technological applications, which makes the search for ways to
improve their mechanical properties an urgent scientific and practical task. The present paper studies the effect of



tensile and compressive stresses on the formation of an ordered structure, texture, and physicomechanical
properties of an equiatomic CuAu alloy. All experiments were carried out on @1.5 mm wire specimens, which
were initially disordered by quenching from 600 °C or plastic deformation by 75%. An ordered structure was
formed at a temperature of 350 °C for 24 h; compressive stresses during annealing were 7 and 11 MPa; tensile
stresses were 7 and 20 MPa. Comparison was made with specimens ordered in a free state. It is shown that
annealing in the compressive stress field causes a significant part of the short ¢ axes of the ordered lattice to align
along the force direction. Annealing under tension forms a different texture, i.e. most of the short c axes lie in the
cross section of the specimen. The estimation of the degree of long-range order (S) showed that the specimens
annealed in a free state had the maximum atomic order (S = 0.95). According to the dilatometric study, the
specimen quenched and ordered in the compressive stress field demonstrates a sharp (by ~0.7%) increase in the
length at the temperature of order — disorder phase transformation. It is found that compressive loading during
ordering of the quenched specimens increases their strength and ductility, while tensile loading decreases these
characteristics. It is shown that the mechanical properties of the specimens ordered after preliminary deformation
are almost independent of the load direction. This phenomenon is explained by the absence of a clear texture (small
loads do not cause rotation of ¢ domains during ordering of high-strength deformed specimens).

Keywords: Cu-Au alloys, phase transformations, X-ray diffraction analysis, dilatometric study, mechanical
properties.
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CTpyKTypBsl OpHraMu NOKa3aJli 3HAUYUTENIbHBIH IIOTEHIMA B 00JIaCTH CO3/1aHHS KOMIIO3UTOB C ITOBBIIICHHBIMH
MEXaHM4YEeCKUMHU CBOWCTBaMU. PaHee ObLIM OYYeHBI BEICOKOIIOPHCTHIE CI0KeHHBIE rpadenoBble asporenu (CI'A)
U3 JIHCTOB OKcHna rpadeHa, CIOXKEHHBIX MOCPEACTBOM KOOPJIWHAIMOHHBIX M AJIEKTPOCTaTUYECKHX
B3aUMOJICHCTBUI Mexy aroMamu kuciopona M Cu?. OnHako BIMSHUE I1apaMeTpOB MOPOBOW CTPYKTYPHI Ha
Mexanndyeckue cpoiictBa CI'’A  Obuto  HenmocTaTo4HO u3y4eHo. [loaTomMy B 3TOHW cratke MNPOBEICHO
rapaMeTpuuecKoe HcciieioBaHue nopuctoit crpykrypbl CI'A B pamMkax (pakTanbHON TEOPHUH € UCTIOIb30BAaHUEM
¢pakranpHON pazmepHocTH (Dr). Mexanmdeckoe noBenenne CI'A mpoaHa H3HPOBAaHO B pamMKax (hpaKTaabHOM
MOJIENI TOMOTEHHU3AINHN CPEIHETO MMOJIsl. Pe3ympTaThl mokasanm, 4to ynpyrue cBoiictBa CI'A UMEIOT HeITMHEIHYIO
TEHJCHIUIO K CHIKEHUIO M0 Mepe yBenumueHus: Dy. PacxoxneHne Mexay MEeXaHHYECKHMH XapaKTepUCTHKaMH,
MIPEACKa3aHHBIMU MOJIEIBI0, M AKCIIEPUMEHTAIBHBIMU PE3YNIbTaTaMH COCTAaBIIO MeHee 4%, YTO MOATBEPKAAeT
JOCTOBEPHOCTh Mojenu. brmarogapst omHoponHo# mopucroii crpykrype CI'’A MMEIOT BBICOKYIO MPOYHOCTH HA
paspeiB (106.74 Klla). DT0 wHCClegoBaHWE MOXET CIy>)KUTh TEOPETHYECKOH OCHOBOW ISl CO3MaHUSA U
OIITUMHU3AIINH l"pa(beHOBI)IX aaporenel‘/'l C TOBBINICHHBIMH MEXQHUUYECKHMH CBOMCTBAMH. KpOMC TOTO, IpH
HCTIOJIb30BaHUH aHAJTOTMYHOTO MaTeMaTHYECKOr0O anmnapaTa BO3MOXKHO NPUMEHEHHE MOACIH I HCCIICAOBaHU
APYTUX BaKHBIX (bmquecm/lx CBOﬁCTB, TaKHUX KaK TCIUIOMPOBOJHOCTb U TCPMOMEXAHNYECKAs CBA3b.

Kniouesvie criosa: HAHOKOMIIO3UT, IOPUCTOCTh, MEXaHUYECKUE CBOMCTBA, (hpaKTall, FOMOTCHU3ALMS CPEJHETO
HOJIA.
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Origami structures have shown significant potential for designing composites with excellent mechanical
properties. In our previous work, graphene oxide (GO) sheets were folded through coordination and electrostatic
interactions between oxygen atoms and Cu?* to construct highly porous folded graphene acrogels (fGA). However,
the influence of pore structure parameters on the mechanical properties of f{GA was not fully explored. Therefore,
based on fractal theory, the pore structure of f{GA was parametrically quantified using the fractal dimension (D)
in this paper. The mechanical behavior of f{GA was analyzed using the mean-field homogenization fractal model
(MHFM). The results revealed that the elastic properties of fGA exhibited a nonlinear decrease trend as Dr
increased. The error between the mechanical properties predicted by the model and the experimental results was
less than 4%, and the accuracy of the model was confirmed. The homogeneous pore structure of f{GA contributed
to its high tensile strength (106.74 KPa). This study provided strong theoretical support for designing and
optimizing graphene aerogels with superior mechanical properties. Additionally, based on the analogous
mathematical framework, the model has great potential for exploring other important physical properties, such as
thermal conductivity and thermal-mechanical coupling.

Keywords: nanocomposite, porosity, mechanical properties, fractal; mean-field homogenization.
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BKCHepHMeHTaJILHOC HCccCJIea0BaHue COOTHOILIIEHUH ):[I/IHaMI/I‘IeCKOﬁ u
CTAaTHYeCKOM KeCTKOCTH B PEINHOMETAVINYCCKHUX TIPYKHUHAX

D. Jovanovi¢'*, M. Banié¢!, N. Korunovi¢', M. Milo$evié!, and D. Marinkovié>?
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Pe3nnoMerannuueckue Npy>KUHBl HAXOIAT IIMPOKOE NMPUMEHEHHE B MPOMBIIUIEHHOCTH, B YaCTHOCTH Kak
BHOporacutend, Oigarogapsi CBOSH CIIOCOOHOCTH TacUTh IMHAMHUYECKHE Harpy3Kku. JIMHaMUYecKkas >KeCTKOCTh
PE3MHOMETAIUTMYECKUAX TPYXKUH HIPACT PEIIAIOIIYI0 POJIb B ONPEACICHHH COOCTBEHHOW YaCTOTBHI CHUCTEMBI,
MOCKOJIbKY MEXAY HUMH CYLIECTBYET npsiMasi cBs3b. [103TOMy TOUHOE ompenieneHne TMHAMUYECKON HKECTKOCTH
HMEeT BaXXHOC 3HAYCHHE TIPU BBIOOPE PE3MHOMETALTUUCCKOM MPY>KUHBI JJ11 KOHKPETHOTO npuUMeHeHust. OTHAKO
OLICHKa JUHAMHYECKOW IKECTKOCTH NPEACTAaBIseT CO000il 3HAYMTEIbHYIO MpoOieMy u3-3a CJIO0XHOTO
B3aUMO/JICHCTBUS MEXY PE3MHOBBLIMU M METAJUIMUECKUMU KOMIIOHEHTaMHU, OCOOCHHO C yUETOM BSI3KOYNPYTUX
CBOWCTB PE3MHBI U F'€OMETPUU NPYKUHBI. BASKOyNpyruil OTKIMK PE3UHBI U €r0 U3MEHEHHE NPU Pa3INYHBIX
cKopocTax aedopmaruu 00yCIOBICH MUKPO- U ME30MACIITA0HOW KOH(UTYpaIeH TOTMMEPHBIX IIeTIeH, YaCTHIT
HATIOJTHATENSL W MX CBS3BI0 C METAUTHICCKAMH KOMIIOHCHTaMH. [IpnOMM3uTeNbHbIC 3HAYCHNS TWHAMHYCCKON
JKECTKOCTH YaCTO PACCUUTHIBAIOT YEPE3 CTATHUECKYIO KECTKOCTb, UTO YNPOILIAET 3a7a4y, HO MOXKET IPUBECTHU K
HETOYHOMY MPOTHO3UPOBAHUIO JAMHAMHUYECKOrO IMOBEACHHUS NPYXKHUHbl. B 53TOH craThe mnpeacraBieH
SKCIIEPUMEHTAIBHBIA METOJl OLEHKH AMHAMHYECKOH >KECTKOCTH C HCIOJIb30BAHUEM 3JIEKTPOAMHAMHYECKOTO
BHOpPOCTEH/Ia, KOTOPEIA IO3BOJIIET OO0Jiee TOYHO XapaKTePH30BaTh PEAaKIHI0 MPY)KUHBI Ha IUHAMHYECCKYIO
Harpy3ky. lIpoBeneHo cpaBHEHHE C aHAIUTHUYECKUM METOJOM, OCHOBAHHBIM Ha CTAaTUYECKOM >KECTKOCTH, C
yKa3aHWeM €ro orpaHuueHuil. KpoMe TOro, yTOUHEH [Mamna3oH 3HAue€HWH JIUHAMUYECKOW >KECTKOCTH,
pacCUMTaHHBIX Yepe3 CTaTUYECKYI0 KECTKOCTh, YTO MOBBIIIAET TOUYHOCTh NMPOTHO3UPOBAHUS JUHAMUYECKOTO
TIOBEJICHHUS.

Kniouesvie cnosa: pesnHOMETaJUIMYecKas TPYXKHHA, BuOponepenada, JMHAMHYECKas KECTKOCTH,
ANEKTPOAMHAMHUYECKUI BHOPOCTEHI.

Experimental Investigation into Dynamic and Static
Stiffness Relationships in Rubber—Metal Springs

D. Jovanovi¢', M. Bani¢!, N. Korunovié¢', M. Milosevi¢', and D. Marinkovié¢>?

! University of Nis, Nis, 18000 Serbia
% Technical University of Berlin, Berlin, 10623 Germany
3 Mechanical Science Institute, Vilnius Gediminas Technical University (VILNIUS TECH),
Vilnius, LT-10105 Lithuania

Rubber—metal springs are widely used in industrial applications, particularly as vibration absorbers, due to their
ability to mitigate dynamic loads. The dynamic stiffness of rubber—metal springs plays a crucial role in determining
the natural frequency of a system as natural frequency is directly related to dynamic stiffness. Therefore, the
accurate determination of dynamic stiffness is essential when selecting an appropriate rubber—metal spring for a
given application. However, the assessment of dynamic stiffness presents a significant challenge due to the
complex interaction between the rubber and metal components, particularly when considering the viscoelastic
properties of rubber and the geometric properties of a spring. The viscoelastic response of rubber and its change
at different strain rates are governed by the micro- and mesoscopic configuration of polymer chains, filler particles,
and their bonding to metal components. Consequently, dynamic stiffness is often approximated using the static
stiffness measurements, which simplifies the problem but may lead to inaccuracies in predicting the true dynamic
behavior of the spring. In this paper, we present an experimental method for the dynamic stiffness assessment
using an electrodynamic shaker, which allows for a more accurate characterization of the spring response to
dynamic loading. This method is compared to an analytical approach based on static stiffness, highlighting the



limitations of the latter approach. Furthermore, we propose an improved range for calculating dynamic stiffness
by static stiffness, enhancing the predictive accuracy for dynamic behavior.

Keywords: rubber—metal spring, vibration transmissibility, dynamic stiffness, electrodynamic shaker.
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Biausinue 3epHOrpaHMYHBIX cerperauvi atomoB Mg Ha MeXaHM4YeCKue
XapaKTePUCTHKHU YJIbTPAMEJIKO3ePHUCTOrO0 ciiiaBa Al-Mg-Zr

H.B. Cku6a'*, ML.IO. I'yrkun®**, T.C. Opinosa'
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[Ipenmaraercst TeopeTndeckas MOJIENb, KOTOPasi ONMMCHIBAET MUKPOMEXaHN3M IIACTUYECKOH nedopManii B
ynbTpaMenkozepaucToM (YM3) crmmaBe Al-Mg-Zr, CTpyKTypHpOBAaHHOM METOJOM KPYUYCHHS O] BBICOKHM
nasineaneM (KBJI), c cerperanusmu atomoB Mg B rpanuiax 3epeH (I'3), oopaszoBaBmumucs B mporiecce KB/ B
paMKax MOJIeINH IUTaCTHYecKas ie)opManys OCYIIECTBISIETCS 32 CUET MCIyCKaHHs PEIICTOYHBIX JUCIOKalni U3
TPOMHBIX CTHIKOB ['3, comeprkaIyx psi/ibl BHECEHHBIX 3€pPHOTPAHUUYHBIX AUCIOKAIUI, 3aKPEIIEHHBIX Ha aToMax
Mg, koropsle oOpasyioT cerperauu Ha ['3. DTHM cerperaniy BBICTYNAIOT B Ka4deCTBE INPEMATCTBUH I
CKOJIEXKCHUSI BHECCHHBIX 3CPHOTPAHUYHBIX IHWCIOKANWH, 3aTpynHsas (HOPMUpPOBAHHE JUCIOKAIIMOHHBIX
CKOIUIEHMH BOJM3M TPOMHBIX CTHIKOB '3 M CHMXAs TaM KOHLEHTPALMIO NMPWJIOKEHHOTO HANPSDKEHMS, 4TO
MIPUBOJUT K 3HAYUTEIHHOMY YIPOUYHCHHUIO CIUTaBa. Ha OCHOBE ATOW MOJIENM PAacCUUTaHBI MPEAETbl TCKYy4eCTH
YM3 cmmaBa Al-Mg-Zr mocie KBJ[ u mocie IOTOTHUTENBHOW TepMoMexaHmdeckoi obpabotku (TMO),



COCTOSIIICH U3 HU3KOTEMIIEPATYPHOrO OTXKHUra U HeOOJbIoH gonoaauTensHor nedopmarmu KB/, O6cyxaaercs
yBEIMYEHHUE IIACTUUHOCTH CIUIaBa, BbI3BaHHOe npuMmeHeHueM Takoil TMO. IlpeayioxkeHHas Moneidb XOPOILIO
COTJIACYETCS C UMEIOIIUMUCS SKCIIEPUMEHTaIbHBIMU JAHHBIMHU.

Knrouesvie cnoga: ynbTpamMelKO3epHUCTBIE CIUIaBbl, 3€PHOTPAHUYHBIE CETPErald aTOMOB, TUCIIOKAIWH,
TepMOMeXaHH4YeCcKast 00pabOTKa, TPaHHUIIBI 3EPCH.

Effect of Grain Boundary Segregations of Mg Atoms on Mechanical
Properties of Ultrafine-Grained Al-Mg-Zr Alloy

N.V. Skiba', M.Yu. Gutkin®***, and T.S. Orlova!

!'Samara University, Samara, 443086, Russia
2 Siberian State Industrial University, Novokuznetsk, 654007, Russia
3M.N. Mikheev Institute of Metal Physics, Ural Branch,
Russian Academy of Sciences, Yekaterinburg, 620108 Russia
4Kurchatov Institute National Research Center, Moscow, 123182 Russia

A theoretical model is proposed to describe the micromechanism of plastic deformation in an ultrafine-grained
Al-Mg-Zr alloy structured by high-pressure torsion (HPT) with grain boundary segregations of Mg atoms formed
during HPT. In the model, plastic deformation is realized due to the emission of lattice dislocations from triple
grain junctions of grain boundaries (GB), which contain arrays of extrinsic grain boundary dislocations that are
pinned by Mg atoms segregated at GB. These segregations act as obstacles to sliding of extrinsic grain boundary
dislocations, thus hindering the formation of dislocation pileups near the GB triple junctions and reducing the
stress concentration at them, which leads to significant strengthening of the alloy. This model is used to calculate
the yield strength of the ultrafine-grained Al-Mg-Zr alloy after HPT and after additional thermomechanical
treatment consisting of low-temperature annealing and slight deformation by HPT. An increase in the alloy
plasticity due to such thermomechanical treatment is discussed. The proposed model agrees well with the available
experimental data.

Keywords: ultrafine-grained alloys, grain boundary segregations of atoms, dislocations, thermomechanical
treatment, grain boundaries.
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I'unepynpyrasi Moxe/ib CABUIOBOIO 3aNIa3AbIBAHUS

I'M. CepacTbsHoB!*, A A. Bypenun'

' MucTnTyT MalMHOBEIEHNs 1 METALTYpruu, Xab6apoBckoro PeepaibHOTO MCCIIEN0BATENECKOTO IEHTPA
JlaneHeBOCTOYHOTO OTAETeHNs Poccniickoil akageMun HaykK,
Komcomornbck-na-Amype, 681005 Poccust

Ha ocHoBe aHammsa nedopmMamnuy NPEACTaBUTENHFHOTO OOBEMa BBIBEICHA MHKPOMEXaHHYECKas MOJIEIb,
OTIMCHIBAIONIAS YIIPYTUH MOAYJIb KOMITO3UTA, apMUPOBAHHOTO OJJHOHATIPABICHHBIMI KOPOTKHMH BOJIOKHAMH, TIPH
pacTsDKEHMM MaTephala B HANpaBICHUM apMHPOBaHUSA. AHAIN3 BKIIOYAET TOYHOE pEIICHHE ypaBHEHWH
THIIEPYNPYTOCTH B e(hOPMHUPOBAHHON MaTpHIIE U MPUOJIMKEHHOE PELICHNE YPaBHEHUH 1J1sl MaTepralia BOJIOKHA.
Pemenne moctpoeHo Jisi HEOryKoBcKoro Marepuaiia. [ToxydeHsl GpopMysibl, CBS3BIBAIONINE YIIPYTYIO SHEPTHIO
nedopmanuy KOMIO3UTa ¢ MaKPOCKOITMUYECKO# POJIONBHON eopMmanueil, a Takxke GopMyJibl, ONMUCHIBAIOIINE
MPOJOBHYIO U paJuaibHyo AeopMaliio MaTepyalia MaTPHULBl U BOJIOKHA. B KauecTBe I7aBHOrO pe3ysbTara
nojyueHa (Gopmyiia, KOTopas CBS3bIBACT Ha4aJbHBIH TaHM€HLUAJIbHBIM YHNPYTHid MOJYJb KOMIIO3MTa (aHAJIOT
Monynst FOHra [uis NTMHEHHBIX MaTepHaioB) ¢ MEXaHWYECKOH XapaKTEepUCTHKOH MaTepHaliOB, COCTAaBIISIOLINX
KOMITO3UT (a2 MMEHHO, OTHOIICHHEM YINPYIWX MOJYyJeH MaTpuIbl W BOJIOKHA), a TAaKXKe C I'€OMETPHUYECKOH
XapaKTEePUCTUKON BOJIOKOH (OTHOIICHHWEM JUIMHBI BOJIOKHA K €r0 JHaMeTpy) M ¢ 0ObEMHOH [0J1ell BOJIOKOH B
komro3ute. [IpuBezieHo cpaBHEHHE PE3YNIBTaTOB C APYTHMH aHATUTHYECKUMH MOJCISIMH, a TAKXKE C U3BECTHBIMH
pe3ysIbTaTaMH YHCICHHOTO MOJIEIIMPOBAHMS METOJJOM KOHEUHBIX 3JIEMEHTOB M METOJIOM I'PaHUYHBIX JIEMEHTOB.
PesynbraTel 0000matoT m3BectHyto Monens Shear Lag (SL) Ha rumepynpyrue marepuaibl, M IOJY4YEHBI C
MIOMOIIBIO 00JIEE CTPOrOT0 aHAINU3a, YEM HCXOAHASI MOJIEIIb.

Kniouegvie cnosa: KOMNO3UT C KOpPOTKMMH BosiokHamu, shear lag model, moxynp lOHra, HenuHeiinas
YOPYTOCTb.

Hyperelastic Shear Lag Model
G.M. Sevastyanov' and A.A. Burenin'

!Institute of Engineering and Metallurgy, Khabarovsk Federal Research Center, Far Eastern Branch,
Russian Academy of Sciences, Komsomolsk-on-Amur, 681005 Russia

Based on the analysis of deformation of a representative volume, a micromechanical model is derived to
describe the elastic modulus of a composite reinforced with unidirectional short fibers under tension in the
reinforcement direction. The analysis includes an exact solution to the hyperelastic equations for the deformed
matrix and an approximate solution to the equations for the fiber material. The solution is provided for a Neo-
Hookean material. Formulae are derived to relate the elastic strain energy with the macroscopic longitudinal strain
of the composite, as well as to describe the longitudinal and radial deformation of the matrix and fiber material.
The main result is a formula that relates the initial tangential elastic modulus of the composite (an analog of
Young's modulus in linear elasticity) to the mechanical characteristics of the composite constituents (namely, the



ratio of the elastic moduli of the matrix and fiber), as well as to the geometric characteristics (length-to-diameter
ratio) and volume fraction of fibers in the composite. The derived results are compared with the findings of other
analytical models, as well as with the known results of numerical simulation by the finite element and boundary
element methods. The results generalize the well-known shear lag (SL) model to hyperelastic materials and are
obtained using a more rigorous analysis than the original model.

Keywords: short-fiber composite, shear lag model, Young's modulus, nonlinear elasticity.
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NuayuupoBaHHbie NepeMEeHHBIM 0J1eM KOJIe0aHUs YaCTHIL B
MArHMTOAKTHBHOM YJIacTOMepe B YCJI0BUAX ME30CKONMYECKOIo
MarHMTOMEeXaHM4YeCKOIro rucrepesuca

AM. Bunnep'*, O.B. Cron6os!, 10.J1. Paiixep'

! MHCTHTYT MeXaHUKH CTIOMIHBIX cpejl YpanbcKoro oTaeenus Poccuiickoit akageMun Hayk — puaman
®DeepalbHOTO FOCYAaPCTBEHHOTO OIOKETHOTO yupeskaeHus Hayku “Tlepmckoro denaepanbHOro
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[pemnoxxena 6Ga3oBasi MOJENh ME30CKOIMUYECKON MUHAMUKHA MarHUTOAKTHBHOTO 31actomepa (MAD). B
Ka4decTBe dJIEMEHTapHOU sueiiku MAD BrIOpaHa mapa chepudecKrnx JHHEHHO HaMarHWYMBAIOUIMXCS YaCTHII,
MOTPY>KEHHBIX B YIIPYTOBA3KHi 3nactomep Tuna KensBuna. VcciaenqoBaHsl BEIHYKICHHBIE KOIEOaHNS YKa3aHHON
CHUCTEMBI IIOJ{ JECUCTBUEM MAarHUTHOIO IIOJIA, COCTOSILEr0 W3 IIOCTOSSHHOW U IIEPEMEHHON KOMIIOHEHT. B
OTpeeIEHHON aMIUTHTY THO-9acTOTHOH 00IacTH paccMaTpuBaeMas rmapa IeMOHCTPUPYET 0cOOEHHOE OBEICHHE,



BBIpaKarolleecsi B Pe3KOM Iepexose (Kojuiarce) OT KOHEYHOI'O PACCTOSHHMS MEXAY YacTHLAMH K IUIOTHOMY
KOHTaKkTy. B craTMke Takoe mOBeJEHHE OMNKCHIBACTCS Kak OMCTaOMIBHOCTE M HPOSBISIETCS B BHIC
MarHUTOMEXaHUYEeCKOro Tuctepesuca: nedopmanust Kak (QyHKIUS TNPHIOKEHHOTO MO HMeeT o00JacTh
nBy3HayHOCTH. [IpoIeMOHCTPHPOBAHO, YTO, B 3aBUCHMOCTH OT Habopa MaTepHajbHBIX MapaMeTPOB CHCTEMBI U
XapaKTEepUCTUK MOJA, A KojeOaHuil mapsl BO3MOXKHBI Pa3jIMYHBIE CTallMOHApHBIE IMKIbL. [lokazaHo, 4TO
MOBBIIIEHUE YaCTOTHI IIEPEMEHHON KOMITOHEHTHI MO OJOKUpYeT rucrepe3ncHsie 3gdexTsl. Ha kauecTBeHHOM
YPOBHE OIHCAHO MOBEACHHE CHCTEMBI IIPH BBICOKOI 9aCTOTE OCHMIUIAINN.

Kniouegvie cnoea: MarHWTOAKTHBHBIN 3I1aCTOMEP, ME30MEXaHWKa, MarHUTOMEXaHWYECKHH THCTEpE3HC,
BBIHYK/ICHHBIE KOJIeOaHus.
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A basic model is proposed for the mesoscopic dynamics of a magnetically active elastomer (MAE). The MAE
unit cell consists of a pair of spherical linearly magnetizing particles immersed in a Kelvin-type viscoelastic
elastomer. Forced oscillations of this system in a magnetic field with both constant and variable components are
investigated within a specific amplitude-frequency range. In this range, the pair exhibits a distinctive behavior,
which consists in a sudden transition (collapse) from a finite distance between the particles to tight contact. This
phenomenon, known as bistability, is described in statics as magnetomechanical hysteresis, where deformation as
a function of the applied field shows an ambiguous region. It is demonstrated that, depending on the material
parameters and field characteristics, various stationary oscillation cycles are possible. In addition, increasing the
frequency of the variable field component reduces hysteresis effects. The system behavior at high oscillation
frequencies is described qualitatively.

Keywords: magnetoactive elastomer, mesomechanics, magnetomechanical hysteresis, forced oscillations.
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[MpennoxeH HOBBI METOJ TOYHOTO ONpPEAETICHUS JIMHBI TPEIIMH B MOBPEKACHHBIX CTAJIBHBIX OAJTOYHBIX
KOHCTPYKIHUSX, OCHOBAHHBI HAa TEOMETPHMYECKH YTOYHCHHOW MOJENM KOHEYHBIX JJIEMEHTOB H
YCOBEPIICHCTBOBAaHHOM, Tak Ha3biBaeMoM Lévy—ASO, anroputme ONTHMHU3AIMU TOWCKA IOJIOKEHHS aTOMOB
(ASO). KiroueBoit ocobeHHOCTRIO anmroputMa LéEvy—ASO sBisieTcss TeHepanus CIy4YalHBIX [UIHH IIaros,
ompenesieMbIX pacmpeneneHreM JleBu. 3OTO MO3BOISIET pPACHIMPUTH IEPEMEINEHUs UIS  YBEIWYEHHUS
MIPOCTPAHCTBA MOWUCKA WM CYy3UTh MX AJISI MCIIOJIB30BAHMS MOTCHIMAIBHBIX IPOCTPAHCTB MOWUCKA, TEM CaMbIM
co3/1aBasi yCIoBus riobanbHOM ontumansHOCTH. HoBast cTpaTerus moucka MOBBIIIAET CIIOCOOHOCTH alropuTMa
ASO HaxoauTh TJI00aJBHO ONTHMANbHOE peIIeHHe M H30erath JOKaJIbHOM onTHMambHOCTH. CpaBHEHHE
spdexkruBHoctn LEvy—ASO u ASO mpoBeneHo Ha mpuMepe 23 KIACCHUECKHX TECTOBBIX (DYHKIHMH, KOTOPBIC
YKa3bIBalOT Ha 0ojiee BBICOKYIO TOUYHOCTh M CKOPOCTh cxoaumocTu Lévy—ASO 1o cpaBHEHUIO C WMCXOHBIM
anroputMoM. DPPeKTHBHOCTh U HaJe)KHOCTh LEvVy—ASO Ui omnpeneneHus [UIMHBI TPEIIUH CTaIbHBIX OalOK
MTOJIBEPIKEHA C TIOMOIIBIO CEPHH YKCIIEPUMEHTOB Ha CTAJBHBIX 0alikax ¢ TpemuHaMu AmuHoi 2, 4, 8 u 10 mm. Ha
OCHOBE 3KCIIEPUMEHTAJIBHO MOJTYYEHHBIX W PACCUMTAHHBIX C TOMOIIBIO MOJIETH KOHEUHBIX JJIEMEHTOB 3HAYCHUH
4acToT KOJIeOaHWH TmoiydeHa meneBas ¢yHkowsa. Mcmoms3oBanme amroputMa LéEvy—ASO mo3Bomser
ONITHMU3UPOBATH LEJIEBYIO (YHKIMIO, KOTOpas BhIBEAECHA HAa OCHOBE aHAJIM3a MOJEIM KOHEYHBIX 3JIEMEHTOB C
YTOYHEHHBIMH T€OMETPUUYECKUMI KOOPAMHATAMH JUTMHBI TpeluHbl. [TokazaHa 3¢ (eKTHBHOCTD MPEAI0KEHHOTO
MeToJ[a U MPUMEHUMOCTh anroputMa Lévy—ASO mmst pemeHns pa3TuuHbIX HHKESHEPHBIX 3a7a4 ONTHMHU3AIUH

Kniouesvie cnosa: KOHTPONb CTPYKTYPHBIX HOBPEXKACHUH, aNrOPUTM ONTHMHU3ALMH IOMCKA IONOXKEHUS
aTOMOB, YTOYHEHHME MOJENH KOHEUHBIX 3JIEMEHTOB, IOKa3aTelb [UIMHBI TPEIIMHBI, pachpezencHue Jlesw,
SAP2000-OAPI



Improved Atom Search Optimization (ASO) for Crack
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This paper presents a new method for accurately determining the crack length in damaged steel beam structures.
The proposed method combines the geometric updating technique of the finite element model (FEM) with a new
variant of atom search optimization (ASO) called Lévy—ASO. The key feature of the Lévy—ASO algorithm is that
it generates random step lengths determined by the Lévy distribution. Based on these step lengths, Lévy—ASO can
achieve wider movements to expand the search space or narrower movements to exploit the potential search spaces,
which is close the global optimum. It leads to a new search strategy within the ASO algorithm, effectively
improving its ability to find the global optimum solution and escape the local optimum. To compare the
effectiveness of Lévy—ASO with the original ASO, 23 classical benchmark functions are used as the first example.
The comparison results show the superiority of Lévy—ASO over the original ASO in both accuracy and
convergence rate. Then, a series of experiments were conducted on damaged steel beams with the crack lengths of
2 mm, 4 mm, 8§ mm, and 10 mm to demonstrate the effectiveness and reliability of Lévy—ASO in determining the
crack length of steel beams. Based on the vibration frequencies measured in these experiments and obtained from
the finite element (FE) model, an objective function is established. The process of finding the crack length is
carried out using the Lévy—ASO algorithm to optimize the objective function, which is established based on the
analysis of the FEM where the geometric coordinates of the crack length are adjusted. This study proves the
effectiveness of the proposed method, and the Lévy—ASO algorithm is recognized as a promising optimization
algorithm for solving various engineering optimization problems.

Keywords: structural damage detection, atom search optimization algorithm, FEM updating, crack length
indicator, Lévy distribution, SAP2000-OAPI
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AHaJIM3 CTATHYECKOU MPOYHOCTH KOMIIO3UTHOI O0KOBOM 0AJIKH TEJIEKKH C
MOMOIIBI0 YMCJIEHHOT0 MOACJTUPOBAHMS C YY4E€TOM CBA3YIOLIEI0 3JIeMEHTAa

Bo Yang!, Song Zhou?*, F. Berto®, and Yiwen Yuan'

! [llanxaiickuii HHCTUTYT KOHTPOJIS KAYECTBA M TEXHUIECKUX nccienopannii, [lanxaii, 200062 Kuraii
2 CeBepo-3ana/IHblil TONMTEXHUYECKHH yHUuBepcuTeT, Taitan, 215400 Kurait
? Pumckuii ynusepenrer Jla Canvenua, Pum, 00185 Utanus

BBICOKOCKOPOCTHASI KeJIe3Hasl JI0pOra MO3BOJISET HE TOJBKO MOBBICHTH MPOIMYCKHYIO CIIOCOOHOCTH, HO H
CHHM3HTh HHEPrornotpebIeHrue M BhIOPOCHI 3arpsI3HSIONIMX BEIIECTB, 4 TAKXKE CIIOCOOCTBYET 3KOHOMHYECKOMY
pa3BuThio. OCHOBHBIM 3JIEMEHTOM BBICOKOCKOPOCTHOTO 3JIEKTPOIOE3/1a SIBISIETCS TEJIEKKA, KOTOPAsk BBIMOIHST
(GYHKIMH ONOPBI, PYJIEBOTO YIPABJICHHS, TOPMOXKEHHS, [BIKCHUS M aMopTH3aluu. BokoBas Oalika TeNe)Ku
MPECTABISIET COOO0M TOJICTYIO KOMIIO3UTHYIO KOHCTPYKIIUIO, KOTOPast MOJIBEPIKeHA PACCIOSHHUIO TI0/T HAPY3KOi.
[TporHo3upoBaHue pacclioOCHHsE METOI0M KOHEYHBIX 3JIEMEHTOB MOXKET 3HAaYUTEIIbHO MOBBICUTH 3()()EKTHBHOCTD
KOHCTPYKIHUH. B ctaThe pazpabotaHa Moaens KOpoTKoH konecHou 6a3sl 14T, 16T n 001erdeHHO#N paMbl TEIEKKH.
PaccunTanbl MaKpOCKOITMYECKHE MEXaHINUECKHE CBOMCTBA. BrimmoHeHo MoienupoBanue paccioenus B ABAQUS
C HUCIOJIb30BaHUEM CBSI3YIOIETO AJIEMEHTA HYJICBOH TOJIIMHBL [lociie cTaTH4ecKOro aHajiu3a MPOYHOCTH MpH
3aJlaHHBIX YCIIOBHUSIX, MPOBEICH pacyeT MPOYHOCTH 3ieMeHTa. ONTHMHU3ALMS CTPYKTYpPBI CJOSI MO3BOJISIET
n30exXaTh MOBPEXKACHHUS TENEKKH B pabouymx ycnoBusx. [loka3aHo, 4TO TeOpHsl SKBHUBAJIECHTHBIX MOJYyJEH
KOMITO3UTHBIX MaTepuasioB NMIPUMEHNUMA K YHCICHHOMY aHaIN3y paccioeHus, a 3QQeKTUBHAS CTPYKTypa ClIos
YBEIMYHMBACT IPOYHOCTH COCTMHEHHS CJIOEB.

Kniouegvie crnosa: paccioeHue, CBS3yIOMMH 3JIEMEHT, KOMITO3UTHast O0OKOBasi 0aJIka TEJIEXKKH.
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High-speed railway not only meets the demand for capacity, but also saves energy and reduces emissions, and
helps economic development. As the core component of the high-speed electric multiple unit (EMU), the bogie
plays the role of bearing, steering, braking, driving, and shock absorption. The bogie side beam is a thick composite
structure, which is prone to delamination failure during loading. Prediction of structural delamination by the finite
element method can effectively improve the design efficiency. In this paper, a model is established for the short
14T and 16T wheelbase and the lightweight bogie frame structure, and the macroscopic mechanical properties are
calculated and predicted. The zero-thickness cohesive element in ABAQUS is used to simulate the delamination
damage in the component. Static strength analysis is carried out for the given operation condition, and then the
strength of the component is obtained. Due to optimization of the ply design, there is no damage to the bogie under
operation conditions. It is illustrated that equivalent modulus theory for composites is suitable for the numerical
analysis of delamination damage, and the effective ply design increases the interlayer strength.

Keywords: delamination damage, cohesive element, composite bogie side beam.
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