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CpaBHHTe/IbHOE HCCJIEI0BAHHE THHAMMYECKOIO Mpeae/ia TeKy4ecTH
KPYIIHO3ePHHUCTOI0 U MEJKO3EPHUCTOI0 MeAHbIX ciuiaBoB M1 Ha ocHoBe

HOBOI'0 ITIOAX0JAa K UCIIBITAHHUIO YIAPOM 110 HAKOBAJILHE
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KpynHoszepHucrass u MenkosepHuctass Menp M1 Oblia SKCIIEpUMEHTAIBHO HCCIEJOBaHa B paMKaxX HOBOM
METOJIUKM 00pabOTKM pe3yNbTaToB yJapHbIX HCIBITAaHWK Oo0pa3ua 1o HakoBajbHE. J[aHHBIE JMHAMUYECKHX
UCITIBITAaHUH OBUTH JIOTIOJHEHBI pe3ysIbTaTaMH M3MEpPEHHMs Mpejeia TeKYy4eCTH B CTaTHYECKUX TecTaX, a TaKKe
HCCJIEJOBAaHHEM MHUKPOCTPYKTYPHI 00pa3LloB JI0 W TOcie coyaapeHHs. J[Is OIEeHKH KIIOYEBBHIX IapaMeTpoB,
XapaKTepU3yOIUX peaKkIH0 MaTepuaja Ha BBICOKOCKOPOCTHOE HarpykeHue, ObLT NPUMEHEH IOAXOX ¢
UCIIONIb30BaHMEM HMHKYOAllMOHHOTO BPEMEHH, YTO TO3BOJIMJIO TIOJyYHTh HOBOE IPEICTAaBIICHHE O ITOBEICHUU
MEIU C pa3IMdHON CTPYKTYpoil 3epHa B INMHAMHYECKHX YCIOBHSX. [IpOBOOWTCS cpaBHEHHE pPE3yJIbTATOB,
MOJTYYEHHBIX COTJIACHO KJIACCHYECKOW MeToamke Tednopa, ¢ JaHHBIMH, ONpPEICICHHBIMH B PaMKaxX HOBOTO
MOJX0/a, KOTOPBIM IO3BOJSIET TNPOTHO3MPOBATh IIPEJEN TEKydeCTH Kak IPH HMITyJbCHOM, TaK W IIpH
BBICOKOCKOPOCTHOM HarpyxeHud. [lokazano, uto obpasusl B K3 mim M3 cocTosiHUM MOTYT IEMOHCTPHUPOBATH
GoJiee BBICOKYIO IIPOYHOCTH OTHOCUTEINILHO IPYT APYra B 3aBUCHMOCTH OT CKOPOCTH Harpy>KeHHUS.

Kniouesvie cnosa: tect Teinmopa, MHKyOallMOHHOE BpeMs, TUHAMHUYECKHH KpUTEpHi Tekydectd, M3
MaTepHabl



Comparative Study of Dynamic Yield Strength of Coarse-Grained
and Fine-Grained M1 Copper Alloys Based on a New Approach to
Impact Anvil Testing

R. V. Lukashov!, A. A. Gruzdkov'?, G. A. Volkov'?, E. S. Ostropiko’,
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Coarse-grained and fine-grained M1 copper is experimentally investigated using a new methodology for
processing the results of anvil impact tests on the specimen. Dynamic test data are supplemented by yield strength
measurements in static tests and microstructural studies before and after impact testing. Key parameters
characterizing the material response to high-speed loading are evaluated within the incubation time approach,
which provides new insights into the dynamic behavior of copper with different grain structures. Comparison is
made between the results obtained according to the classical Taylor methodology and the data determined by the
new approach, which allows the yield strength to be predicted under both impulse and high-speed loading. It is
shown that specimens in the coarse-grained or fine-grained state can exhibit higher strength relative to each other
depending on the loading rate.

Keywords: Taylor test, incubation time, dynamic yield criterion, FG materials
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IloBenenue yabTpamesiko3epuucToro cmiasa Zn-1%Mg-0.1%Ca npu
NPUIOKEHUH MUKJIUYECKUX HATPY30K

H. C. MaprIHeHKol*, I'.B. PLIGaHLqGHKoz, H. IO. Ta6aqKOBa3’4,
O. B. PuiGanbuenxo’, E. A. JIyKLﬂHOBal, . P. TeMpanHeBal, 1. B. HpOCBI/IpHI/IHl,
C.B. I[06aTKI/1H1
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B pabore mpoBOAMIIOCH HCCIIENOBAaHUE MHUKPOCTPYKTYPHI M MEXaHMYECKUX XapaKTEPUCTHUK, B YaCTHOCTH
YCTaJIOCTHOM MPOYHOCTH, ciuiaBa Zn-1%Mg-0.1%Ca, noaBeprayToro KpyueHHmIo moJ| BBICOKUM JIaBICHHEM IPU
KOMHATHOW Temneparype. VccnenoBanus mnokasanu, uto nocine KBJ] B cmnaBe ¢dopmupyercst cmemiaHHas
MHUKPOCTPYKTYypa, cocrosimasi u3 3epeH o-Zn pasmepom 700-900 uM, HaHO3epeH Ooratoii mMarnuem Qasbl
pasmepom 50-100 HM m MenkoaucnepcHBIX yacTui pasmepoM ~30-50 am. PopmupoBaHNE TaKOW CTPYKTYPHI
MIPUBOJUT K MOBBIIIEHUIO YCIOBHOTO IpeieNa TEKYYECTH CcIlaBa B ~2.5 pasa, Ipejesna NpoYHOCTH — B ~2.7 pasa
IIPU OJHOBPEMEHHOM 3HAYMTEIBHOM POCTE OTHOCHTEIBHOTO yJIuHEHHA (nmpuMmepHO B 13 pa3). IloBblmenne
CTaTHYECKOI TNPOYHOCTH TaKKe COIMPOBOXKAACTCS POCTOM YCTAJIOCTHOW mpouyHoctH B 1.7 pasza. OnHako
MOBBIIIEHHE YCTAJOCTHOM MPOYHOCTH HOCHT MEHEE BBIPAKEHHBIM XapakTep II0 CPaBHEHHIO C POCTOM
crarudeckoil mpouHoctu. Ilpexen ycramoctu yBenmmdwics mpaktudecku Ha 70% IO CpaBHEHHIO C IpesiesoM
ycTanocTu ucxoxaHoro cruasa (¢ 65 Mlla mo 110 MlIla coorBercTBeHHO). IIpn noctimxenuu 2.8 x 10° nukios
Harpy>KeHusi 10 CXeMe IIOBTOPHOIO pacTsDKEHMsl paspyllieHHe o0paslia COIPOBOKAANIOCh 00pa3oBaHHEM
MUKPOTpEIINH, HalpaBJICHHbIX MNEPHEHANKYISIPHO (POHTY pacnpoCTpaHEHHs YCTaJIOCTHOM TpEIIUHBI |
PacIIoI0KEHHBIX BOJIM3HU 30HBI JI0JIOMa YCTaJIOCTHOTO 00pasua.

Kniouesvie crosa: 1IuHKOBBIE CIIaBbI, KPYYEHHUE O]l BHICOKMM JaBJICHUEM, MUKPOCTPYKTYpa, IPOYHOCTb,
IUIACTUYHOCTb, YCTAJIOCTHAS TPOYHOCTD.



Behavior of Ultrafine Grained Zn-1%Mg-0.1%Ca Alloy under Cyclic
Loading
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The paper studies the microstructure and mechanical characteristics, in particular, fatigue strength, of the Zn-
19%Mg-0.1%Ca alloy subjected to high pressure torsion at room temperature. The study shows that a mixed
microstructure is formed in the alloy after HPT, which consists of a-Zn grains 700-900 nm in size, nanograins of
a magnesium-rich phase 50-100 nm in size, and finely dispersed particles ~30-50 nm in size. The formation of
such a structure leads to an increase in the yield stress of the alloy by ~2.5 times and in the ultimate tensile
strength by ~2.7 times with a simultaneous significant growth in the elongation (approximately by 13 times). An
increase in the static strength is also accompanied by an increase in the fatigue strength by 1.7 times. However,
the increase in fatigue strength is less pronounced compared to the increase in static strength. The fatigue limit
increases by almost 70% above that of the initial alloy (from 65 MPa to 110 MPa, respectively). Upon reaching
2.8 x 10° loading cycles by the repeated tension scheme, fracture of the sample is accompanied by the formation
of microcracks directed perpendicular to the fatigue crack front and located near the final fracture zone.

Keywords: Zinc alloys, high pressure torsion, microstructure, strength, ductility, fatigue strength
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Bunsinne 3aKajIKi M CTApeHHs HA MUKPOCTPYKTYPY H cBoiicTBa Al-Mg-Si-
Cu cni1aBa
AM. Bomsixosa™*, YI.C. 3yiiko®, A.A. Kaimnenxo®, 1.10. F036ekosa’, D.1. Yucrroxuna’, P.O.
Kaii6pimes’
Y ®r40y BO HUY «benl” V», Beneopoo, 308015 Poccus
HccnenoBaHo BIHMSIHME 3aKajlKu W CTapeHWs Ha (a3oBbIl cocTaB M (Pu3MKO-MEXaHWYECKHE CBOICTBA
AMOMUHKEBOTO cii1aBa cucteMbl Al-Mg-Si-Cu. [ToBeinieHne Temmepatyps 3akanku ¢ 530 o 550°C npuBogut K

pocty TBepaoct ¢ 59 = 1 go 68 + 2 HV u mageHuto snektpudeckoit npoBogumoctu ¢ 38.9 = 0.1 mo 36.0 =
0.1 % IACS, coorBercTBeHHO. KpHBBIE paCTSDKEHHSI MOCIE 3aKaIKH JEMOHCTPUPYIOT CKauyKOOOpa3HYIo



nedopmanuio wiH, Tak HazbiBaeMbIid 3 dexT [TopreBena—Jle lllaTenbe, 4TO SBISETCS CIEACTBUEM PACTBOPEHHS
M30BITOYHBIX (Pa3 IpM BBICOKMX TeMIepaTypax M o0pa30BaHUS MEPECHIIIEHHOTO TBEPIOTO PacTBOpa B CIIIaBE
mocie 3akankd. Craperme mpu temmeparype 190°C mpuBOIUT K HEMOHOTOHHOMY H3MEHEHHIO TBEPIOCTH.
MakcuManbpHas TBEPAOCTh HaOmromaercs mocie 2 9 crapeHus u cocrtaBisier 143 + 4 HV. B cocrosaun
MaKCHMaJIbHON TBEPAOCTH B cIutaBe Gpopmupyrores yactuisl B”, B, Q', kmacrepos u 30H ['mabe—IIpecrona (I'TI),
MpeamecTByommx BeigeneHnio 0”-¢a3pr, Q'-¢a3er u S'-daspl. [JucnepcrorHOe ynpodHeHHE O0ecreduBacT
MOBBILIIEHUE YCJIOBHOTO TMpeleia TEeKy4ecTH W mpenena mpouHoctw ao 340 + 5 um 390 + 10 MlIla,
COOTBETCTBEHHO, IPHU OTHOCUTEIBHOM YIIMHEHHH okoyio 12.3 + 1.6 %. IloBbllIeHHas TUIACTUYHOCTH CIIJIaBa,
KOTOpasi Ha mnpuMepHO 2 % BbIIE paHee M3BECTHBIX JIMTEPATYpPHBIX JIAaHHBIX, MOXET OBITH CBS3aHAa C
OTCYTCTBUEM HToJibuaThiX YacTul] AlsFeSi BeeacTBre LeneHanpaBICHHOTO CHIKEHUSI KOHIIEHTPALlMK JKeJle3a B
CIUIaBe.

Knouesvie cnosa: Al-Mg-Si-Cu  crumaB, MeXaHHYECKHE CBOMCTBA, MHKPOCTPYKTYpa, 3JEKTpHUECKast
MIPOBOIUMOCTb, CTAPEHHE

Regularities of dispersion hardening of Al-Mg-Si-Cu alloy during artificial
aging
A.l. Bodyakova', I.S. Zuiko !, A.A. Kalinenko *, D.Yu. Yuzbekova *, E.I.
Chistyukhina®, R.O. Kaibyshev *

! Belgorod State University, Belgorod, 308015 Russia

The effect of solution treatment and aging on phase composition and physical-mechanical properties of an
Al-Mg-Si-Cu alloy was investigated. Increase of solution temperature from 530 to 550°C leads to hardness
increase from 59 + 1 to 68 + 2 HV and electrical conductivity decrease from 38.9 + 0.1 to 36.0 + 0.1 % IACS,
respectively. The stress—strain curves after solution treatment are characterized by jerky flow or the Portevin-Le
Chatelier effect, which is associated with the dissolution of particles at high temperatures and the formation of a
supersaturated solid solution in the alloy after solution treatment. Aging at 190°C leads to a non-monotonic
behavior of hardness. The maximum hardness of 143 + 4 HV is observed after aging for 2 h. The p”, p', Q'
particles, clusters, and Guinier-Preston (GP) zones provide maximum hardness in the alloy. Particle
strengthening leads to an increase in the yield strength and ultimate tensile strength to 340 = 5 and 390 %
10 MPa, respectively, and an elongation of about 12.3 + 1.6 %. The high ductility of the alloy (approximately
2 % higher than previously published literature data) may be a result of the absence of needle-shaped AlsFeSi
particles due to a targeted reduction in the Fe concentration in the alloy.

Keywords: Al-Mg-Si-Cu alloy, strength, electrical conductivity, plastisity, aging
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Bausinue JierupoBaHusl HMHKOM HA TeMIIEPaTypPbl TEPMOYIIPYTHX
MAPTEHCUTHBIX NMPeBPALleHNI 1 MUKPOCTPYKTYPY MeTacTa0MJIbHBIX (0+f)
cI1aBoB Ha ocHOBe CU-ZN ¢ 3pPexkTamu namsaTu popMbl

H. H. Kypanosa*, B. B. Mapuenkos, B. I'. [Iymun, A. 3. Ceupua, b. M. ®omuHbIX

Y Unemumym gusuxu memannoe umenu M.H. Muxeesa Ypansckozo omdenenus Poccuiickoti akademuu nayx, Examepuntype, 620108,
Poccus

[TpoBeneHO KOMIUIEKCHOE WCCIIEJOBAaHWE BIMSHHMA KOHIEHTpAllMM LMHKA Ha CTPYKTYpHO-(a30oBbIe
npeBpalieHns: MeTacTabmibHbIX (0+f) crmaBoB ¢ a¢dexrom namsti Gopmsl Cu-Zn. OnpeiesneHbl TeMIepaTyphl
Hayaja ¥ KOHI[A PSIMOTO U 0OPAaTHOIO MapTEeHCUTHOIO MpeBpalleHus B cruiaBax Cu-xZn (x=38, 39.5, 41 mac.%)
C TIOMOLIBI0 M3MEPEHHUH 3yeKTpoconpoTuBieHus. CTpykTypa u (ha3oBble NMPEBpPALICHUS HW3y4EeHBI METOXaMHU
ONTHUYECKOM, PacTpOBOW M MPOCBEUMBAIOMICH AIICKTPOHHONH MHKpPOCKONHHM W PEHTTCHO(A30BOTO AaHAIM3A.
VYCTaHOBICHO YMEHBLICHHE KPHTHYECKHX TEMIIepaTyp TEPMOYNPYIHX MAapTEHCHUTHBIX IpPEBpaLIeHHHd IpH
VBEIMYCHWH  COACp)KaHWSA [WHKA. [IpoaHanmm3mpoBaHBl 0coOeHHOCTH  TUPQPY3HBIX IPPEKTOB  Ha
MHKPO3JIEKTPOHOTpaMMax B 3aBUCUMOCTH OT COJEPKaHHs [IMHKA B OMHAPHBIX MeTacTaOMIbHBIX ciulaBax Cu-Zn.
Hab6nronanock yBenmyeHue INIOTHOCTH JUCIIOKALMI PH TEPMOLMKINPOBAHUI Yepe3 MapTCHCUTHBIN ITePeXO.

Kniouesvie  cnosa:  (o+B)  cmmaBel  Cu-Zn,  TepMOYIpyroe  MapTEHCHTHOE  IpPEBpAIllCHUE,
JIEKTPOCONPOTUBIICHHE, SPPEKT NaMATH (HOPMbI, MAPTEHCUT, MUKPOCTPYKTYpa

The Effect of Zinc Alloying on the Temperatures of Thermoelastic
Martensitic Transformations and the Microstructure of Metastable (a+f)
Cu-Zn-Based Shape Memory Alloys

N. N. Kuranova, V. V. Marchenkov, V. G. Pushin, A. E. Svirid, B. M. Fominyh

M.N. Mikheev Institute of Metal Physics of the Ural Branch of the Russian Academy of Sciences, Ekaterinburg, 620108,
Russia

A comprehensive study of the effect of zinc concentration on the structural and phase transformations of
metastable (o+) alloys with Cu-Zn shape memory effect has been carried out. The temperatures of the start and
finish of the forward and reverse martensitic transformation in Cu-xZn alloys (x=38, 39.5, 41 wt.%) were
determined using electrical resistance measurements. The structure and phase transformations have been studied
by optical, scanning and transmission electron microscopy and X-ray phase analysis. A decrease in the critical
temperatures of thermoelastic martensitic transformations with an increase in the zinc content has been
established. The features of diffuse effects on selected area diffraction patterns depending on the zinc content in
metastable Cu-Zn binary alloys are analyzed. An increase in dislocation density was observed during thermal
cycling through the martensitic transition

Keywords: (a+p) Cu-Zn alloys, thermoelastic martensitic transformation, electrical resistance, shape memory
effect, martensite, microstructure
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Biusinue JierupoBaHUA M TEPMHUYECKOI 00pad0TKH HA CONPOTHUBJICHHE
YAapHBIM HArpy3KaM BBICOKOXPOMHUCTBIX CTaJIeH MAPTEHCUTHOIO KJIAacca ¢
HHM3KHM COJEpP:KaHUEM a30Ta U BBICOKHM COAep:KaHueM 0opa

A. C. lomxkenko, A. D. @egoceeBa*

1 o . . o
bencopoockuii cocyoapemeennuiil hayuonanshwiil ucciedosamensckutl ynugepcumem, 308015 beneopoo, ya. Ilobeowr 85, Poccus

BI)ICOKOXpOMI/ICTLIe CTaJIM MApTCHCUTHOT'O KJIaCCa C HU3KUM COJACPIKAHUCM a30Ta U BbBICOKUM COACPKAaHUEM
60pa ABIAIOTCA TICPCHOCKTUBHBIM MAaTCpHUAIOM JII HM3TOTOBJICHUA DJJIEMEHTOB TCIINIOBBIX 3HCpFO6HOKOB,



paboTalomuX Ha CYNEPCBEPXKPUTHUECKHX [apaMeTpax Iapa, KOTOPbIE MOJDKHBI 00JaJaTh BBICOKHM
COIIPOTUBIICHHEM TIOJI3yYECTH M XOPOLIMM COINPOTHUBJICHHEM YAAapHBIM Harpy3kaMm. Bo Bcex HcciemyeMbIx
CTAJISIX HE3aBHCUMO OT JIETHMPOBAHUS U TEPMUUECKOH 00pabOTKH (OpMUPYETCSl peedHast CTPYKTypa C BBICOKOH
IUIOTHOCTBIO JUCJIOKAIMi, cTabunusupoBanHas yactuiaMu M,z(C,B)s, MgC 1 NbX. JloGaBiieHHE pEHHS BMECTE
¢ W3MeHeHHeM BoJib(ppama/MoMOIeHa, a TaKXKe COJIepKaHue yriepoaa 00eCreYnBaIOT CHUKCHHUE YHCICHHOM
IUIOTHOCTH 3€PHOTPaHMYHBIX 9acTHLl Mj3(C,B)s, 9TO MO3BOJSET CHU3UTH TEeMIEpaTypy XPYIKO-BSI3KOTO
nepexona Ha 15-20°C. Jlo6aBneHne Meau BeneT K (GOPMHUPOBAHUIO MEIHBIX KJIaCTEPOB/UACTHII, YTO, HAIIPOTHUB,
YBEJIMUUBAET TeMIepaTypy XpyHNKo-Bs3koro mepexoga Ha 25-30°C. VBenuueHue TemmepaTypbl 3aKalku He
BIMSET Ha IIOJIOKEHHE XPYIKO-BSI3KOI'O Iepexoja sl CTajed, JISTMPOBaHHBIX MeEJbI0, BOJIBPpPaMOM U
MOJMOJICHOM C HHU3KHUM COJEep)KaHMEM MeJau, XOThb M cMemaeT kpuBylo lllapmu B cTopoHy Ooiiee HH3KHX
9HEpPruil 3a CcYeT yBEIWYEHHUS pa3Mepa HCXOJHBIX ayCTEHUTHBIX 3epeH. s peHuif-conmepxameil cramu c
BBICOKHM COZEpKAaHHEM MEAM YBEIWUCHHE TEMIIEPATyphl 3aKaJKH CHIDKACT TEMIIEPaTypy XpPYNKO-BS3KOTO
nepexona Ha 5-10°C 3a cyer CHIKEHHS KOJIMYECTBA MEIHBIX KIacTepoB/4acTUIl. MoauuKanms JeTUpOBaHHS
IyTEM YBEIHMYECHUS COACPXKAaHUS peHMs, BOJb(pamMa, MEAM BMECTE C M3MEHEHHEM TEPMHUYECKOl 00paboTKH
obecrieumin  CyIIECTBEHHBI HPUPOCT CONPOTHUBIICHUS IOJ3YYECTH, NPH 3TOM COIPOTHUBIICHHE YyIapHBIM
Harpy3kaMm OCTaeTCsl Ha JOCTAaTOYHO BBICOKOM YpoBHeE, Bbiuie 100 JIK-cM™ TpE KOMHATHO# TeMIIepaType, 4To
0TBEYaeT TPEOOBAHMSIM, IPEABABIAEMBIM K KOTEIbHBIM MaTepHaIaM 1 JIOTIATKaM ITapoOBBIX TYpOHH.

Kniouegvie cnoea: >xaponpodHble MapTEHCUTHBIC CTalld, JIETMPOBaHWE, TepMUYecKas o0paboTka,
COIMPOTHUBJICHUE MOJI3YyUECTH, yapHasl BSI3KOCTb, XPYIKO-BA3KHI MEpexos, MUKPOCTPYKTypa

Effect of Alloying and Heat Treatment on Impact Resistance of Low
Nitrogen, High Boron Martensitic High-Chromium Steels

A. S. Dolzhenko, A. E. Fedoseeva*

Belgorod National Research University, 308015 Pobeda, 85, Russia

High-chromium martensitic steels with low nitrogen and high boron contents are promising materials for the
manufacture of thermal power units operating at ultra-supercritical steam parameters, which must have high
creep resistance and good impact load resistance. In all the studied steels, regardless of alloying and heat
treatment, a lath structure with a high dislocation density is formed, stabilized by M,3(C,B)s, MsC, and NbX
particles. The addition of rhenium together with a change in tungsten/molybdenum, as well as the carbon
content, ensure a decrease in the numerical density of grain boundary M.3(C,B)g particles, which allows reducing
the ductile-brittle transition temperature by 15-20°C. The addition of copper leads to the formation of copper
clusters/particles, which, on the contrary, increases the ductile-brittle transition temperature by 25-30°C.
Increasing the quenching temperature does not affect the position of the ductile-brittle transition for steels
alloyed with copper, tungsten, and molybdenum with a low copper content, although it shifts the Charpy curve
towards lower energies due to an increase in the size of the prior austenite grains. For rhenium-containing steel
with a high copper content, increasing the quenching temperature reduces the ductile-brittle transition
temperature by 5-10°C due to a decrease in the number of copper clusters/particles. Modification of the alloying
by increasing the content of rhenium, tungsten, and copper, together with a change in heat treatment, provided a
significant increase in creep resistance, while the resistance to impact loads remains at a sufficiently high level,
above 100 J-cm™ at room temperature, which meets the requirements for boiler materials and steam turbine
blades.

Keywords: Heat-resistant martensitic steels, alloying, heat treatment, creep resistance, impact toughness, ductile-
brittle transition, microstructure
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CBC cunte3 MAX-¢a3 (Cry,Mn,),AlC u ¢popmupoBanue cTpyKTypbI
KepMeTa BBICOKOH TBePAOCTH NMPH UX KAMWLISIPHOM B3aHMOJeHCTBHH

C paciviaBaMi M€In

B. A. FOpH_IKOBl, M. B. FOpH_IeHKOBZ, C. H. KeBHenko?

Y\OIBVH Hucmumym cmpykmypHoii maxpoxunemuxu u npobrem mamepuanoéedenus Poccutickoti akademuu nayk um A.T.
Mepowcanosa, 142432, 2. Yeprnoeonoeka, Poccus
2PIAOYBO «Hayuonansubiii ucciedosamensciuti mexrnonouyeckuti ynusepcumem MUCHC», Mockea, Jlenunckuii np-m,
0.4, cmp.1, 119049, Poccus

B pabore MOJTYYHIIN JIETUPOBaHHbIE Maprasuem (assl (CryxMny),ALC, METOJIOM
CaMOopacrpoCTPAHSIOIIET0Cs] BBICOKOTEMITEpaTypHOro cuHTe3a. CHHTE3 NPOBOJWIM B PEakTope 00beMoM 3 1
IIpY HavyaJbHOM JiaBiieHuu aprona P, = 5 MIla u ¢ pacuetnsimu 3HaueHussMu x = 0.05, 0.15 u 0.30. B oOpasnax
¢ MapraHueMm pediekcel peHTreHoBckod mudpakuun MAX-¢passl CMeIIeHbl OTHOCHTENIBHO ITOJIOKEHUS
pednekcoB Cr,AlC, 49To ykas3piBaeT Ha 3aMeElICHHe YacTH aTOMOB XpoMmMa aromMamMu Mapranna. OleHka
conepkannss Mapranina B MAX-¢a3e mpoBoImiack METOIOM MHKPOPEHTTEHOCIEKTPaIbHOTO aHajlu3a MOoCie
OYNCTKH (ha3bl B COJITHOW KHCIIOTE, KOHIIGHTpamusi MapraHma coorBercTByeT X = 0.015, 0.035 wu 0.15.
IMonyuennsie dassr (Cri,Mny),AlC 6si1r cripecCoBaHBI ¢ OCTATOYHON MOPUCTOCTHIO 20%, a 3aTeM TPOTIUTAHBI
pacmraBoM Menu. lpornmTka Mpon3BOAMIACE ITyTEM IEpeHOca KAIUIH paciiaBa Ha TOBEPXHOCTb M BBIACPIKKH
mpu 1150°C B Bakyyme 10° ITa. B pe3yibrare HCCIEIOBAHUS CTPYKTYPbI IPOITHTAHHON (ha3bl OKA3aH ITOJIHBIH
win yactuuHblil pacnany MAX-¢pa3 u crnaiika OTJAENbHBIX 3€pEeH, YTO NPHBOAUT K IOJIYYEHHIO MEXaHWYECKH
npoyHoro obpasna. Gopmupyromascs cyOMUKPOHHAsI CTPYKTypa MpeACTaBIsieT co00l HaHOpa3MepHBIH KapKac
n3 Kapouga xpoma nporutanHoro 6ponsoit Cu(Al, Cr, Mn). Onenka MeXaHM4eCKUX CBOWCTB IPOM3BOANIACH
IyTEM W3MEPEHHs] MUKPOTBEPAOCTH B NPONHUTAaHHOW oOmacTh W BHe ee. [loka3aHo, 4TO MapraHen CHIKAaeT
TBEPAOCTh KOMITO3MLIMOHHOM CTPYKTYphl W HpU OOJIBIIOM KOJMYECTBE MapraHua IOAaBIsIET 00pa3oBaHHE
kapOuga xpoma. @opMupYyIOMHecss KOMIO3UIIMOHHBIE CTPYKTYPHI C MallbIM COAEp)KaHHEeM Maprafia win 0e3
HETO WMEIOT BBICOKHMH IIOTEHIMAN ULl TPUMEHEHHS B KadeCTBE H3IHOCOCTOMKHX, KOPPO3HOHHOCTOMKHX
MIPOBOIAIINX MaTEPHAIIOB.

Knouesuie crosa: MAX-pasza, (Cri4Mn,),AlC, paciuiaB Mequ, KaIWUBIPHOE B3aUMOICHCTBUE
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SHS Synthesis of MAX-Phases (Cr,Mn,),AlC and Formation of a High-
Hardness Cermet Structure via Their Capillary Interaction with Copper
Melts

V. A. Gorshkov?!, M. V. Gorshenkov?, S. N. Zhevnenko?

A.G. Merzhanov Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences, 142432,
Chernogolovka, Russia
*National University of Science and Technology MISIS, 4, bld. 1, Leninsky Prospect, 119049, Moscow, Russia

In this work, manganese-doped (Cry,Mn,),AlIC phases were synthesized by self-propagating high-
temperature synthesis (SHS). The synthesis was carried out in a 3| reactor under an initial argon pressure of
Po =5 MPa with the calculated x values of 0.05, 0.15, and 0.30. In the manganese-containing samples, the X-ray
diffraction (XRD) reflections of the MAX phase are shifted relative to the positions of the Cr2AlC reflections,
indicating the substitution of a part of chromium atoms by manganese atoms. The manganese content in the
MAX phase was estimated by energy-dispersive X-ray spectroscopy (EDS) after purifying the phase in
hydrochloric acid. The measured manganese concentration corresponded to x = 0.015, 0.035, and 0.15. The
synthesized (Cr.,Mn,),AIC phases were pressed to a residual porosity of 20% and then infiltrated with a copper
melt. The infiltration was performed by transferring a melt droplet onto the surface and holding it at 1150°C in a
vacuum of 1073 Pa. The investigation of the infiltrated phase's structure revealed complete or partial
decomposition of the MAX phases and the sintering of individual grains, resulting in a mechanically robust
sample. The resulting submicron structure consists of a nanoscale framework of chromium carbide infiltrated
with a Cu(Al, Cr, Mn) bronze. The mechanical properties were evaluated by measuring the microhardness both
inside and outside the infiltrated region. It was shown that manganese reduces the hardness of the composite
structure and, at high content, suppresses the formation of chromium carbide. The resulting composite structures
with low or no manganese content show high potential for applications as wear-resistant, corrosion-resistant
conductive materials.

Keywords: MAX phase, (Cr;«Mn,),AlIC, Copper melt
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dopMupoBaHMe 3Ur3aroo0pasHbIX Ae(popManMOHHBIX IBOIHUKOB B
AJTIOMMHUEBBIX HAHONIPOBOJIOKAX

M. 1O. I'ytkun, H. B. Ckuba*

Hnemumym npobrem mawunogedenus Poccuiickoti akademuu nayk, Cankm-Ilemep6ype, 199178, Poccus

ITpennoxxeHa TeopeTHUecKas MOJENb, OMMCHIBAIOIIAS MHKPOMEXaHM3M OOpa30BaHUS 3UI3arooOpasHBIX
neGopMannoOHHBIX JBOMHUKOB B AIOMHHHEBBIX HAHOIPOBOJIOKAX C MOBEPXHOCTBIO, MOKPBITOH amMOp(HBIM
CIOeM OKCHAa aIOMUHHSA. B paMkax [ByMepHOH MOIENM Takhe [IBOMHHMKH 0Opa3yloTcs IyTeM
MOCTIEIOBATENBHOIO 3apOXKAEHUS JBOMHUKOBBIX IUIACTHMH B HAHOCIOE AlIOMUHMS MEXIY €ro IpaHHIaMHU C
aMOp(HBIMI OKCHIHBIMHU TUIEHKaMu. [1py 3TOM nepBUYHAst TBOWHHUKOBAsS IJIACTHHA 00pa3yeTcs Ha KaKOM-JIN00
KOHLEHTPAaTOpe HaNpsDKEHWH BOJMM3M OJHOW WX OTHX TPaHUI], BTOPUYHbIC JIBOWHHKOBBIE IUIACTHHEI
3apOXKIAIOTCS B MECTaX KOHLIEHTpAIlMM HampshKeHUH Ha KOHLAX NMEPBUYHOM IJIACTHHBI, M 3aTe€M 3TOT Ipoliecc
HUKIIUYCCKNU MOBTOPACTCA, T. €. HOBBIC [lBOI‘/IIHI/IKOBble IJIACTUHBI 3apOXKAA0OTCA Ha KOHHIAX HOPCAbIAYLINX.
Paccunranbl KapThl MHTCHCUBHOCTH CIBHIOBBIX HaNpsDKCHWH 1Mo Mmu3ecy M IUIOTHOCTH YNPYTOW 3HEpPIHH,
CO3/1aBaEMbIX NIEPBUYHON ABOMHMKOBOH miuacTHHONW. C MOMOIIBIO 3THX KapT ONpPEAEIEHB! 00J1acTh 3apOXKACHUS
W HampaBieHHs o0Opa3oBaHWS BTOPUYHBIX JBOMHMKOBBIX IulacTUH. COINacHO pe3yiabTaTaM MOJEIH,
MIOCJIEIOBATENILHOE  3apOXKACHHE JAe(OPMAIIMOHHBIX JABOMHUKOB JIOJDKHO TIPHBOIUTE K 0OpasoBaHUIO
3Ur3aroo0pa3Hoil IBOMHMKOBOI CTPYKTypbl. CrenaH BBIBOX, YTO OCHOBHAs INPHYMHA OOPa3OBaHUS TaKoi
CTPYKTYpHl B aJIOMHHHEBOW HAHONPOBOJOKE COCTOMT B HAJIWYMK Ha €€ IOBEPXHOCTH OKCHAHOW amMop(hHOM
000J104KH, KOTOpasi OJOKUPYET BBIXOJ] IBOWHHKOBBIX MPOCIOCK Ha CBOOOIHYIO OBEPXHOCTh HAHOIPOBOJIOKH,
YTO MPHUBOJUT K MOSABJICHUIO BCE HOBBIX 00J1acTeil KOHIICHTPAUN HANIPSDKEHUH B MeCTaX UX OJIOKHPOBKH.

Kniouesvie cnosa: nedopManioHHOE ABOWHHMKOBAaHME, 3HMI3arooOpasHble e)OpMalMOHHBIE JBOWHHKH,
HAHOIPOBOJIOKH, ATIOMHHUI, aMOP(QHBII OKCHJI AIIOMHHUS, TEOPETHIECKasi MOJIEITh

Formation of Zigzag Deformation Twins in Aluminum Nanowires
M. Yu. Gutkin, N. V. Skiba

Institute for Problems in Mechanical Engineering, Russian Academy of Sciences, St. Petersburg 199178, Russia

A theoretical model is suggested that describes the micromechanism of formation of zigzag deformation
twins in aluminum nanowires with a surface covered with an amorphous aluminum oxide layer. Within the
framework of a two-dimensional model, such twins are formed by successive nucleation of twins in an
aluminum nanolayer between its boundaries with amorphous oxide films. In this case, the primary twin is
formed on some stress concentrator near one of these boundaries, secondary twins are generated in places of
stress concentration at the ends of the primary twin, and then this process is repeated cyclically, i.e. new twins
are generated at the ends of the previous ones. Maps of the intensity of von Mises shear stresses and the density
of elastic energy created by the primary twin are calculated. Using these maps, the regions of the nucleation and
directions of the formation of the secondary twins are determined. According to the results of the model, the
successive nucleation of deformation twins should lead to the formation of a zigzag twin structure. It is
concluded that the main reason for the formation of such a structure in an aluminum nanowire is the presence of
an oxide amorphous layer on its surface, which blocks the exit of the twins to the free surface of the nanowire
and leads to the appearance of new areas of stress concentration in the places of their blocking.

Keywords deformation twinning, zigzag deformation twins, nanowires, aluminum, amorphous aluminum
oxide, theoretical model
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CTpykTypHO-(ha3oBoe cOCTOSIHHE, MEXaHHUYECKHUE
1 Heynpyrue cBOMCTBA ciuiaBa Tl gNisg, mocjie HHTEeHCHBHOT
njiacTuyeckoii regopmanuu metoaom abc-npeccoBanus npu 573 K

A 1. .HOTKOBl, B. H. FpHHJKOBl, H. B. FHpCOBal, J. 1O. JKarnosa’,
10. T1. MI/IpOHOBl, A.A. chapeonl*, 1. . ]506p0131

Y Hnemumym gusuxu npounocmu u mamepuanosedenus CO PAH, Tomck, 634055 Poccus

HccemoBaHoO CTPYKTYpHO-(ha30BOE COCTOSIHHE, MEXaHWYECKWE W HEyNpyrue cBoWcTBa crutaBa TigggNisg,
MIOCJIE MHTEHCUBHOW TUIACTHYECKOW NedopManuyd MeToaoM abc-mpeccoBanus mpu 573 K. YcrTanoBieHo, 49TO
CpaBHUTENFHO Hu3Kas Ttemreparypa (573 K) abc-mpeccoBanmst o6pasimoB cmmaBa TiggNisg, u Gosmbimas
BeJIMYMHA 3aJaHHOW oOpas3maM HMCTHHHOH nedopmannu (€ = 7.43) He MOBIMUIAa HA TeMIIEpaTypy Hadaia



MapTeHCUTHOro mnpeBpaiieHus B2 — R, a rtemmeparypbl Ha4yana ¥ KOHI@A MPSMOrO MapTEHCHTHOIO
npeBpameHus B ¢azy B19' u obparasix MII monmsunmcs Becero Ha 15 * 2 rpagycoB. OGHapyKeHO, YTO TIOCIe
nedopManmu 00pasnoB merogoM abc-mipeccoBanus mpu 573 K no e = 7.43 pe3ko MOHU3WIOCH HaIpPsHKEHHE
MapTeHCUTHOTO cIBHTra T, (¢ 230 mo 100 MIla) m CymecTBEHHO COKpaTHiIach MPOTSHKEHHOCTH TUIOIIAIKH
nceBpoTekydectd (¢ 7.5 mo 3.5%). Kpome Toro, pesko yBenwmdymiach BEIHMYMHA HANPSDKEHUS IEpexoja OT
cTanuu 1e(hopMaIMOHHOTO YIIPOYHEHHS K CTaIuM aKTHBHOM mtacTnieckoil nedopmarmu (¢ 835 no 1300 MIla).
OOHapyKEeHO, 4YTO 3aBUCHMOCTH BelW4uH 3(dekToB mamata (GopMbl Yopp, CBEPXIIACTUYHOCTUA Ycp, H
IUTACTHYECKOW COCTABISIONICH 3aJaHHON nedopMamuu Yy OT BEIMYUHBI 33aJaHHON oOpas3imaM oOmmei
JnedopManuu Y Kak B HICXOJHOM COCTOSIHUM, TaK U Mocie abc-MpeccoBaHUs UMCIOT ITOI0OHBIN BH] U OJIU3KHU IO
BennuuHe. [lokasano, uro mociie abc-mpeccoBanus ¢ € = 7.43 oOpasmaM MoOkeT OBITH 3aJaHa CyMMapHas
Heynpyras gedopManus Yeuy = Yep. + Yone BEIMUUHOW moutd 8% M BesA 3Ta AedopMaiys IMOCIE CHATHUS C
00pasIoB BHENIHETO HAMPSHKSHUS BO3BpaIaeTcs B BUJE dPPEKTOB CBEPXIIACTUIHOCTH U MTaMATH (HOPMEI.

Kniouegvle cnosa: MapTeHCUTHbIE TPEBpAICHUS, WHTEHCHBHAs IUIacTHdeckas jaedopmanus, abe-
npeccoBanue, 3pPeKT mamMsaTH GOPMBI.

Structural-Phase State, Mechanical and Inelastic Properties
of TiyegNiso Alloy after Severe Plastic Deformation
by Abc-Pressing at 573 K

A. I. Lotkov', V. N. Grishkov*, N. V. Girsova', D. Y. Zhapova®, Y. P. Mironov?,
A. A. Gusarenko™*, D. I. Bobrov*

! Institute of Strength Physics and Materials Science SB RAS, Tomsk, 634055 Russia

The structural-phase state, mechanical and inelastic properties of TisggNiso, alloy after severe plastic
deformation by abc-pressing at 573 K were investigated. It was found that abc-pressing of TizggNisy, alloy
samples at the relatively low temperature (573 K) and the large value of true strain (e = 7.43) did not affect the
temperature of the onset of B2 — R martensite transformation. At the same time, the temperatures of the onset
and end of direct MT into the B19' phase and reverse MT decreased by only 15 + 2 degrees. After the abc-
pressing at 573 K to e = 7.43, the martensitic shear stress t,,, sharply decreased (from 230 to 100 MPa) and the
length of the pseudo-yield plateau significantly decreased (from 7.5 to 3.5%). In addition, the value of the
transition stress from the strain hardening stage to the active plastic deformation stage sharply increased (from
835 to 1300 MPa). It was found that the dependences of the values of the shape memory effect ygume,
superelasticity yse and the plastic component of the total deformation vy, on the value of the total strain y; both in
the initial state and after abc-pressing have a similar appearance and are close in magnitude. It was shown that
after abc-pressing with e = 7.43, the samples can be specified a total inelastic strain yr;s = ysg + ysme Of about
8%, which returns in the form of superelasticity and shape memory effects.

Keywords Martensite transformations, severe plastic deformation, abc-pressing, shape memory effect
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H3MmeHeHne TeMnepaTyp MapTEHCUTHBIX MEPEX0/I0B
U IJIOTHOCTH /1e()eKTOB NMpu TepMouukauposanun cmiaasa Ti-Hf-Ni-Cu ¢
Pa3HbIM pa3MepoM 3epHa

C.IL BenﬂeBl, H. H. PCCHI/IHal, H. B. HOHI/IKapOBal, A. B. CI/I6I/IpeB1, A. M. I/IBaHOBl, P.
M. BI/IK6aeB1, M. E. TpO(bI/IMOBal, M. 1O. FnyXOBl, B. E. OpJIOBl, A. 1. Ba3n0Bl’2, .
B. FyHI[CpOBS
b Canxm-Iemepbypackuii 2ocydapcmeennviii yuusepcumem, Canxm-ITemepoype, 199034 Poccus

2 Hayuonanvrulii ucciedosamenvckuti mexnonozudeckuti yrugepcumem « MUCHUC», Mockea, 119049, Poccus
8 Uncmumym usuxu monexyn u kpucmannos YOHL PAH, Yopa, 450054, Poccus

H3MeHeHHne TemImeparyp MapTEHCHTHBIX MEPEXOJ]0B, YJCIBHOI'O 3JIEKTPOCONPOTUBICHUS U IUIOTHOCTH
JICTIOKAIMN  UccienoBain Ha mnpoTskenun 500 TepMonukinoB B oOpasmax crutaBa Tigg7HfgsNiggCus ¢
pazMepoM 3epra oT 130 1o 0.16 MKkM. Y CTaHOBJIEHO, YTO MaKCHMAIILHOE U3MEHEHUE TEMIIEPATYP MPEBPAIICHHUS
HaOIomaeTcsl B KPYHMHO3EPHUCTOM o0pasile, a MUHHMaJIbHOE — B oOpasie ¢ pasmepom 3epHa 0.16 mxm. IIpu
TEPMOLMKINpOoBaHuK cruiaBa Tig7HFgsNisggCus Temmepatypsr B2 <> B19’ mepexoga MOryT yMEHBIIATHCS,
YBEJIMYMBATLCS WM HE MEHATHCA. AHaIM3 WM3MEHEHHS IUIOTHOCTH JUCIOKAIWA M OTHOCHTEIBHOTO
ANIEKTPOCONPOTUBIICHHS, U3MEPEHHOIO B AYCTEHHMTHOM M MAapTEHCUTHOM COCTOSIHHSIX, IOKa3aj, YTO I3TH
BEJINYUHBI U3MEHSIOTCS HEMOHOTOHHO C YHCIIOM IMKIIOB. B o6pasuax crmasa Tizg7HfgsNiggCUs co cpenrum
pa3mepom 3epHa 16 u 0.16 MKM, IUIOTHOCTh JUCIOKAIUN U 3JEKTPOCONPOTUBICHUAEC YBEIHYNBAKOTCS B TEPBBIX
50-200 rukiaax, a 3aTeM yMEHBIIAIOTCS, YTO HUKAK HE BIIUSET HA W3MEHEHHE TEMIIEPATyp MEPEXOJ0B MpH
TEPMOIUKIIUPOBAHIH. Pe3ynbTartel pabOThl yKa3bIBAIOT HA TO, YTO H3MEHEHHE IJIOTHOCTH IHCIOKAIMH He
SIBJISIETCSI OCHOBHOUW MPUYHHOW H3MEHEHHUS TEMIIEPATYP MAPTEHCUTHBIX TIEPEXOI0B MPU TEPMOIUKIUPOBAHUH.

Kniouesvie cnosa: TepMolmkiueckas CTaOMIBHOCTh, MapTeHCUTHBIC peBpaineHus; CriaBsl Ha OCHOBE
TiNi; [ImotHOCTS MUCTOKanwmii; Pa3mep 3epHa

Variation in the Temperatures of the Martensitic Transformations and the
Defect Density on Thermal Cycling of the Ti-Hf-Ni-Cu Alloys with Various
Grain Size

S. P. Belyaev?, N. N. Resnina’, I. V. Ponikarova', A. V. Sibirev!, A. M. Ivanov!, R.
M. Bikbaev', M. E. Trofimova', M. Yu. Glukhov?, V. E. Orlov*, A. I. Bazlov'?,
D. V. Gunderov®

! Saint-Petersburg State University, Saint-Petersburg, 199034 Russia
2 National University of Science and Technology “MISIS”, Moscow 119049 Russia
% Institute of Molecule and Crystal Physics of Ufa Federal Research Centre of the RAS, Ufa, 450075, Russia

The variation in martensitic transformation temperatures, resistivity and dislocation density were studied
during 500 thermal cycles of the Ti,q ;Hfg5NigsgCus alloy with various grain sizes varied from 130 to 0.16 pm. It
was found that the maximum transformation temperature variation was observed in the sample with an average



grain size of 130 um, and the minimum temperature change was found in the sample with a grain size of
0.16 um. It was shown that on thermal cycling of the Tiso7HfesNissCus alloy, the transformation temperatures
might decrease, increase or to be constant and it had no relation to grain size. The analysis of the variation in
dislocation density measured by Williamson-Hall technique and the variation in resistivity determined in the
austenite and martensite states showed that these values changed non-monotonically on a rise in thermal cycle
number. In the Tigo7Hfe5NisssCus alloy with grain size of 16 or 0.16 um, the dislocation density and resistivity
increased during first 50-200 cycles and then decreased that did not influence the transformation temperature
variation. The obtained results showed that the variation in the dislocation density was not the only reason for the
variation in the transformation temperatures on thermal cycling.

Keywords: Thermal cycling stability, Martensitic transformations, TiNi-based alloys, dislocation density,
Grain size

DduHaHCMPOBaHHE

HUccnenoBanne BHIMOIHEHO 3a cueT rpanTta Poccuiickoro Hayunoro ¢onga Ne 23-19-00280.

References

1. Otsuka, K. and Ren, X., Physical metallurgy of Ti—Ni-based shape memory alloys, Progress Mater. Sci.,
2005, vol. 50, pp. 511-678. https://doi.org/10.1016/j.pmatsci.2004.10.001.

2. Razov, A.l., Application of titanium nickelide-based alloys in engineering, Phys. Met. Metal., 2004, vol. 97,
pp. 97-126.

3. Jani, J.M., Leary, M., Subic, A., and Gibson, M.A., A review of shape memory alloy research, applications
and opportunities, Mater. Design, 2014, vol. 56, pp. 1078-1113.
https://doi.org//10.1016/j.matdes.2013.11.084

4. Van Humbeeck, J. Non-medical applications of shape memory alloys, Mater. Sci. Eng. A, 1999, vol. 273-
275, pp. 134-148. https://doi.org/10.1016/S0921-5093(99)00293-2.

5. Abubakar, R.A., Wang, F., and Wang, L., A review on Nitinol shape memory alloy heat engines, Smart
Mater. Struct., 2021, vol. 30, p. 013001, https://doi.org/10.1088/1361-665X/abc6b8

6. Miyazaki, S., Igo, Y., and Otsuka, K., Effect of thermal cycling on the transformation temperatures of Ti-Ni
alloys, Acta Metall., 1986, vol. 34, pp. 2045 — 2051, https://doi.org/10.1016/0001-6160(86)90263-4

7. Furuya, Y. and Park, Y.C., Thermal cyclic deformation and degradation of shape memory effect in Ti-Ni
alloy, Nondestr Test Eval., 1992, vol. 8-9, pp. 541-554, https://doi.org/10.1080/10589759208952731

8. McCormick, P.G. and Liu, Y., Thermodynamic analysis of the martensitic transformation in NiTi--1l. Effect
of transformation cycling, Acta Metall. Mater., 1994, vol. 42, pp. 2407-2413, https://doi.org/10.1016/0956-
7151(94)90318-2

9. Matsumoto, H., Transformation behaviour with thermal cycling in NiTi alloys, J. Alloys Compd., 2003, vol.
350, pp. 213-217, https://doi.org/10.1016/S0925-8388(02)00982-9

10. Eggeler, G., Hornbogen, E., Yawny, A., Heckmann, A., and Wagner, M., Structural and functional fatigue of
NiTi shape memory alloys, Mater. Sci. Eng. A, 2004, wvol. 378, pp. 24 - 33
https://doi.org/10.1016/j.msea.2003.10.327

11.Li, Y., Mi, X., and Gao, B., Effects of thermomechanical cycling on the shape memory behavior and
transformation temperatures of a Ni50.2Ti49.8 alloy, J. Tan: Rare Metals, 2008, vol. 27, pp. 522-525.
https://doi.org/10.1016/S1001-0521(08)60174-6

12.Sun, H., Pathak, A., Luntz, J., Brei, D., Alexander, P.W., and Johnson, N.L., Stabilizing shape memory alloy
actuator performance through cyclic shakedown: an empirical study, in: L.P., Davis, B.K., Henderson, M.B.,
McMickell  (Eds.), Ind. Commer. Appl. Smart Struct. Technol. 2008: p. 69300Q.
https://doi.org/10.1117/12.775998.

13. Saikrishna, C.N., Ramaiah, K.V., Allam Prabhu, S., and Bhaumik, S.K., On stability of NiTi wire during
thermo-mechanical cycling, Bull. Mater. Sci., 2009, vol. 32, pp. 343-352. https://doi.org/10.1007/s12034-
009-0049-1

14.Resnina, N. and Belyaev, S., Multi-stage martensitic transformations induced by repeated thermalcycling of
equiatomic  TiNi alloy, J. Alloys  Compd., 20009, vol. 486, pp. 304-308,
https://doi.org/10.1016/j.jallcom.2009.06.132.

15.Jones, N.G. and Dye, D., Martensite evolution in a NiTi shape memory alloy when thermal cycling under an
applied load, Intermetallics, 2011, vol. 19, pp. 1348-1358. https://doi.org/10.1016/j.intermet.2011.03.032

16. Pelton, A.R., Huang, G.H., and Moine, P., Sinclair, R., Effects of thermal cycling on microstructure and
properties in  Nitinol,  Mater. Sci. Eng. A, 2012, wvol. 532, pp. 130-138,
https://doi.org/10.1016/j.msea.2011.10.073

17.Zhang, J., Somsen, C., Simon, T., Ding, X., Hou, S., Ren, S., Ren, X., Eggeler, G., Otsuka, K., and Sun, J.,
Leaf-like dislocation substructures and the decrease of martensitic start temperatures: A new explanation for



functional fatigue during thermally induced martensitic transformations in coarse-grained Ni-rich Ti—Ni
shape memory alloys, Acta Mater., 2012, vol. 60, pp. 1999-2006,
https://doi.org/10.1016/j.actamat.2011.12.014

18. Belyaev, S., Resnina, N., and Sibirev, A., Peculiarities of residual strain accumulation during thermal cycling
of TiNi alloy, J. Alloys Compd., 2012, vol. 542, pp. 37-42. https://doi.org/10.1016/j.jallcom.2012.07.082

19.Belyaev, S., Resnina, N., Sibirev, A., Accumulation of Residual Strain in TiNi Alloy During Thermal
Cycling, J. Mater. Eng. Perform., 2014, vol. 23, pp. 2339-2342. https://doi.org/10.1007/s11665-014-0982-z

20.Wang, X., Verlinden, B., and Van Humbeeck, J., Effect of post-deformation annealing on the R-phase
transformation temperatures in NiTi shape memory alloys, Intermetallics, 2015, vol. 62, pp. 43-49,
https://doi.org/10.1016/j.intermet.2015.03.00

21. Sibirev, A., Resnina, N., and Belyaev, S., Relationship between the variation in transformation temperatures,
resistivity and dislocation density during thermal cycling of Ni50Ti50 shape memory alloy, Int. J. Mater.
Res., 2019, vol. 110, pp. 387-392. https://doi.org/10.3139/146.111755

22.Coduri, M., Lausi, A., and Tuissi, A., The High Performance Shape Memory Effect P-SME in Ni Rich NiTi
Wires: In Situ X-Ray Diffraction on Thermal Cycling, MATEC Web of Conferences, 2015, vol. 33, p.
03008, https://doi.org/10.1051/matecconf/20153303008

23. Churakova, A. and Gunderov, D., Increase in the dislocation density and yield stress of the Ti50Ni50 alloy
caused by thermal cycling, Mater. Today: Proc., 2017, wvol. 4, pp. 4732-4736,
https://doi.org/10.1016/j.matpr.2017.04.061

24.Liu, Y. and McCormick, P.G., Thermodynamic analysis of the martensitic transformation in NiTi — | Effect
of heat treatment on transformation behavior, Acta Metal. Mater.,, 1994, vol. 42, pp. 2401-2406.
https://doi.org/10.1016/0956-7151(94)90318-2

25.Wollants, P., Roos, J.R., and Delaey, L., Thermally- and stress-induced thermoelastic martensitic
transformations in the reference frame of equilibrium thermodynamics, Progress Mater. Sci., 1993, vol. 37,
pp. 227 - 318. https://doi.org/10.1016/0079-6425(93)90005-6

26. Sibirev, A., Ubyivovk, E., Belyaev, S., and Resnina, N., In situ transmission electron microscopy study of
martensite boundaries movement on cooling and heating of the NiTi shape memory alloy, Mater. Lett., 2022,
vol. 319, p 132267. https://doi.org/10.1016/j.matlet.2022.132267

27.Cubupes, A.B., Onrtummsanust TeMIepaTypHBIX YCJIOBHH TEPMOLMKIMPOBAHUS Uil CTaOMIM3ALUH
nedopMaoHHO-CHIIOBBIX XapakTepucThk ciuiaBa NiTi ¢ mamsateio dopmbl, Jluccepranus Ha COMCKAHHE
YYECHOH CTeleHn JoKTopa pu3nuko-mareMaTuieckux Hayk, Cankr-IletepOypr: Jlema. 2024. — 197¢.

28. Churakova, A. and Gunderov, D., Increase in the dislocation density and yield stress of the Ti50Ni50 alloy
caused by thermal cycling, Mater. Today: Proceed., 2017, wvol. 4, pp. 4732-4736.
https://doi.org/10.1016/j.matpr.2017.04.061

29. Churakova, A. and Gunderov, D., Microstructural and Mechanical Stability of a Ti-50.8 at.% Ni Shape
Memory Alloy Achieved by Thermal Cycling with a Large Number of Cycles, Metals, 2020, vol. 10, p. 227.
https://doi.org/10.3390/met10020227

30. Churakova, A., Kayumova, E., Gunderov, D., and Magomedova, D., Interrelation of microstructure and
kinetics of martensitic transformations in TiNi alloy in different structural states under thermal cycling
conditions, AIP Conf. Proc., 2022, vol. 2533, p. 020049. https://doi.org/10.1063/5.0100012

31.Resnina, N., Belyaev, S., Shelyakov, A., Ubyivovk, E., and Ponikarova, A., Stability of the B2 < B19'
martensitic transformation on thermal cycling of Ti-Hf-Ni-Cu thin ribbons, Mater. Lett., 2024, vol. 357, p.
135770. https://doi.org/10.1016/j.matlet.2023.135770

32. Mironov, Yu.P., Lotkov, A.l., Grishkov, V.N., Laptev, R.S., Gusarenko, A.A., and Barmina, E.G., Changes
in the Structural-Phase State and Dislocation Density of Ti49.8Ni50.2 Alloy Depending on the Isochronal
Annealing Temperature after Severe Plastic Deformation by abc Pressing at 573 K, Phys. Mesomech., 2024,
vol. 27, pp. 175-182. https://doi.org/10.1134/S1029959924020061

33.Surikova, N.S. and Chumlyakov, Y.l., Mechanisms of plastic deformation of the titanium nickelide single
crystals, Phys. Metals Metall., 2000, vol. 89, pp. 196 — 205.

34.Ezaz, T., Wang, J., Sehitoglu, H., and Maier, H.J., Plastic deformation of NiTi shape memory alloys, Acta
Mater., 2013, vol. 61, pp. 67-78. https://doi.org/10.1016/j.actamat.2012.09.023

35. [ymmn, B.I'., Kougpatees, B.B., Xauunn, B.H., [Ipeanepexoanbie siBICHUS U MApTEHCUTHBIE MPEBPAICHHUS,
ExatepunOypr: YpO PAH, 1998. — 368 c.

36.Ren, X., Strain Glass and Strain Glass Transition. Springer Series in Materials Science, 2011, vol. 148, pp.
201 - 225. https://doi.org/10.1007/978-3-642-20943-7_11

37.Resnina, N., Belyaev, S., Shelyakov, A., Rubanik, V., Rubanik (Jr), V., Konopleva, R., Chekanov, V.,
Ubyivovk, E., and Krzhizhanovskaya, M., Pre-martensitic phenomena in Ti40.7Hf9.5Ni44.8Cu5 shape
memory alloy, Intermetallics, 2015, vol. 67, pp. 69-74. https://doi.org/10.1016/j.intermet.2015.07.018

38.Sibirev, A., Belyaev, S., and Resnina, N., Influence of holding between the thermal cycles on recovery in
martensitic transformation temperatures in TiNi alloy, Lett. Mater.,, 2019, vol. 9, pp. 103-106.
https://doi.org/10.22226/2410-3535-2019-1-103-106.



C. 120-133

10. Hayunaa cmamos

Cseoenus 006 asmopax

I'ynoB Muxaun Anekcanaposud, M.H.c., U'TTIM CO PAH, gulovy@itam.nsc.ru,
I'epuens Unes Cepreesud, M.H.c., U'TTIM CO PAH, gertsel@itam.nsc.ru,
MasmmkoB Anexcanap ['eHHanbeBud, A.T.H., B.H.C., 3aB. 1a0., UTIIM CO PAH, smalik@itam.nsc.ru.

V]IK 621.793.79
DOI 10.55652/1683-805X_2025_28_5_134-147
IMoctynuna B penakiumio 21.08.2024; nocie nopadorku 14.10.2025; npunsra k nyonukannu 14.10.2025

IpuMeHeHUe TOMOTHUTEIHLHOTO HATPEBA MOMJIOKKH JIJIs PSIMOTO
JazepHoro BeipammBanusi Inconel 738

M. A. FyHOBl, n. C. Fepuenbl, A. T. Manukos®

Y Uncmumym meopemuueckoii u npuxnadnoii mexanuxu um. C. A. Xpucmuanosuya CO PAH,
2. Hosocubupck, 630090, Poccus

HccnenoBan mpouecc HalUIaBKM HHUKeJIeBoro criaBa Inconel 738 MeromoM mpsiMoro Jia3epHOTro
BeIpamuBaHus. [loka3aHo, 4TO MCHOIB30BAHUE JIOMOJHUTEIBHOIO HarpeBa moanoxku g0 750°C mpuBoaut K
IPEJOTBPALICHUI0 BO3HUKHOBEHUS TpPEIIMH B Marepuane. M3yueHo BIMsSHME IONOTHUTENBHOTO HAarpesa B
npolecce HalIaBKM Ha CTPYKTYpHO-(a30BBIH coctaB (opmupyemoro Matepuana. IlokasaHo, 4YTO
JIOTIOJTHUTEJIBHBI HarpeB CIIOCOOCTBYET YBEIMUYCHHUIO pazMepa 3epeH, U3MEHEHHIO UX (hOpMBbl M HalpaBlICHUS
pocta. C HCIOIB30BaHUEM 3JIEKTPOHHOW MHUKPOCKOIHMH HCCIIEA0BaHA MUKPOCTPYKTYpa 00pas3iloB U IPOBEICHO
HCCIIEJOBAaHUE PACIpPEACICHHUS JETHPYIOMNX AJIEMEHTOB BHYTPM M Ha TpaHHWIAX 3€PeH B 3aBHCUMOCTH OT
TEMIIEpaTypbl IOTOJHUTENBHOTO HarpeBa NOANOXKKH. C HCIIONB30BAHHEM CHHXPOTPOHHOTO W3ITyYCHHS
YCTaHOBJIEHO, 4YTO NPUMEHEHHE [JOMOJHMUTEIBHOrO HarpeBa mnoJuiokku a0 750°C B mponecce MpsiMoro
nazepHoro BbIpamuBanusi Inconel 738 mpuBoaut k QopmupoBaHuio kapOumoB Tuna My3Ce u oboraieHnio
MeTtanaeckoi MaTpuisl ynpounsromuMu Y (NizAl) u y" (NbzAl) dazamu. ITomyaeHns! nanHbple 00 H3MEHEHHH
rpaJveHTa TEMIIEPATyp U CKOPOCTH OXJIAXKJEHHs BaHHBI PAacIIaBa B 3aBUCUMOCTH OT TEMIEPATYypPhI MOJUI0XKKH.
W3mepeHbl MeXaHWYECKHE CBOMCTBA IMOJYYEHHBIX 0Opa3loB: TBEPAOCTb, MHUKPOTBEPAOCTh, N3HOCOCTOMKOCTS,
ko3(unreHT TpeHus. JJonoIHNUTEIbHBIH HArpeB MOJUIOKKH CIIOCOOCTBOBAJ YBEIMUSHHIO TBEPIOCTH Ha 48%,
MUKPOTBEPAOCTH Ha 55%, U3HOCOCTOMKOCTH MOJYYEHHOTO MOKPHITUA Ha 35%.

Kniouegvie  cnosa: nazepHas HamiaBKa, aJJUTHUBHBIE TexHoJoru, Inconel, MHKpoOCTpyKTypa,
TpeIMHOO0pa3oBaHye, yIpoUHstomue (asbl

The Use of Additional Substrate Heating in Direct Laser Deposition of
Inconel 738

M. A. Gulov?, I. S. Gertsel*, A. G. Malikov*

! Khristianovich Institute of Theoretical and Applied Mechanics, Novosibirsk, 630090 Russia

The process of depositing the nickel alloy Inconel 738 using the direct metal deposition method has been
investigated. It has been shown that the use of additional substrate preheating to 750°C prevents crack formation
in the material. The influence of additional heating during the deposition process on the structural-phase
composition of the formed material has been studied. It was demonstrated that the additional heating promotes
an increase in grain size, as well as changes in their shape and growth direction. The microstructure of the
samples was studied using electron microscopy, and the distribution of alloying elements within and at the grain
boundaries was investigated depending on the substrate preheating temperature. Using synchrotron radiation, it
was established that preheating the substrate to 750°C during the direct laser deposition of Inconel 738 leads to
the formation of MyCg carbides and the enrichment of the metal matrix with strengthening ' (NizAl) and y"
(NbzAl) phases. Data on the change in the temperature gradient and the cooling rate of the melt pool depending
on the substrate temperature were obtained. The mechanical properties of the resulting samples were measured:
hardness, microhardness, wear resistance, and friction coefficient. The substrate preheating contributed to an
increase in hardness by 48%, microhardness by 55%, and the wear resistance of the obtained coating by 35%.



Keywords: Laser cladding, additive technologies, Inconel, microstructure, crack formation, strengthening
phases

duHaHCMpOBaHME

Pabota BeimonHeHa B pamkax rocyaapctseHHoro 3aganus UTIIM CO PAH Ne 124021500015-1.

References

1  Pratheesh Kumar, S., Elangovan, S., Mohanraj, R., and Ramakrishna, J.R., A review on properties of
Inconel 625 and Inconel 718 fabricated using direct energy deposition, Materials Today: Proceedings, 2021, vol.
46, pp. 7892-7906, 10.1016/j.matpr.2021.02.566

2  Chen, B. and Mazumder, J. Role of process parameters during additive manufacturing by direct metal
deposition of Inconel 718, RPJ, 2017, vol. 23, no. 5, pp. 919-929. 10.1108/RPJ-05-2016-0071

3 Li, N. etal, Progress in additive manufacturing on new materials: A review, Journal of Materials Science
and Technology, 2019, vol. 35, no. 2, pp. 242-269. 10.1016/j.jmst.2018.09.002

4 Kanishka, K. and Acherjee, B., A systematic review of additive manufacturing-based remanufacturing
techniques for component repair and restoration, Journal of Manufacturing Processes, 2023, vol. 89, pp. 220-
283. 10.1016/j.jmapro.2023.01.034

5 Fomin, V.M., Golyshev, A.A., Kosarev, V.F., Malikov, A.G., Orishich, A.M., and Filippov, A.A.,
Deposition of Cermet Coatings on the Basis of Ti, Ni, WC, and B4C by Cold Gas Dynamic Spraying with
Subsequent Laser Irradiation, Physical Mesomechanics, 2020, vol. 23, no. 4, pp. 291-300.
10.1134/51029959920040025

6 Iamma B.E., Hapkesnu H.A., [Jypakos B.I'., u Ilynemor W.A., VYmopaBieHume CTpyKTypod u
HM3HOCOCTOMKOCTBIO 3JIEKTPOHHO-JIyYE€BOI'O MOKPBITUSL W3 YIVIEPOJ0A30TUCTOM aycTeHUTHOM ctanu, 2020.
10.24411/1683-805X-2020-12002

7 Wang, Z., Guan, K., Gao, M., Li, X., Chen, X., and Zeng, X., The microstructure and mechanical
properties of deposited-IN718 by selective laser melting, Journal of Alloys and Compounds, 2012, vol. 513, pp.
518-523. 10.1016/j.jallcom.2011.10.107

8  Mignanelli, P.M., et al., Gamma-gamma prime-gamma double prime dual-superlattice superalloys, Scripta
Materialia, 2017, vol. 136, pp. 136-140. 10.1016/j.scriptamat.2017.04.029

9  Van Sluytman, J.S. and Pollock, T.M., Optimal precipitate shapes in nickel-base y-y' Alloys, Acta
Materialia, 2012, vol. 60, no. 4, pp. 1771-1783. 10.1016/j.actamat.2011.12.008

10 Turichin, G.A., Klimova-Korsmik, O.G., Valdaytseva, E.A., Alekseev, A.V., and Rashkovets, M.V.,
Comparative analysis of the gamma prime phase formation in nickel alloys in additive manufacturing, Procedia
CIRP, 2020, vol. 94, pp. 320-323. 10.1016/j.procir.2020.09.060

11 Xu, J., et al., The effect of preheating on microstructure and mechanical properties of laser solid forming
IN-738LC alloy, Materials Science and Engineering A, 2017, vol. 691, pp. 71-80. 10.1016/j.msea.2017.03.046
12 Naghiyan Fesharaki, M., Shoja-Razavi, R., Mansouri, H.A., and Jamali, H., Evaluation of the hot corrosion
behavior of Inconel 625 coatings on the Inconel 738 substrate by laser and TIG cladding techniques, Optics and
Laser Technology, 2019, vol. 111, pp. 744-753. 10.1016/j.optlastec.2018.09.011

13 Liu, F., Lyu, F., Liu, F., Lin, X., and Huang, C., Laves phase control of inconel 718 superalloy fabricated
by laser direct energy deposition via & aging and solution treatment, Journal of Materials Research and
Technology, 2020, vol. 9, no. 5, pp. 9753-9765. 10.1016/j.jmrt.2020.06.061

14 Sadhu, A., et al., A study on the influence of substrate pre-heating on mitigation of cracks in direct metal
laser deposition of NiCrSiBC-60%WC ceramic coating on Inconel 718, Surface and Coatings Technology, 2020,
vol. 389, p. 125646. 10.1016/J.SURFCOAT.2020.125646

15 Soffel, F., Papis, K., Bambach, M., and Wegener, K., Laser Preheating for Hot Crack Reduction in Direct
Metal Deposition of Inconel 738LC, Metals, 2022, vol. 12, no. 4, pp. 1-11. 10.3390/met12040614

16 Zhang, X., et al., A novel method to prevent cracking in directed energy deposition of Inconel 738 by in-
situ doping Inconel 718, Materials and Design, 2021, vol. 197, p. 109214. 10.1016/j.matdes.2020.109214

17 Dong, X., Zhang, X., Du, K., Zhou, Y., Jin, T., and Ye, H., Microstructure of Carbides at Grain Boundaries
in Nickel Based Superalloys, Journal of Materials Science & Technology, 2012, vol. 28, no. 11, pp. 1031-1038.
10.1016/S1005-0302(12)60169-8

18 «12X18HI10T - Cranp KOHCTpPYKIIMOHHAs KpHUOTeHHas MapodHHK CTaidd M CIUIaBoB». [Ipocmotpeno: 10
okTs10pb 2025 r. [Onnaiin]. JocrynHo Ha: https://www.splav-kharkov.com/mat_start.php?name_id=329

19 Ancharov, A.l.,, The Use of Hard Synchrotron Radiation for Diffraction Studies of Composite and
Functional Materials, Russian Physics Journal, 2017, vol. 60, no. 3, pp. 543-549. 10.1007/s11182-017-1106-7
20 Jain, A, et al., Commentary: The Materials Project: A materials genome approach to accelerating materials
innovation, APL Materials, 2013, vol. 1, no. 1, p. 011002. 10.1063/1.4812323



21 Ramakrishnan, A. and Dinda, G.P., Direct laser metal deposition of Inconel 738, Materials Science and
Engineering A, 2019, vol. 740-741, pp. 1-13. 10.1016/j.msea.2018.10.020

22 Theska, F., et al., Review of Microstructure—-Mechanical Property Relationships in Cast and Wrought Ni-
Based Superalloys with Boron, Carbon, and Zirconium Microalloying Additions, Adv Eng Mater, 2023, vol. 25,
no. 8, p. 2201514. 10.1002/adem.202201514

23 Rosenthal, D., The Theory of Moving Sources of Heat and Its Application to Metal Treatments, Journal of
Fluids Engineering, 1946, vol. 68, no. 8, pp. 849-865. 10.1115/1.4018624

C. 134-147

11. Hayunaa cmamos

Csedenus 06 agmopax

Cupnopos Esrennit Anexceesny, umxenep MOIIM CO PAH, eas@ispms.ru

Tapacos Cepreii fOnbeBuy, a.1.H., tHc UDIIM CO PAH, tsy@ispms.ru

Uymaesckuii Anapeit Banepseuy, 1.T.H., BHC UDIIM CO PAH, tch7av@gmail.com
I'ypesinos [dennc Aunpeesud, K.1.H., MHC UDPIIM CO PAH, desa-93@mail.ru

®optyna C.B. k.1.H, c.H.Cc., UDIIM CO PAH, s_fortuna@ispms.ru

AwmupoB Anuxan UnpHypoBHY, H.C., K.T.H., aMirov@ispms.ru.

Pybmos Banepwuit Esrensesudy, k.¢).-mM.H., UOIIM CO PAH, rvy@ispms.ru

Komy0aeB Eprenwmii AnekcanapoBud, 1.T.H., mpod. PAH, qup. UOIIM CO PAH, eak@ispms.ru

YJIK 539.621
DOI 10.55652/1683-805X_2025_28 5_148-165
IMoctymuna B pexakimro 18.09.2025; nocne nopadotku 14.10.2025; nmpunsra k mybnaukaiuu 16.10.2025

Bausine MHTEHCHUBHOCTH OXJIAXKAEHNSI HA MUKPOCTPYKTYPY M MPOYHOCTH
COeIUHEHUS BLICOKOMPOYHOro cruiapa AA7075, moiy4eHHOT0 MeTOI0M
CBApKHU TPEHHEM C NepeMelllMBaAHNEeM

E.A. CI/IILOpOBl, C.IO.TapaCOBl**, A.B. I-IyMaeBCI<I/II711*, LA, prBSIHOBl, C.B. (DOpTYHal,
A.A. Ammpos’, B.E Py6rios’, E.A. KonyGaes™”

*Uncmumym gusuru npounocmu u mamepuanosedenus Cubupckozo omoenenus PAH,
Tomck, 634055 Poccus
2Hoeocubupckuti 20cy0apcmeentblii mexHudeckui yHueepcumen,
Hosocubupck, 630073 Poccus

[IpuMeHeHne MAYTOBBIX, IUTa3MEHHBIX, JA3€PHBIX WM DIIEKTPOHHO-TYYCBBHIX METOIOB CBapKH IS
BBICOKOTIPOYHBIX TEPMHYECKH YIMPOUYHACMBIX amfOMHHHEBBIX cruiaBax Al-Zn-Cu-Mg Takux Kak, Hampumep,
AA7075 mpakTHIeCKH HE UMEET CMBICIIA BCIIEACTBHE TOSBICHUE OCIAOICHHBIX 30H TEPMUYIECKOTO BIIUSHUS U
(dbopMHUpOBaHUS TOPSIYUX TPEUH. [IpeIIPUHUMAIOTCS IOMBITKH IOJYYUTh MPOYHBIC COCTUHEHHUS W3 STHX
CIUIABOB MPHUMEHSISI CBapKy TPEHHEM C MEpPEMEIIMBAHUEM, KOTOpas MMEET HU3KOE TEIUIOBJIOXKEHHE, OJHAKO U
31IeCh CYIIECTBYET MPOOJieMa ePECTAPUBAHUS U MOYYCHHS OCTA0ICHHBIX 30H TEPMOMEXAHHUCCKOTO BIIUSHHUSL.
B pabote npeanpuHsaTa MOMBITKA YCTPAHUTH TAKOTO POJia TIEPECTAPUBAHMUS 32 CUCT MPUMCHECHUS HHTCHCUBHOTO
YKUJKOCTHOTO MPOTOYHOTO OXJIAXJACHUS 30HBI CBAPKH. BBIIO YCTAaHOBIEHO, YTO MaKCHUMalbHAsI MUKPOTBEPJOCTh
30HBI NEPEMCIIMBAHUA, a TaKKE MaKCHUMajibHasd IMPOYHOCTb COCAUHCHUA JOOCTUTAIUCH IIPpU OXJIAKIACHHUU
MTOTOKOM JKHIKOCTH CpeIHEeH HHTEHCHBHOCTH ~4-6 J/MHUH. BBUIO TpPOBENEHO MCKYCCTBEHHOE CTApeHHE BCEX
MONYYCHHBIX O00pa3loB C IENbI0 YCTpPaHCHHWS OCIAOJCHHBIX 30H TEPMOMEXaHHYECKOTO BIHUSHHSA, UYTO
JIOTIONTHUTENHHO IMOBBICHJIO MHKPOTBEPHAOCTh W TPOYHOCTh coeAuHeHWH. [lo MaHHBIX CTPYKTYypHBIX
HCCIIeAOBaHUK OBLIO YCTaHOBIICHO, YTO IPH CpPeAHEH WHTCHCHUBHOCTH OXJIAXKICHHS JOCTHTAeTCS MaKCHUMYM
BKJIaJla OT AWCHEPCHOHHOTO MEXaHH3Ma YIPOYHECHUS B YCIOBUSX BHYTPEHHETO CTapeHUs, dPQPEKT KOTOPOTro
MOJKET OBITh YCHIICH 3a CYET UCKYCCTBCHHOTO CTapEHISL.

Kniouesvie cnosa. cBapka TpeHHEM C MepeMEIIMBaHHEM, TEPMOYIPOUYHSIEMbIC AJIOMHHHMEBBIE CIUIABBI,
OXJIaXJICHUE, CTPYKTYpA.



Effect of Cooling Rate on the Microstructure and Strength of Friction Stir
Welded Joints in High-Strength AA7075 Alloy

E.A. Sidorov?, S.Yu. Tarasov'**, A.V. Chumaevskii'*, D.A. Guryanov’,
S.V. Fortuna’, A.A. Amirov', V.E. Rubtsov', and E.A. Kolubaev'?

! Institute of Strength Physics and Materials Science, Siberian Branch, Russian Academy of Sciences, Tomsk, 634055
Russia
2 Novosibirsk State Technical University, Novosibirsk, 630073 Russia

The application of arc, plasma, laser, or electron beam welding methods to high-strength heat-treatable
aluminum alloys Al-Zn-Cu-Mg, such as AA7075, makes little sense because of the formation of weak heat-
affected zones and hot cracks. Attempts were made to produce strong joints in these alloys using friction stir
welding, which is a low heat input method. However, there are still problems with overaging and the formation
of weak thermomechanically affected zones. In the paper, we employ intensive liquid flow cooling of the weld
zone to eliminate overaging. It is found that the microhardness in the stir zone and the joint strength are
maximum due to cooling at a medium liquid flow rate of ~4—6 I/min. All samples were subjected to artificial
aging to eliminate weak thermomechanically affected zones, which further increased the microhardness and
strength of joints. Structural studies reveal that the contribution from the dispersion strengthening mechanism
under internal aging, which can be enhanced by artificial aging, is maximum at medium cooling rates.

Keywords: friction stir welding, heat-treatable aluminum alloys, cooling, structure.

DuHaHCMPOBaHHE

HccnenoBanue BBIOMHEHO 3a c4eT rpaHTa Poccuiickoro HayyHoro ¢onma Ne 25-19-20172
(https://rscf.ru/project/25-19-20172) u rpanTa B popme cyOcumum, BbIieNsieMoro JlenapraMeHToM 10
HAyYHO-TEXHOJIOTHYECKOMY PAa3BUTHIO ¥ HWHHOBAI[MOHHOW JeATENbHOCTH TOMCKO# obmactu
(Cormamenne Ne02/5/2025).

References

1. Mondolfo, L.F., Aluminum alloys: structure and properties, London-Boston, Butterworth, , ISBN 978-0-
408-70932-3, 1976

2. Liu, X.,, Wang, C., Li, X., Zhu, B. and Li, R., Investigation of 7075 aluminum alloy TIG welding joint using
7075 aluminum alloy wire before and after heat treatment. Materials Research Express, 2023, vol. 10, p.
046512, https://doi.org/10.1088/2053-1591/accac4

3. Heidarzadeh, A., Mironov, S., Kaibyshev, R., Cam, G., Simar, A., Gerlich, A., Khodabakhshi, F., Mostafaei,
A., Field, D.P., Robson, J.D., Deschamps, A., Withers, P.J., Friction stir welding/processing of metals and
alloys: A comprehensive review on microstructural evolution, Progress in Materials Science, 2021, vol.
117, p. 100752, https://doi.org/10.1016/j.pmatsci.2020.100752

4. Kalashnikov, K.N., Tarasov, S.Y., Chumaevskii, A.V. et al. Towards aging in a multipass friction stir—
processed AA2024, International Journal of Advanced Manufacturing Technology, 2019, vol. 103, pp.
2121-2132, https://doi.org/10.1007/s00170-019-03631-3

5. Mebhri, A., Abdollah-zadeh, A., Entesari, S., Saeid, T., Wang, J.T., The effects of friction stir welding on
microstructure and formability of 7075-T6 sheet, Results in Engineering, 2023, vol. 18, p. 101041,
https://doi.org/10.1016/j.rineng.2023.101041

6. Wu, C., Wang, J.,, Wang, Q., Xia, P., Li, 7075 aluminum alloy Friction Stir Welding (FSW): Quality
analysis and mechanical properties with WC-Co tool, Materials Today Communications, 2024, vol. 38, p.
108203, https://doi.org/10.1016/j.mtcomm.2024.108203

7. Su, J.-Q., Nelson, T.W., Mishra, R., Mahoney, M., Microstructural investigation of friction stir welded
7050-T651 aluminium, Acta Materialia, 2003, vol. 51(3), pp. 713-729, https://doi.org/10.1016/S1359-
6454(02)00449-4.

8. Cetkin, E., Celik, Y.H. & Temiz, S. Effect of welding parameters on microstructure and mechanical
properties of AA7075/AA5182 alloys joined by TIG and MIG welding methods. Journal of Brazilian
Society Mechanical Science and Engineering, 2020, vol. 42, p. 34, https://doi.org/10.1007/s40430-019-
2119-7

9. El-Zathry, N.E., Akinlabi, S., Woo, W.L. et al. Friction Stir-Based Techniques: An Overview, Welding in
the World, 2025, vol. 69, pp. 327-361, https://doi.org/10.1007/s40194-024-01847-w



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

12.

Cui, L., Yang, X., Zhou, G., Xu, X., Shen, Z., Characteristics of defects and tensile behaviors on friction stir
welded AA6061-T4 T-joints, Materials Science and Engineering A, 2012, vol. 543, pp. 58-68,
https://doi.org/10.1016/j.msea.2012.02.045

Bansal, A., Singla, A.K., Dwivedi, V., Goyal, D.K., Singla, J., Gupta, M.K., Krolczyk G.M., Influence of
cryogenic treatment on mechanical performance of friction stir Al-Zn-Cu alloy weldments, Journal of
Manufacturing Processes, 2020, vol. 56, pp. 43-53, https://doi.org/10.1016/j.jmapro.2020.04.067

Ahamed, S.A.A., Devaraju, A., Narasimha Rao, K.V., Effect of Cryogenic Coolant on Mechanical
Properties and Micrographs of Solid State Welding of 2014 Al Plates. In: Pujari, S., Srikiran, S.,
Subramonian, S. (eds) Recent Advances in Material Sciences. Lecture Notes on Multidisciplinary Industrial
Engineering, 2019, Springer, Singapore, https://doi.org/10.1007/978-981-13-7643-6_9

Fernandes, M.X., Sheikh-Ahmad, J., Ozturk, F., and Jarrar, F., Effect of Cold Air Jet Cooling on Weld
Quality in Friction Stir Welding of AA2024-T351, Research & Development in Material Science, 2022,
vol.16 (3), https://doi.org/10.31031/RDMS.2022.16.000890

Dong, J., Zhang, D., Luo, X., Zhang, W., Zhang, W., Qiu, C., EBSD study of underwater friction stir welded
AA7003-T4 and AA6060-T4 dissimilar joint, Journal of Materials Research and Technology, 2020, vol.9
(3), pp. 4309-4318, https://doi.org/10.1016/j.jmrt.2020.02.056.

Abdollahzadeh, A, Bagheri, B, Abbasi, M, Sharifi, F, Mirsalehi, S.E., Moghaddam, A.O., A modified
version of friction stir welding process of aluminum alloys: Analyzing the thermal treatment and wear
behavior. Proceedings of the Institution of Mechanical Engineers, Part L: Journal of Materials: Design and
Applications, 2021, vol. 235(10), pp. 2291-2309, doi:10.1177/14644207211023987

Wang, Q., Zhao, Z., Zhao, Y., Yan, K., Liu, C., Zhang, H., The strengthening mechanism of spray forming
Al-Zn-Mg-Cu alloy by underwater friction stir welding, Materials & Design, 2016, vol. 102, pp. 91-99,
https://doi.org/10.1016/j.matdes.2016.04.036

Kosturek, R., Sniezek, L., Torzewski, J., The Effect of Water Cooling on the Mechanical Properties of FSW
Butt Joints Made of Aluminum Alloy AA7075-T651. Materials Science and Welding Technologies, 2025,
vol. 68(1-4), pp. 327-361, https://doi.org/10.32730/mswt.2024.68.5.4

Ivanov, A., Chumaevskii, A., Amirov, A., Utyaganova, V., Savchenko, N., Rubtsov, V., & Tarasov, S.,
Features of Structure and Properties of Lap-Welded Joints of Aluminum Alloy Al-4Cu-1Mg with Titanium
Alloy Ti-6Al-4V, Obtained by Friction Stir Welding. Metals, 2023, vol. 13 (8), pp. 1385,
https://doi.org/10.3390/met13081385.

Vijay, A., Radhika, N., A comprehensive review on underwater welding: Methods, property evaluations and
challenges. Advanced Materials Processing Technology, 2024, vol. 10(2), pp. 923-959,
https://doi.org/10.1080/2374068X.2023.2184582

Christian, B.F., Mahoney, M.W., Calabrese, M., Micona, L., Evolution of microstructure and mechanical
properties in naturally aged 7050 and 7075 Al friction stir welds, Materials Science and Engineering: A,
2010, vol. 527(9), pp.2233-2240, https://doi.org/10.1016/j.msea.2009.11.057

Sharma, C., Dwivedi, D.K., Kumar, P., Effect of post weld heat treatments on microstructure and
mechanical properties of friction stir welded joints of Al-Zn-Mg alloy AA7039. Materials & Design, 2013,
vol. 43, pp.134-143, https://doi.org/10.1016/j.matdes.2012.06.018

C. 148-165

Hayunas cmamos

YJIK 539.3
DOI 10.55652/1683-805X_2025 28 5 166-171
[Toctynuna B pepakiuio 09.10.2024; nocne nopadotku 11.04.2025; npunsara k myonaukanuu 14.04.2025

Buopauuu coHaBuY-naHe u ¢ QyHKIIHOHAJIbHO-TPAAMEHTHBIM MOPUCTHIM

HJIA AYKCETHYCCKHUM 3AIMMOJHUTETIEM U NTBE303JICKTPOMAIrHUTHBIMHA
BHCIITHUMH CJI0OAMH

P. Nikbakhsh*, M. Mohammadimehr'", and F. Bargozini*

'Kawancxuii ynusepcumem, Kawan, 8731753153 Hpan

PasBurne pa3nuyHBIX OTpacield MPOMBIIIIEHHOCTH, OCOOCHHO TPAHCIIOPTHOH, 3aBHCHT OT pa3paboTKu

HEOOXONMWMBIX MaTepHajoB H KOHCTpYKmuid. C TMOSBICHHEM MeTaMaTepHajioB OIHOM U3 3amad Uit
HCCIIeIoBaTeNle CTajlo W3Y4YeHHWE BIMSHAS OSTUX MaTepHajoB Ha pa3In4yHble KOHCTpyKumu. JlaHHOE
HCCIICIOBAaHUE  TIOCBSIIEHO  HM3YYCHHWIO  BHOPAIMOHHOTO  TIOBEACHWS  COHIBHUY-TIAHENHM C  MBE30-



JIEKTPOMAarHUTHBIMY BHEUTHUMH CJIOSIMH, @ TaK)KE BIMSHUS Pa3IMYHBIX 3alOJHUTENCH (TPU THUIA MOPUCTBIX U
JIBa THIA ayKCETUYECKHX CEPACYHUKOB). [lomydeHsl ypaBHEHUs ABMKEHHS COHIBUY-TIIA-CTUHBL. C MOMOIIBIO
MOJTyaHAINTHIECKOTO DEIICHHS YypPaBHEHWH OMNpesieNeHbl KOoJIeOaHusl CIHABMY-IUIA-CTHHBL. MccnenoBano
BIMSHHUE PACIPENENICHUs IOPHUCTOCTH, JJIEKTPUYECKHMX W MAarHUTHBIX IOJEH, pa3IMdHBIX IapaMeTpOB
ayKCETHYECKOTO CEpACYHHKA WM COOTHOUICHHS TOJIIMH Ha COOCTBEHHYIO 4YacToTy. COINacHO MOJydYEeHHBIM
pe3ynbTaTtaM, TPETHUH THII paclpelelieHUs MOp OKa3bIBaeT OOiblIee BIMSIHUE HAa YacCTOTY CTPYKTYPBHI, UEM
JpyTHe THIBI pacrnpesaeneHus mnop. Takke NpoaHANM3UPOBAHO BIHUSHHUE ayK-CETHUECKUX CEPJCUHUKOB C
oTpunarenbHbIME Kod(puunentamu [lyaccona. BTopoil THI aykceTHue-CKOIO cepledyHHKa OKasblBaeT Oouiee
CYIIECTBECHHOC BJIMAHUC HA YaCTOTY. Pe3yanaTb1 JaHHOT'O UCCJIICAOBAHUA UMCIOT MPAKTUYCCKOC MPUMCHCHUC B
aIPOKOCMHUYECKOH OTpPaci M MOTYT OBITh HCIIOJIb30BaHbI NPH pa3pabdoTKe OOJErueHHBIX KOHCTPYKIHH,
JIaTYUKOB U IIPUBOJIOB.

Kniouegvie cnosa: Bubpanyn, ayKceTHUECKHHN 3aII0JTHUTEIb, Pa3JINdHbIE paclpeaeIeH s TOPUCTOCTH, Tbe30-
3JIEKTPOMarHUTHBIE BHEITHHUE CJIOH, TEOPHSI CABUTOBOH JIepOpMaIMK [IEPBOTO TOPAAKA, COHIBUY-TIIACTHHA.

Vibration of a sandwich plate with FG porous and auxetic cores and piezo-
electro-magnetic face sheets

P. Nikbakhsh®, M. Mohammadimehr'", and F. Bargozini*

!Department of Solid Mechanics, Faculty of Mechanical Engineering, University of Kashan

The progress of various industries, especially the transportation industry, depends on the materials and
structures required by these industries. With the emergence of metamaterials, one of the challenges for
researchers is to investigate the effect of these materials on various structures. This research investigates the
vibration behavior of a sandwich plate with piezo-electro-magnetic face sheets and the effect of several core
models (three types of porous and two types of auxetic cores). The equations of motion for the sandwich plate
are determined. These equations are solved using a semi-analytical method, and the vibration of the sandwich
plate is obtained. The effects of porosity distribution, electric and magnetic fields, different parameters of the
auxetic core, and thickness ratio on the natural frequency are determined. The results show that the effect of the
3rd type of porous distribution on the structure frequency is more than that of other porous distributions. The
effect of auxetic cores with negative Poisson's ratios was also analyzed. The second type of the auxetic core has
a more significant effect on the frequency. The findings of this study have practical applications in the aerospace
sector and can be used in developing lightweight structures, sensors, and actuators.

Keywords: Vibration; Auxetic core; Various porosity distributions; Piezo-electro-magnetic face sheets;
FSDPT; Sandwich plate.

References

1. Abdelbari, S., Attia, A., Bourada, F. et al. Investigation of Dynamic Characteristics of Imperfect FG Beams
on the Winkler—Pasternak Foundation under Thermal Loading. Phys Mesomech, 2023, Vol. 26, pp. 557-572.
https://doi.org/10.1134/S1029959923050089

2. Tang, T., Gao, J., Jin, C. et al. On the Propagation of Bulk Waves in Functionally Graded Beams with
Consideration ~ for  Imperfection. ~ Phys  Mesomech., 2025, wvol. 28, pp. 134-144.
https://doi.org/10.1134/S1029959924601581.

3. Bouchareb, M.L., Semmah, A., Bourada, F. et al. A Study of Longitudinal Magnetic Field Effect on Critical
Buckling Loads of SWCNT Embedded in Kerr Medium Using Nonlocal Euler—Bernoulli Theory. Phys
Mesomech 2022, vol. 25, pp. 344-352. https://doi.org/10.1134/51029959922040087.

4. Addou, F.Y., Bourada, F., Meradjah, M., Bousahla, A.A., Tounsi, A., Ghazwani M.H. and Alnujaie, A.,
Impact of porosity distribution on static behavior of functionally graded plates using a simple quasi-3D
HSDT, Computers and Concrete, 2023, Vol. 32(1), pp.87-97, https://doi.org/10.12989/cac.2023.32.1.087.

5. Al-Houri, S., Al-Osta, M.A., Bourada, F., Gawah, Q., Tounsi, A., and Al-Dulaijan, S.U., Analysis of
Porosity-Dependent Wave Propagation in FG-CNTRC Beams Utilizing an Integral Higher-Order Shear
Deformation Theory, International Journal of Structural Stability and Dynamics, 2024,
https://doi.org/10.1142/S0219455425502335.

6. Ellali, M., Bouazza, M. and Zenkour, A.M. Wave Propagation in Functionally-Graded Nanoplates Embedded
in a Winkler—Pasternak Foundation with Initial Stress Effect. Phys Mesomech, 2023, vol. 26, pp. 282-294.
https://doi.org/10.1134/S1029959923030049.

7. Singh, A., Katariya, P. V., & Karathanasopoulos, N., Composite sandwich plates with piezoelectric layers:
Structural design, modal attributes and electric potential. Mechanics of Advanced Materials and Structures,
2023, Vol. 31, pp. 4462-4476. https://doi.org/10.1080/15376494.2023.2198530.



8. Boutaleb, S., Boulal, A., Zidour, M., Al-Osta, M. A., Tounsi, A., Tounsi, A., Salem, M. A., Khedher, K. M.
On the Buckling Response of Functionally Graded Carbon Nanotube-reinforced Composite Imperfect
Beams, Periodica Polytechnica Civil Engineering, 2024, vol. 68(4), pp. 1052-1063.
https://doi.org/10.3311/PPci.23825.

9. Shirdelan, F., Mohammadimehr, M. & Bargozini, F. Control and vibration analyses of a sandwich doubly
curved micro-composite shell with honeycomb, truss, and corrugated cores based on the fourth-order shear
deformation  theory. Appl. Math. Mech.-Engl. Ed. 2024, Vol. 45, pp. 1773-1790.
https://doi.org/10.1007/s10483-024-3175-6

10. Arabzadeh-Ziari, E., Mohammadimehr, M., Arabzadeh-Ziari, M. et al. Vibration, Bending, and Buckling of a
Seven-Layer Sandwich Beam with Balsa Core Reinforced by Nanocomposite and Shape Memory Alloy Face
Sheets Using Piezoelectromagnetic Layers. Arab J Sci Eng, 2024. https://doi.org/10.1007/s13369-024-09491-
8.

11. Daikh, A.A., Belarbi, MO., Vinh, P.V. et al. An Assessment of a New Hyperbolic Shear Deformation Theory
for the Free Vibration Analysis of Cosine Functionally Graded Doubly Curved Shells under Various
Boundary Conditions. Phys Mesomech, 2024, Vol. 27, pp. 338-354.
https://doi.org/10.1134/5102995992403010X

12. Belarbi, H., Boucham, B., Bourada, F. et al. Investigation on Thermomechanical Bending of Functionally
Graded Sandwich Plates Using a Novel Combined 2D Integral Plate Model. Phys Mesomech, 2024, vol. 27,
pp. 472-484. https://doi.org/10.1134/S1029959924040118.

13. Bentabet, R., Attia, A., Selim, M.M. et al. Bending and Buckling Responses of FGM Nanoplates Embedded
in an Elastic Medium. Phys Mesomech, 2023, vol. 26, pp. 313-328.
https://doi.org/10.1134/51029959923030062.

14. Selvamani, R., Prabhakaran, T. and Ebrahimi, F. Damping Characteristics of Nonlocal Strain Gradient
Waves in Thermoviscoelastic Graphene Sheets Subjected to Nonlinear Substrate Effects. Phys Mesomech,
2024, vol. 27, pp. 461-471. https://doi.org/10.1134/S1029959924040106.

15. Pahlavanzadeh, M., Mohammadimehr, M., Irani-Rahaghi, M., & Emamat, S. M. Vibration response on the
rod of vortex bladeless wind power generator for a sandwich beam with various face sheets and cores based
on different boundary conditions. Mechanics Based Design of Structures and Machines, 2024, pp. 1-27.
https://doi.org/10.1080/15397734.2024.2391920.

16. Mohammadimehr, M., The effect of a nonlocal stress-strain elasticity theory on the vibration analysis of
Timoshenko sandwich beam theory, Advances in Nano Research, 2024, Vol. 17 (3), pp. 275-284.
https://doi.org/10.12989/anr.2024.17.3.275.

17. Gladkovsky, S.V., Petrova, S.V., Savrai, R.A. et al. Influence of the Reinforcement Phase Composition on
the Structure and Abrasive Wear Resistance of Aluminum Matrix Composites Reinforced with B4C and SiC.
Phys Mesomech 27, 2024, pp. 566-577. https://doi.org/10.1134/51029959924050060.

18. Younsi, A., Bourada, F., Bousahla, A.A. et al. Simple Quasi-3D and 2D Integral Shear Deformation Theories
for Buckling Investigation of Advanced Composite Plates. Phys Mesomech, 2023, vol. 26, pp. 346-366.
https://doi.org/10.1134/S1029959923030086

19. Alsubaie, A.M., Al-Osta, M.A., Alfagih, 1., Tounsi, A., Chikh, A., Mudhaffar, 1.M., Al-Dulaijan S.U., and
Tahir, S., Influences of porosity distributions on bending and buckling behaviour of functionally graded
carbon nanotube-reinforced composite beam, Computers and Concrete, 2024, Vol. 34(2), pp. 179-193,
https://doi.org/10.12989/cac.2024.34.2.179.

20. Bargozini F, Mohammadimehr M. The theoretical and experimental buckling analysis of a nanocomposite
beams reinforced by nanorods made of recycled materials. Polym Compos. 2024, Vol. 45, pp. 3327-3342.
d0i:10.1002/pc.27993

21.Noruzi, A., Mohammadimehr, M. & Bargozini, F. Experimental and theoretical results for bending and
buckling of a five-layer sandwich plate reinforced by carbon nanotubes/carbon nanorods/graphene
platelets/shape memory alloy based on RFSDT. Arch Appl Mech, 2024, Vol. 94, pp. 2151-2173
https://doi.org/10.1007/s00419-024-02630-5.

22.Gia Phi, B., Van Hieu, D., Sedighi, H.M. et al. Size-dependent nonlinear vibration of functionally graded
composite micro-beams reinforced by carbon nanotubes with piezoelectric layers in thermal environments.
Acta Mech, 2023, vol. 233, pp. 2249-2270. https://doi.org/10.1007/s00707-022-03224-4

23.Jena, S.K., Chakraverty, S., Malikan M., and Mohammad-Sedighi, H., Implementation of Hermite-Ritz
method and Navier's technique for vibration of functionally graded porous nanobeam embedded in Winkler—
Pasternak elastic foundation using bi-Helmholtz nonlocal elasticity, mechanics of materials and structures,
2020, Vol. 15 (3), pp. 405-434, DOI: 10.2140/jomms.2020.15.405

24.Kurpa, L., Shmatko, T., Awrejcewicz, J., Timchenko, G., and Morachkovska, 1. Analysis of Free Vibration
of Porous Power-law and Sigmoid Functionally Graded Sandwich Plates by the R-functions Method. Journal
of Applied and Computational Mechanics, 2023, wvol. 9(4), pp. 1144-1155. doi:
10.22055/jacm.2023.43435.4082.



25. Moulay, N., Liani, M., Bourada, F. et al. Vibration Analysis of Single-Walled Carbon Nanotubes Embedded
in a Polymer Matrix under Magnetic Field Considering the Surface Effect Based on Nonlocal Strain Gradient
Elasticity Theory. Phys Mesomech, 2023, vol. 26, pp. 329-345. https://doi.org/10.1134/51029959923030074.

26. Al-Basyouni, K.S., Dakhel, B., Ghandourah, E. et al. An Analytical Solution for the Problem of Stresses in
Magneto-Piezoelectric Thermoelastic Material under the Influence of Rotation. Phys Mesomech, 2020, vol.
23, pp. 362-368. https://doi.org/10.1134/S1029959920040116.

27.Addou, F.Y., Bourada, F., Tounsi, A. et al. Effect of porosity distribution on flexural and free vibrational
behaviors of laminated composite shell using a novel sinusoidal HSDT. Archiv.Civ.Mech.Eng 2024, vol. 24,
102. https://doi.org/10.1007/s43452-024-00894-w.

28.Bargozini, F., Mohammadimehr, M., Dawi, E. A., and Salavati-Niasari, M., Buckling of a sandwich beam
with carbon nano rod reinforced composite and porous core under axially variable forces by considering
general strain, Results in Engineering, 2024, Vo. 21, 101945, https://doi.org/10.1016/j.rineng.2024.101945.

29.Bakina, O.V., Svarovskaya, N.V., Chzhou, V.R. et al. Synthesis of Porous Composites Based on
Electroexplosive Ti/Al Nanopowder for Bone Implants. Phys Mesomech, 2024, vol. 27, pp. 556-565.
https://doi.org/10.1134/S1029959924050059.

30. Lakhdar, Z., Chorfi, S.M., Belalia, S.A. et al. Free vibration and bending analysis of porous bi-directional
FGM sandwich shell using a TSDT p-version finite element method. Acta Mech, 2024, vol. 235, pp. 3657-
3686. https://doi.org/10.1007/s00707-024-03909-y

31. Abdulmajeed M. Alsubaie, Ibrahim Alfagih, Mohammed A. Al-Osta, Abdelouahed Tounsi, Abdelbaki
Chikh, Ismail M. Mudhaffar and Saeed Tahir, Porosity-dependent vibration investigation of functionally
graded carbon nanotube-reinforced composite beam, Computers and Concrete, 2023, Vol. 32(1), pp. 75-85,
https://doi.org/10.12989/cac.2023.32.1.075.

32.Namazinia, N., Alibeigloo, A., & Karimiasl, M. Vibration analysis of a composite sandwich plate with a
viscoelastic auxetic core, FG-CNTRC interior, and MEE-FGP exterior face sheets. Mechanics Based Design
of Structures and Machines, 2024, pp. 1-47. https://doi.org/10.1080/15397734.2024.2386134

33.Laoufi, I., Attia, A., Bourada, F. et al. Stability analysis of porous FG sandwich plates under
thermomechanical loads via integral HySDT. Arch Appl Mech, 2024. https://doi.org/10.1007/s00419-024-
02665-8

34. Khorasani, M., Lampani, L., and Tounsi, A., A refined vibrational analysis of the FGM porous type beams
resting on the silica aerogel substrate, Steel and Composite Structures, 2023, Vol.47(5), pp. 33-644,
https://doi.org/10.12989/scs.2023.47.5.633.

35. Tounsi, A., Tahir, S.1., Al-Osta, M.A., Do-Van, T., Bourada, F., Bousahla, A.A., and Tounsi, A., An integral
quasi-3D computational model for the hygro-thermal wave propagation of imperfect FGM sandwich plates,
Computers and Concrete, 2023, Vol. 32(1), pp. 61-74, https://doi.org/10.12989/cac.2023.32.1.061.

36. Mohammadimehr, M.A., Loghman, A., Ghorbanpour Arani, A. et al. A Vibration Analysis of a Thick Micro
Sandwich Panel with Metamaterial or Porous Core and Carbon Nanotubes/Graphene Platelets Reinforced
Composite Based on HSDT and NSGT. Multiscale Sci. Eng. 2024. https://doi.org/10.1007/s42493-024-
00115-9

37. Motalebi, V., Mohammadimehr, M., Bargozini, F., Vibration response of sandwich plate reinforced by
GPLS/GOAM, Mechanics Research Communications, 2024, Vol. 141, 104334,
https://doi.org/10.1016/j.mechrescom.2024.104334.

38.Bentrar, H., Chorfi, S.M., Belalia, S.A., Tounsi, A., Ghazwani, H., and Alnujaie, A., Effect of porosity
distribution on free vibration of functionally graded sandwich plate using the P-version of the finite element
method, Structural Engineering and Mechanics, 2023, Vol. 88(6), 551-567,
https://doi.org/10.12989/sem.2023.88.6.551.

39. Belabed, Z., Tounsi, A., Al-Osta, M., Tounsi, A., and Minh, H.L., On the elastic stability and free vibration
responses of functionally graded porous beams resting on Winkler-Pasternak foundations via finite element
computation, Geomechanics and Engineering, 2024, Vol. 36(2), pp. 183-204,
https://doi.org/10.12989/gae.2024.36.2.183.

40. Chitour, M., Bouhadra, A., Bourada, F., Mamen, B., Bousahla, A.A., Tounsi, A., Tounsi, A., Salem, M.A.,
and Khedher, K.M., Stability analysis of imperfect FG sandwich plates containing metallic foam cores under
various boundary conditions, Structures, 2024, Vol. 61, 106021,
https://doi.org/10.1016/j.istruc.2024.106021.

41. Saidi, H., Tounsi, A., Bourada, F., Bousahla, A.A., Tounsi, A., Ismail, F., and Al-Juboori, S., Vibrational
behavior of porous composite laminated plates using four unknown integral shear deformation theory, Steel
and Composite Structures, 2024, Vol. 52(3), pp. 249-271. https://doi.org/10.12989/scs.2024.52.3.249

42. Lakhdar, K., Sadoun, M., Addou, F.Y. et al. Free vibrational characteristics of various imperfect FG beam
via a novel integral Timoshenko’s theory. Acta Mech, 2024, vol. 235, pp. 6287-6304.
https://doi.org/10.1007/s00707-024-04046-2.

43.Driz, H., Attia, A., Bousahla, A.A., Addou, F.Y., Bourada, M., Tounsi, A., Tounsi, A., Balubaid, M., and
Mahmoud, S.R., Dynamic response of imperfect functionally graded plates: Impact of graded patterns and



viscoelastic foundation, Structural Engineering and Mechanics, 2024, Vol. 91(6), pp. 551-565,
https://doi.org/10.12989/sem.2024.91.6.551.

44, Sangsefidi, A.R., Kadkhodapour, J., Anaraki, A.P. et al. Enhanced Energy Harvesting by Devices with the
Metamaterial Substrate. Phys Mesomech, 2022, Vol. 25, pp. 568-582.
https://doi.org/10.1134/5S1029959922060091.

45.Sheng, P., Fang, X., Yu, D. et al. Nonlinear metamaterial enabled aeroelastic vibration reduction of a
supersonic cantilever wing plate. Appl. Math. Mech.-Engl. Ed. 2024, Vol. 45, pp. 1749-1772.
https://doi.org/10.1007/s10483-024-3165-7.

46. Khlybov, A.A., Uglov, A.L. and Ryabov, D.A. Mechanical Simulation Model for Acoustic Damage
Monitoring in  Polycrystalline ~ Materials.  Phys  Mesomech, 2023, 26, pp. 459-465.
https://doi.org/10.1134/51029959923040070.

47.Rao, E., Fu, T. Acoustic radiation response of functionally graded sandwich plates cored by butterfly-shaped
honeycombs with negative Poisson’s ratio. J Mech Sci Technol, 2024, Vol. 38, pp. 2321-2333.
https://doi.org/10.1007/s12206-024-0413-5

48.Lin, W., Wang, Y., Davidson, B. D., Negative Poisson's ratio can enhance stability of layered composite
structures, Thin-Walled Structures, 2024, Vol. 205, 112409, https://doi.org/10.1016/j.tws.2024.1124009.

49. Xiao, J.H., Guo, Z.X. Failure Analysis of Thickness Gradient Negative Poisson’s Ratio Concave Honeycomb
Sandwich Panels Under Local Impact. Mech Compos Mater, 2024, Vol. 60, pp. 401-414.
https://doi.org/10.1007/s11029-024-10195-1.

50. Sangsefidi, A.R., Kadkhodapour, J., Anaraki, A.P. et al. Enhanced Energy Harvesting by Devices with the
Metamaterial Substrate. Phys Mesomech, 2022, 25, pp. 568-582 0.
https://doi.org/10.1134/51029959922060091.

51.Yu, T.T., Yin, S., Bui, T.Q., Hirose, S., A simple FSDT-based isogeometric analysis for geometrically
nonlinear analysis of functionally graded plates, Finite Elements in Analysis and Design, 2015, Vol. 96, pp.
1-10, https://doi.org/10.1016/j.finel.2014.11.003.

52. Hanifehlou, S., Mohammadimehr, M. Buckling analysis of sandwich beam reinforced by GPLs using various
shear deformation theories. Computers and Concrete, 2020, Vol. 25, pp. 427-432.
http://dx.doi.org/10.12989/cac.2020.25.5.427

53.Li, F., Yuan, W., and Zhang, C., Free vibration and sound insulation of functionally graded honeycomb
sandwich plates, J. Sandw. Struct. Mater., 2021, Vol. 24, pp. 565-600. doi: 10.1177/10996362211020440.

54.Duc, N.D., Seung-Eock, K., Tuan, N.D., Tran, P., and Khoa, N.D., New approach to study nonlinear dynamic
response and vibration of sandwich composite cylindrical panels with auxetic honeycomb core layer,
Aerospace Science and Technology, 2017, Vol. 70, 396-404, https://doi.org/10.1016/j.ast.2017.08.023.

55. Shahsavari, D., Shahsavari, M., Li, L., and Karami, B. A novel quasi-3D hyperbolic theory for free vibration
of FG plates with porosities resting on Winkler/Pasternak/Kerr foundation. Aerospace Science and
Technology, 2018, Vol. 72, pp. 134-149. https://doi.org/10.1016/j.ast.2017.11.004.

56. Mohammadimehr, M., Nikbakhsh, P., Buckling Analysis of a Sandwich Plate with Polymeric Core
Integrated with Piezo-Electro-Magnetic Layers Reinforced by Graphene Platelets. Advances in Materials
Research, 2022, VVol. 11(4), pp. 331-49. doi:10.12989/AMR.2022.11.4.331.

57.Rostami, R., Mohammadimehr, M. Vibration control of rotating sandwich cylindrical shell-reinforced
nanocomposite face sheet and porous core integrated with functionally graded magneto-electro-elastic layers.
Engineering with Computers, 2022, 38, pp. 87-100. https://doi.org/10.1007/s00366-020-01052-5

58. Keleshteri, M.M., Asadi, H. and Wang, Q., On the snap-through instability of post-buckled FG-CNTRC
rectangular plates with integrated piezoelectric layers, Comput. Meth. Appl. Mech. Eng., 2017,
https://doi.org/10.1016/j.cma.2017.11.015.

59. Noruzi, A., Mohammadimehr, M., and Bargozini, F., Experimental free vibration and tensile test results of a
five-layer sandwich plate by comparing various carbon nanostructure reinforcements with SMA, Heliyon,
2024, Vol. 10(10), 31164, https://doi.org/10.1016/j.heliyon.2024.e31164.

60. Yazdani, R., Mohammadimehr, M., and Navi, B. R., Free vibration of Cooper-Naghdi micro saturated porous
sandwich cylindrical shells with reinforced CNT face sheets under magneto-hydro-thermo- mechanical
loadings, 2019, Vol. 3, 351-365. http://dx.doi.org/10.12989/sem.2019.70.3.351

61. Zenkour, A. M. A comprehensive analysis of functionally graded sandwich plates: Part 2-Buckling and free
vibration. International Journal of Solids and Structures, 2005, Vol. 42, pp. 5243-5258.
https://doi.org/10.1016/j.ijsolstr.2005.02.016

62. Malik, M., Bert, C.W., Three-dimensional elasticity solutions for free vibrations of rectangular plates by the
differential. quadrature method. International Journal of Solids and Structures, 1998, Vol.35, pp. 299-318.
https://doi.org/10.1016/S0020-7683(97)00073-5

63.Thai, S., Thai, H. T., Vo, T. P., Patel, V. I., Size-dependant behaviour of functionally graded microplates
based on the modified strain gradient elasticity theory and isogeometric analysis, Computers & Structures,
2017, Vol.190, pp. 219-241, https://doi.org/10.1016/j.compstruc.2017.05.014.



64. Wang, B., Zhao, J., Zhou, S., A micro scale Timoshenko beam model based on strain gradient elasticity
theory, European Journal of Mechanics - A/Solids, 2010, Vol. 29, pp. 591-599,
https://doi.org/10.1016/j.euromechsol.2009.12.005.

65. Mohammad-Rezaei Bidgoli, E., Arefi, M. Free vibration analysis of micro plate reinforced with functionally
graded graphene nanoplatelets based on modified strain-gradient formulation. Journal of Sandwich
Structures & Materials, 2021, Vol. 23, pp. 436-472. d0i:10.1177/1099636219839302.

C.166-171



	Информация о номере
	Сведения об авторах

	Сравнительное исследование динамического предела текучести крупнозернистого и мелкозернистого медных сплавов M1 на основе нового подхода к испытанию ударом по наковальне
	Финансирование
	Литература
	Сведения об авторах


	Поведение ультрамелкозернистого сплава Zn-1%Mg-0.1%Ca при приложении циклических нагрузок
	Behavior of Ultrafine Grained Zn-1%Mg-0.1%Ca Alloy under Cyclic Loading
	Финансирование
	Литература
	Сведения об авторах



	Влияние закалки и старения на микроструктуру и свойства Al-Mg-Si-Cu сплава
	А.И. Бодякова1*, И.С. Зуйко1, А.А. Калиненко1, Д.Ю. Юзбекова1, Э.И. Чистюхина1, Р.О. Кайбышев1
	Regularities of dispersion hardening of Al-Mg-Si-Cu alloy during artificial aging
	1 Belgorod State University, Belgorod, 308015 Russia
	Финансирование
	Литература
	Сведения об авторах



	Влияние легирования цинком на температуры термоупругих мартенситных превращений и микроструктуру метастабильных (α+β) сплавов на основе Cu-Zn с эффектами памяти формы
	Н. Н. Куранова*, В. В. Марченков, В. Г. Пушин, А. Э. Свирид, Б. М. Фоминых
	1 Институт физики металлов имени М.Н. Михеева Уральского отделения Российской академии наук, Екатеринбург, 620108, Россия

	The Effect of Zinc Alloying on the Temperatures of Thermoelastic Martensitic Transformations and the Microstructure of Metastable (α+β) Cu-Zn-Based Shape Memory Alloys
	N. N. Kuranova, V. V. Marchenkov, V. G. Pushin, A. E. Svirid, B. M. Fominyh
	Финансирование
	Литература
	Сведения об авторах


	Влияние легирования и термической обработки на сопротивление ударным нагрузкам высокохромистых сталей мартенситного класса с низким содержанием азота и высоким содержанием бора
	1Белгородский государственный национальный исследовательский университет, 308015 Белгород, ул. Победы 85, Россия
	Effect of Alloying and Heat Treatment on Impact Resistance of Low Nitrogen, High Boron Martensitic High-Chromium Steels
	A. S. Dolzhenko, A. E. Fedoseeva*
	Belgorod National Research University, 308015 Pobeda, 85, Russia
	Финансирование
	Литература
	Сведения об авторах



	СВС синтез МАХ-фаз (Cr1-xMnx)2AlC и формирование структуры кермета высокой твердости при их капиллярном взаимодействии с расплавами меди
	В. А. Горшков1, М. В. Горшенков2, С. Н. Жевненко2*

	SHS Synthesis of MAX-Phases (Cr1-xMnx)2AlC and Formation of a High-Hardness Cermet Structure via Their Capillary Interaction with Copper Melts
	Финансирование
	Литература
	Сведения об авторах


	Формирование зигзагообразных деформационных двойников в алюминиевых нанопроволоках
	Formation of Zigzag Deformation Twins in Aluminum Nanowires
	M. Yu. Gutkin, N. V. Skiba
	Финансирование
	Литература
	Сведения об авторах

	1 Институт физики прочности и материаловедения СО РАН, Томск, 634055 Россия

	Structural-Phase State, Mechanical and Inelastic Properties of Ti49.8Ni50.2 Alloy after Severe Plastic Deformation by Abc-Pressing at 573 K
	A. I. Lotkov1, V. N. Grishkov1, N. V. Girsova1, D. Y. Zhapova1, Y. P. Mironov1, A. A. Gusarenko1*, D. I. Bobrov1
	1 Institute of Strength Physics and Materials Science SB RAS, Tomsk, 634055 Russia
	Финансирование
	Литература
	Сведения об авторах




	Изменение температур мартенситных переходов и плотности дефектов при термоциклировании сплава Ti-Hf-Ni-Cu с разным размером зерна
	С. П. Беляев1, Н. Н. Реснина1, И. В. Поникарова1, А. В. Сибирев1, А. М. Иванов1, Р. М. Бикбаев1, М. Е. Трофимова1, М. Ю. Глухов1, В. Е. Орлов1, А. И. Базлов1,2, Д. В. Гундеров3

	Variation in the Temperatures of the Martensitic Transformations and the Defect Density on Thermal Cycling of the Ti-Hf-Ni-Cu Alloys with Various Grain Size
	S. P. Belyaev1, N. N. Resnina1, I. V. Ponikarova1, A. V. Sibirev1, A. M. Ivanov1, R. M. Bikbaev1, M. E. Trofimova1, M. Yu. Glukhov1, V. E. Orlov1, A. I. Bazlov1,2, D. V. Gunderov3
	Финансирование
	References
	Сведения об авторах



	Применение дополнительного нагрева подложки для прямого лазерного выращивания Inconel 738
	М. А. Гулов1, И. С. Герцель1, А. Г. Маликов1

	The Use of Additional Substrate Heating in Direct Laser Deposition of Inconel 738
	Финансирование
	References
	Сведения об авторах


	Влияние интенсивности охлаждения на микроструктуру и прочность соединения высокопрочного сплава АА7075, полученного методом сварки трением с перемешиванием
	Е.А. Сидоров1, С.Ю.Тарасов1**, А.В. Чумаевский1*, Д.А. Гурьянов1, С.В. Фортуна1, А.А. Амиров1, В.Е Рубцов1, Е.А. Колубаев1,2

	Effect of Cooling Rate on the Microstructure and Strength of Friction Stir Welded Joints in High-Strength AA7075 Alloy
	Финансирование
	References

	Вибрации сэндвич-панели с функционально-градиентным пористым или ауксетическим заполнителем и пьезоэлектромагнитными внешними слоями
	P. Nikbakhsh1, M. Mohammadimehr1*, and F. Bargozini1
	Vibration of a sandwich plate with FG porous and auxetic cores and piezo-electro-magnetic face sheets

	P. Nikbakhsh1, M. Mohammadimehr1*, and F. Bargozini1
	References



