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ABSTRACT

Metal matrix composites are advanced materials capable of exhibiting increased strength, wear and creep resistance,
excellent damping and reduced thermal expansion, making them suitable for a wide range of applications in many
industries including transportation, consumer transportation, cutting tools, consumer electronics. , defense, space,
aerospace, mechanical engineering and metalworking and many others. With the rapid development of nanotechnology,
there has been a growing demand for the development of new metal matrix nanocomposites for a variety of fields such
as structural engineering and functional device applications. One of the most effective approaches to the creation of
composites is the reinforcement of a metal matrix with carbon-based materials - carbon nanotubes (CNTs) and fullerenes.
In this work, the processes of heating and cooling of the metal - CNT composite are simulated by the molecular dynamics
method. The LAMMPS software and a proven set of interatomic potentials were used for modeling. It has been found
that the reinforcement of metallic CNT crystals leads to a change in its melting point. In this case, a decrease in the
melting temperature was found, which is associated with an increase in the fraction of free volume, which in turn is
determined by the small size of the computational cell. In the future, it is planned to increase the size of the considered
computational cell and determine the effect of the cell size and geometry of the strengthening component on the
complex of physical and mechanical properties of metal-matrix composites.
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AHHOTALA

KomnosuTbl ¢ MeTaninyeckon maTpuuen npeactaBaatoT coboi nepefoBble MaTeprabl, CNOCOOHbIE 4EMOHCTPUPOBATD
NOBbILEHHYH NPOYHOCTb, CONPOTUBAEHNE U3HOCY U NON3YYECTU, OTIMYHOE AeMNdUPOBaHME U MOHUKEHHOE Ten0Boe
pacwmpeHmne, YTo AeNaeT UX NPUTOAHbIMM 418 LUMPOKOTO CNEKTPa NPUMEHEHMA BO MHOTMX 061aCTAX MPOMbILLEHHOCTMH,
BK/ItOYAA TPAHCMOPTHYO, H6bITOBYO, 061aCTU TPAHCMOPTA, PEXKYLLErO MHCTPYMEHTA, ObITOBOW 3/1EKTPOHUKM, OBOPOHBI,
KOCMOCa, aBMAKOCMMYECKYI0, MALUMHOCTPOEHMA U MEeTanN006paboTkM n MHormne gpyrve. baarogaps 6bicTpoMy passu-
TUIO HAHOTEXHONOMMIA, BO3HWMK PACTYLLMIA CNPOC HA Pa3paboTKy HOBbIX HAHOKOMMO3UTOB C METAIIMYECKON MaTpULEeN
ANA pa3NnMYHbIX 06NacTen, TaKMX KaK CTPYKTYPHAA UHKEHEPUA U NPUNONKEHNUA AN GYHKLMOHANbHBIX YCTPOUCTB. OgHUM
13 Hanbonee spHEKTUBHBIX MOAXOA0B K CO34aHMNIO KOMMO3UTOB ABAETCA aPMUPOBAHME METANIMYECKOM MaTPULLbI Ma-
Tepuanamm Ha yrnepoaHoit ocHOBe — yriepoaHbiMU HaHOTpybKkamu (YHT) n dynnepeHamu. MpoBoanTca moaennpoBa-
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HWE NPOLECCOB HArpeBa M OXNAXKAEHMA KOMNo3nTa meTann — YHT MeToaom MONeKkynspHoOM AMHAMUKK. s mogenu-
poBaHMA UCMO/b30BaHO NporpammHoe obecnedeHme LAMMPS 1 anpobupoBaHHbIN HABOP MeXaTOMHbIX NOTEHL,MAN0B.
YCTaHOBNEHO, YTO apMUPOBAHUE METANNMYECKUX KpucTannos YHT npuBoamT K U3MEHEHUIO ero TemnepaTypbl naas-
neHuAa. B paHHoOM cnyyae 661710 0BHAPYKEHO CHUXKEHME TEMMNEPATYPbl NABAEHUA, YTO CBA3AHO C MOBbILEHUEM [0U
cBoboaHoro o6bema, YTo, B CBOO oYepesb, onpeaenserca HeboblUMM PpasMepom PacyeTHOM AYelKku. B ganbHenwem
NJaHUPYeTCs yBEIMYEHNE pa3Mepa PACCMATPUBAEMOM PACYETHOM AYEMKM U ONpeneneHne BAUAHUA pasMmepa AYenKu
N TEOMETPUM YNPOYHSAIOLLEN KOMMNOHEHTbI Ha KOMNAEKC GU3NKO-MEXaHUYECKUX CBOMCTB METaNIOMATPUYHbIX KOMMO-

3UTOB.
KJIFOUEBBIE CJIOBA

MeTannoMaTpUYHbie KOMMNO3UTbI; YIIePOAHbIE HAHOTPYOKM; GYHKLMOHAIbHbIE CBOWMCTBA; MOAE/IMPOBAHUE; MOJIEKYIAPHanN

ANHaMUKa.

Hanoymeponueie Marepuanbl, TaKue Kak
rpadeH, ymiepoaHble HAHOTPYOKHM U UX MPO-
W3BOAHBIE CUMUTAIOTCA BBICOKOA(D()EKTUBHBIMU
YOPOUHSIOMUMHU 100aBkamMu B Mertamiax [1].
HaubGonee BaxkHBIM KpuTepueM s BbIOOpa
YIOPOYHSIOLIEr0 Marepuaia sBISIETCS TePMOIH-
HaMUYeCcKasi CTa0MIIBHOCTh YHPOUHSIONIUX Ya-
CTHUI[ IO OTHOIICHUIO K MaTepualy U3y4yaeMoro
KpUCTalja, T.€. OTCYTCTBUE B3aUMHOM pPAaCTBO-
PUMOCTH M BO3MOXKHOCTH XUMHUYECKOTO B3aH-
MOJIEUCTBUS BIUIOTH JI0 TEMIEPATYP IJIaBICHUS
apMHpyeMoro Metauia. Takxe IpH MOBBIIICHUU
TEMIEpaTyphl HE JOJDKHO HAOMIOAATHCS MpoLec-
ca nudQy3uoHHON KoaynecueHIMH yacTull [2].
B Hacrosimiee Bpemsi akTUBHO H3Yy4aeTcCs BO3-
MOXXHOCTh MCIOJIb30BAHUSI HAHOCTPYKTYpP B Ka-
YEeCTBE apMHUPYEMBIX J00ABOK MPHU MPOU3BOJI-
CTBE KOMITO3UTOB [3].

Jlns uccnenoBaHus MEXaHUYECKUX U TEILIO-
BBIX CBOICTB HaHOKOMIIO3UTOB, apMUPOBAHHBIX
VHT, Ha ceromHsIIHUI MOMEHT HMEETCS Pl
mopeneii [4]. B manHol paboTe ucmonb30Baics
METOJl MOJIEKYJSPHON OuHAMUKHU. Bbln coszman
kpuctamut Pt mocpenctsom Atomsk [5]. IMomy-
YEHHBIH KPUCTAII ObUT apMHUpPOBaH OIHOCIION-
HOW YIVIEpOAHOM HAHOTPYOKOW THIA «zigzag»
¢ xupanbHbIMU HHIekcaMu (8,0) (puc. 1).

[Ipu MonenupoBaHMM BapbUpPOBAJICS AHA-
METp OTBepcTUs B Kpucramie Pt mo oTHouie-
Huto k auamerpy YHT. Ilocne nposommnach
penakcanus cuctemsl B pamkax NVE-ancamOns.
Jns nanpHEHIMX HCCIeNOBaHHWM BhIOMpasiach
MOJIeNIb ¢ Hauboyiee yCTONYMBON CTPYKTYPOH.
B nmamHom cnywae pagumyc YHT cocraBun
3,31 A, a otepcrue B kpucramie Pt — 6 A.
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Puc. 1. Mozens kpuctaiia Pt, apMupoBaHHOTO OHOCIONHON YITICPOIHON HAHOTPYOKOM THIIA «ZigZag)»

Fig. 1. Model of a Pt crystal reinforced with a “zigzag” single-walled CNT
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Jlanee onpenensian TeMreparypy IiaBIeHHs
yucroro kpucraima Pt u apmuposannoro YHT.
MeTtononorust KkcriepuMeHTa Obliia CIIeTyoIasl.
B teuenmne 0,3 HC MOmels HaXOAWIIACh B COCTO-
aHuU paBHOBecus npu temneparype 300 K. [la-
Jiee cucTemMa HarpeBajach B Teuenue 3 He ot 300
1o 3500 K, nocne gyero 1 HC MOzaenb peakcH-
poBanace npu Temmneparype 3500 K. Ilocne
aroro cienyer oxiaaxzaeHue or 3500 mo 300 K
B TeueHuu 30,5 He. MogenupoBaHue NpoLEeCcCoB
HarpeBaHUsl U OXJIAKICHUS YHCTOW TUIATUHBI U
cucteMbl PT-C npoBoauiochk ¢ MOMOIIBIO TTaKe-
ta LAMMPS. [lnsa onpenenenust Temmneparypbl
MJIAaBJICHUS CHUMAJAach 3aBUCHMOCTH TIOTCHIIH-
aJBLHOM SHEPTHH OT TEMIIEPaTyphbl, TEM CaMbIM
HMMeJIach BO3MOXKHOCTh OTCJIC)KUBAHUS (Ha30BBIX
TpaHcpopmanuii. J[aHHas 3aBUCUMOCTH Ipen-
CTaBJICHA Ha pHUC. 2.

W3 momydeHHBIX JaHHBIX MOYKHO OTIPEIEITUTh
TEeMITepaTypy ITUTABJICHHS IIATHHBI TOCPEICTBOM
(hopMyIbI:

r=T7_+T ~NT_ T

Harp OXJI Harp oxi’
rae 1" — remueparypa miasieHust; 1 warp — TEM-
reparypa IUIaBJICHUS [P HArpEeBaHUU MOJEIIU;
T — temmeparypa KpUCTAJUIU3ALMM IIPU OX-

OXJI

JaXJCHUHU MOACIIN. I[JISI IUIaTUHBI pacuCeT AacT
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3HaueHue paBHoe 2392 K, uro Ha 15% BbIImIE
HKCTIEPUMEHTAIBHOTO 3HA4YEHUs. DTO 00yCIIOB-
JICHO UJCAJIbHOW KPUCTAJUIMYECKOW PELIETKOM,
OTCYTCTBUEM J1e()eKTOB U CBOOOJHBIX IMOBEPX-
Hocten. Jlanee paccmorpum kpuctamun ¢ YHT.
DKCTIEpUMEHTAIBHO OBLIO MOIYYEHO, YTO HAHO-
TPYOKH SIBJISIFOTCSI OY€Hb XOPOILIUMU MTPOBOJHU-
kamu Teruia [6—10]. TTo kpuBoit HarpeBa pacruiaB
kpuctama ¢ YHT mpoucxoaur ObicTpee, npu
temreparype nopsaka 2600 K, yto cBuaetennb-
CTBYeT O Oojiee HHU3KOH TemIeparype IiaBie-
HUs Takoro kommnosuta. Kpusble oxiaxaeHus
1o 1400 K nnst oGonx Moneneit uayT mapasiieiib-
Ho. Oxnaxnaenue xkomnosura Pt-C npoucxonut
IIPY MEHBLIEM 3HAaY€HUM MOTEHIUAJIBbHOU IHEP-
MM, OTCYTCTBYeT (a3oBblii mepexon. OpHako,
JTOOUTHCS HAMMYUS YHOPSJAOUYCHHON CTPYKTYpPBI
HE yAaJloCh. JTO CBSI3aHO C HAJIMYUEM CBOOOJ-
HOro 00beMa, 3aKIIOYEHHOTO M3HAYalbHO B Ha-
HOTpYyOKe.

ApmupoBanne YHT wMeramia mnpuBogut
K U3MEHEHUSIM CBOMCTB MaTepuasa, BIUSIOLUM
Ha TeMIepaTypy IiaBieHus. B manHoi pabote
OBLIIO BBHISIBJICHO, YTO BBEIEHUE B MOJENb yIJIe-
POIHONM HAHOTPYOKM MPUBOAUT K YMEHBILECHUIO
TEMIIEpaTyphbl ILUIABJICHHUS.
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Puc. 2. KpuBas 3aBHCHMOCTH TOTEHIIMANIbHAS DHEPTUA-TeMIIepaTypa A kpucramuia Pt u Pt-C,
ApPMHUPOBAHHOTO OHOCIOHHOH yIIIepOJHON HAHOTPYOKOH THIa «Zigzagy:
a — Hazpes; O — oxaadicoeHue

Fig. 2. Potential energy-temperature curve for Pt and Pt-C crystals, reinforced
with a single-walled carbon nanotube of the “zigzag” type:
a — heating; 6 — cooling
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