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YINPOYHEHHUE KOMIIO3ULIMOHHBIX MATEPUAJIOB HA OCHOBE
METAJJIMYECKOM MATPUIIBI M YIJIEPOJHBIX HAHOTPYBOK

AHHoTanus. PaccMoTpeHbl MeXaHU3Mbl YIPOYHEHH METAJUINYECKOH MaTpPHIIbl YaCTUI[AMH HAHOPAa3MEPHOIO HAMOIHHU-
Telisl. BBINOJHEH CpaBHUTENBHBIN aHAIN3 pacyeTHBIX U OKCIICPUMEHTAJIbHBIX 3HAUCHUH Npesena MPOYHOCTH Ui 00pa3iioB
Ha OCHOBE MEIHOW MaTpHIbI 1 yriaeponHsix HaHoTpyOok (YHT). IlpencraBieHs! muHelHast U cpeAHEKBaApaTHIECKask MOJCITH
YIPOYHCHHU ST KOMIO3UIIMOHHBIX MaTEePUAJIOB C HAHOPAa3MEepHBIM HanonHuTeReM. [lokazaHo, 9T0 MpUMEHEHNe CpeTHEKBaIpaTH-
YeCKOH Mojenn o0ecrieunBaeT MoTyYeHre 3HaYeHUH peena MPOYHOCTH OIM3KUX K SKCIIEPUMEHTAIBHBIM NP KOHLEHTPAIIH
VHT B marepuane 10 0,07 mac.%. YcTaHOBIIEHO, UTO 10 KPUTEPHIO IPOYHOCTH ONTHMAaNbHBIM cofepxkanueM YHT B matepua-
ne sBisiercs 0,07 mac.%. C yBenuuenuem coaepkanusi YHT B marepuane coiie 0,07 mac.% 3HaueHus mpesena NpoyHOCTH,
OIIPE/ICJICHHBIC YKCIEPUMEHTANIBHBIM ITyTeM, PE3KO CHIDKAIOTCS, YTO CBS3aHO C PAa3yIPOYHEHHEM METAJUIMYECKOH MaTpPHIIL.
PacuyeTHBIM IyTeM IIPOICMOHCTPHPOBAHO, UYTO MEXaHU3M 00pa3zoBaHus eTesis OpoBaHa SIBISETCS MPeodiIa arouM MEXaHU3-
MOM YIPOYHEHHS KOMIO3UIIMOHHBIX MaTepuanoB meab — Y HT. [Ipeobnananne MexaHn3Ma ympodeHHus 3a c4eT 00pa30BaHUs
nerens OpoBaHa HaJl APYTUMU MEXaHU3MaMM YIIPOYHEHUS OOBSACHACTCS OTHOCHTENIBHO HU3KOH 3()EKTHBHOCTBIO Mepefayn
Harpy3KHd MeX/1y UCXOHBIMH KOMIIOHEHTaMHU MaTepualia u3-3a ciaaboil MexdasHoii CBSI3M MEKAY MaTPHULCH 1 HAIIOJIHUTEIIEM,
HEJI0CTaTOYHO paBHOMEPHBIM pacnpezeneHueM Y HT B MeTandeckoll MaTpuile, arioMepanyeil HAHopa3MepHOro HaroJHUTe-
J151, pacIoNIoXKeHHeM HeKoToporo koinudecTBa Y HT B mopoBoM MpoCTpaHCTBE METAJUINIECKOH MaTPHIIBI, HAJTMYUEM HOp Helpa-
BUJIBHOH (OpMBI. Pe3ynbraTsl HccneIoBaHUN HCTIONB30BAHEI MPH Pa3pabOTKe HOBBIX aHTH()PUKIMOHHBIX KOMIIO3HIIHOHHBIX
MaTepUaoB C yTy4IIeHHBIMHI IPOYHOCTHBIMU CBOMCTBAMH JIJIS y3JI0B TPEHUS MAIIMH U MEXaHH3MOB PA3JINIHOTO HA3HAUCHUSI.

KuroueBblie cjioBa: Meb, MeTauIMUECKas MaTpHIa, yriepoausle HaHoTpyOku (Y HT), nopomok Meau, mpeaesn npoyHo-
CTH, YIIPOYHCHHE
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STRENGTHENING OF THE COMPOSITE MATERIALS BASED ON METAL MATRIX AND CARBON
NANOTUBES

Abstract. Carbon nanotube (CNT)-reinforced powder nanocomposites based on copper matrix were successfully fabri-
cated using a spark plasma sintering method. In this work, the mechanisms of hardening the metal matrix with nanosized filler
particles were shown. A comparative analysis of the calculated and experimental values of the ultimate compressive strength for
samples based on the copper matrix and carbon nanotubes was performed. Linear and root-mean-square models of hardening
of composite materials with nano-sized filler were presented. The root-mean-square model allowed us to calculate reliably the
values of the ultimate compressive strength at a concentration of CNT in the material up to 0.07 wt.%. The ultimate compres-
sive strength decreases sharply when the content of CNTs in the material is more than 0.07 wt.%. The Orovan mechanism is the
predominant mechanism of strengthening of composite materials: copper — CNT. The predominance of Orovan mechanism over
other strengthening mechanisms is explained by the relatively low transfer efficiency of the load between the initial components
of the material due to the weak interfacial connection between the matrix and the filler, the insufficiently uniform distribution of
CNTs in the metal matrix, the agglomeration of nanosized filler, the location of a certain number of CNTs in the pore space of the
metal matrix, the presence of pores of irregular shape. The results of the work were used in the development of new antifriction
composite materials with improved strength properties for friction units of machines and mechanisms for various purposes.
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BBenenue. biaromapst BBICOKMM MEXaHUUYECKUM U (PU3HMYECKUM CBOMCTBAM yIIIEPOAHBIC HAHOTPYO-
k1 (YHT) cuurarorcs onTHMaibHBIM apMUPYIONIAM MaTepUaIoM T KOMIIO3UTOB C METaJTMYECKOH
Matpuuei [1, 2]. BBeaenue HebompIoro konuuectsa Y HT B coCTaB KOMIO3UITMOHHBIX MaTepUAIOB Ha
OCHOBE METAJIMYECKOH MaTPHULbl MOKET 3HAUUTENIBHO YIYUYIIUTh UX MEXaHUYECKUE CBOMCTBA [3, 4].
Kpome Toro, ¢ pazsutuem texHosnoruii cuate3a YHT ux meHa craHoBHTCS Bce Gojiee pHEMIIEMOH.
DTO enaeT ux JOCTYITHBIMHE ISl ITUPOKOTO UCIIOJIH30BAHUS B HAHOKOMITO3UTAX [5], KOTOpBIE, o0manas
BBICOKMMM MEXaHUYECKUMH CBOMCTBAMM, UMEKOT OIPOMHBIN MOTEHIIHAJI IPUMEHEHHUS B a3pOKOCMUYE-
CKOH, aBTOTPaKTOPHOU U SHEPreTHYECKON OTPACIISIX IPOMBILIIEHHOCTH.

[Iponomkaer ocTaBaThCs aKTya IbHOHM MpoOIieMa MOTyYeHH ST KOMITO3UITHOHHBIX MaTepHajoB Ha OC-
HOBE MEJTHOM MaTpPHUIIBI, TAaK KaK MEIh M METHBIC CILIABHI SBJISIOTCS YHUBEPCAJIBHBIMH U OTHUMU U3 Ca-
MBIX JOCTYIHBIX MaTepualioB. brarogaps coueTaHUIO TaKUX CBOMCTB MeIH, KaK MPOYHOCTb, BEICOKUE
TEIJIO- W AJNEKTPONPOBOIHOCTH, KOPPO3MOHHASI CTOHKOCTB, XOpomias 00pabaTbiBaeMOCTh M TLIaCTHY-
HOCTb, TaHHBIN MaTepuall MONTyUYU ITUPOKOE PACIPOCTPAHCHHUE B TEXHUKE.

TexHONOTHY TONYUYEHUST W3/ICTUN Pa3BUBAIOTCS B HAIpaBJICHHUH YBeIWUeHUs KOd(PUIMeHTa UC-
MOJIb30BaHMS METaJlJIa MPU COXPAaHEHUH WJIM yJIyYIIEeHWH CBOWCTB MaTepuaina. [Ipm 3ToM M3roTos-
JICHHWE JIeTallell MEeTO/laMU TOPOIIKOBOM METaJUTypruu OTBEYaeT TPEeOOBAHUSM PeCypcoCOepeKeHHS.
W3nenus w3 MOPOIIKOBBIX MaTepUaJioB MO (PU3NKO-MEXaHUYECKUM, TPUOOTEXHUYECKUM M IKCILTyaTa-
LUOHHBIM XapaKTePUCTUKAM HE YCTYMAIOT TPAJUIIMOHHO UCIIOIB3YEMBbIM METAJJIaM U CIIaBaM. BaxHo
OTMETHUTBH, YTO MTOPOIIKOBBIE TEXHOJIOTHH TaKKe SBISIOTCSA d((HEKTHBHBIM CIIOCOOOM YTHIIM3AIUHU OT-
XOJ10B ITPOMBIIIJIEHHOCTH.

OnHUM U3 IEPCIEKTUBHBIX U SKOHOMUYECKU 000CHOBAHHBIX TIOPOITKOBBIX METO/IOB TIOJTYYEHHU ST Ma-
TEpHAaJIOB Ha OCHOBE METAJTMYECKOI MaTPHUIIBI MOXKHO Ha3BaTh AIEKTPOKOHTAKTHOE criekanue. OiHaKo
pa3paboTka ¥ MPUMEHEHHUE MMOPOIIKOBEIX KOMIIO3UTOB HA OCHOBE METHOW MATPHIIBI JJISl U3TOTOBJICHHUS
JeTajge TeXHUIECKNX YCTPOICTB pa3IMIHOTO Ha3HAUYEHU TPeOyeT Ha dTare MPOeKTUPOBAHMUS ITPOBE-
JIEHUS UCCleIOBaHUM TIPOYHOCTHBIX CBOWCTB MOJy4aeMbIX MaTepHasoB.

MHorouncieHHple MyOnuKammuu, Hanpumep [3, 4], yKa3pIBalOT Ha TOBBINICHHWE MPOYHOCTH Me-
TaJUIMYECKON MaTpullbl ipu BBeAcHUU B Hee YHT. K MexaHusmaM ynpouHeHus npu BeeaeHuu YHT
B METAJUTMYECKYIO MAaTPHUILy OTHOCATCS: MEXaHU3M Mepeaun Harpy3Ku OT MaTPULbI K YIIPOUHSIOIIUM
JJIeMEHTaM, MEXaHU3M OO0pa30BaHUs MUCIOKAIMN 3a CUET pa3nuyuus Kod()OUIHEHTOB TEPMHUECKOTO
pacuIMmpeHust MaTPUIIbI M YIIPOUHstoIIeH (ha3bl, MeXaHu3M 00pa3oBaHus neteinb OpoBaHa U MEXaHHU3M
3epHOTpaHUYHOTO yrpodHeHus Xoiua—Ilerya. PaccMoTpuM Kak bt MexaHu3M TOpoOHee.

MexaHu3M nepesayu Harpy3ku OT MaTpPULIbI K YITPOUHSIIOIIMM 3JIEMEHTaM OCHOBaH Ha MOJIEJIN CIIBU-
TOBOTO «3ama3AblBaHUs», KOTOpas MEePBOHAYAIBFHO ObLIIA MPECTaBIeHa B [6] JJIsl OMMCAaHUS MEXaHHYe-
CKOTO TIOBEJIEHHSI KOMIO3WIIMOHHBIX MaTepuajioB. B maHHOW MOIENW MpenroyaraeTcsi, 4YTo YIpOdHs-
romas gaza ¥ MaTpuUlla HIICATbHO COMPSIKEHBI, TO €CTh 00JIa/Ial0T BHICOKOH aJre3MOHHON MPOYHOCTHEO
rpaHULbl MEXAY YIPOUHSIOUMMU KOMIIOHEHTAMH U MaTpULIeH PY OAHOPOIHOM Paclpee/IeHUN HAMOJI-
HUTEISI B MaTpulle. biaronaps xopoiieMy conpsiKeHHI0 HapsyKeHU s TePearoTcs 0T MaTPHUIlbl K YIIpod-
HSFOIITUM KOMIIOHEHTaM TOJIBKO 4Yepe3 CABUTOBBIE HATIPSIKEHHS, YTO U CIIOCOOCTBYET «3aIa3/IbIBAaHUION
cnBura Matpuisl. HpIMU crioBaMu, o0mmas aeopmMariis KOMIIO3UTa MEHBIIIE, YeM MaTpPHUILIbI, Oaroaaps
MeHbIIeH nedopMaIuu yrpodHsromei (as3pl Mpu BO3JCWCTBUU OIMHAKOBOM HArpy3Koi. Tak Kak Harpys3-
Ka OT MaTpulbl K YIPOUYHSIOIIMM KOMIIOHEHTaM, B JaHHOM ciydae Kk YHT, nepenaercst mocpeacTsomM
MeK(a3HbIX HANPSDKEHUN CIBHUTa, TO YBEIHMUCHHE Mpe/iesia POYHOCTH KOMIIO3UTOB 32 CUET peasin3aliu
JTAHHOTO MeXaHW3Ma YITPOYHEHUST MOKET OBITh BRIPAKEHO B BUJIE CIIEAYIOIer GopMyIsl [7]:

/
AGyx =VyurOnu (g - lj, 1)

IJIe Oppy — MPeAeIT IPOYHOCTH criedeHHON Matpulbl, [1a; [ — cpennsis muaa YHT, m; d — cpennuii nua-
metp YHT, m; Vyyr — o6bemuas mons YHT.
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VYBenuueHue npejesia MPOYHOCTH KOMIIO3UTOB, BBI3bIBAEMOE pa3indueM Ko3((UIIUEHTOB TePMHU-
YECKOI'0 PACIIMPEHUS UCXOMHBIX KOMIIOHEHTOB, OOBSICHSICTCS JIOKAJIbHBIM 00pa30BaHUEM JIHCIOKALIHI
B pe3yJbTaTe OTIIMYHUS MAapaMETPOB KPUCTAIUTHUECKUX PEIIETOK METAJUTHUECKON MATPHIIBI U YTIIEPOI-
HOT'0 HAHOPA3MEPHOrO HAMOJHHUTENs. Ha JaHHBIH MOMEHT MpPAaKTHUECKH HET WCCIESTOBAHUMU, MOCBS-
IICHHBIX H3yYEHHUIO Pean3alii MeXaHn3Ma yIIPOYHEHHS 32 CUET pa3HHIIbl K03 PHUIIHEHTOB TepMuye-
ckoro pacmupenus. OQHAKO Ha OCHOBE CyIIECTBYOIIUX padoT, Hampumep [8, 9], MOKHO OTMETHTh, 4YTO
YeM BBINIE pa3HUIA KOA(D(OUIMECHTOB TEPMHUYSCKOTO PACHIMPEHUS MATPHUIBI U YIPOYHSIONICH (a3bl,
TEM BBIIIIC YBEIUYCHHUE TPOYHOCTH, KOTOPOE MOXKET OBITh NOCTUTHYTO. [10OBBIIIICHHE TTpeiesa MPOYHO-
CTH KOMIIO3MIIMOHHOI'0 MarepHasa, 00yCIOBIEHHOE pa3jinunueM KO3(P(PHUIIMECHTOB TEPMUYECKOTO pac-
IIUPEHUsI, MOKHO 3amucaTh B Buje [9]

12ATACV 1
bd ’

rlie 0. — TeOMETPUYECKHid (paKTOp, KOTOPBIN 3aBUCUT OT paclipeesieHHs JUCIOKAINI B CTPYKType Ma-
tepuana (aus meau o = 0,3 npu aucnepcaocty yactun 110 Mxm u oo = 0,44 mpu 1UCHIEPCHOCTH Ya-
ctunl 20 mxm) [10]; Gy — Moxynb casura menHoi Matpuisl, Gy = 42,1 I'lla; b — BexkTop broprepca
marpunbl (st menu 0,256 aMm) [11]; AT — paszauna Mexny temneparypamu usrorosieHus (1073 K)
n ucnsitanusa (298 K) marepunana, AT = 775 K; AC — pasnuna ko3pHUIHEHTOB TEPMUUIECKOTO pac-
mupennss Matpuiiel 1 YHT (koaddurnuenTsr TepMuueckoro pacmupeHus st menun 1 YHT paBHBI
1,66-10 > K ' u 107 K™! coorBercTBenHO) [12—14].

O6pa3zoBanue nerenb OpoBaHa CYLIECTBEHHO BIHUSCT HAa YIPOYHEHHE HAHOKOMIIO3UTOB C METall-
JMYECKON MaTpuuel, apmupoBaHHbX Y HT, mockonbky HaHOpa3MepHBIC YaCTUIBI 3aTPYIHSIOT JIBU-
KCHUE JTUCIIOKAINM, YTO MPUBOAUT K «H3rHOaM TUCIOKALMI» MEXKAY pachpeAcICHHBIMH B MaTpHUIE
YHT [15]. Tak kak KpuCTajuInyecKasl peleTKa yIpouHsIomeil HaHopa3MepHol (a3bl oTiIHYaeTcs OT
pelIeTKH MaTpPUIIbl, TO YaCTHUIbl HAMIOJHUTENS HE MOTYT IepeceKarbes (mepepe3aThesi) AUCIOKaIHs-
Mu. Takum 06pa3oM, 4aCTHUIIBI HAHOPA3MEPHOTO HAMTOJIHUTENS MPENATCTBYIOT ABUKCHHUIO THCIOKAIIHII
B MaTpuie. /[uciokanuu MOTyT CKarInBaThCs OKOJIO YACTHUIl YIIPOUHSIOMEH (asbl, BHI3bIBAs TEM ca-
MBIM AMCHEPCHOHHOE YIPOUYHEHHE MATPULbI, TN00 00XOOUTh YaCTULIbI BKJIIOYEHUH IIPU TOCTHKCHUH
ompeeecHHoro HanpspkeHus [16]. Orubast Meakue JacTUIB! (puc. 1), TUCIOKAMH 3aMBIKAIOTCS BO-
KpYyT HHUX, P 3TOM BO3HUKAIOT AMCIOKALMOHHBIC NMETJIM WJIM KOJIbLA. MHOTOKpaTHOE MPOXOXKACHHUE
MHOECTBA AUCIOKALUH MIPUBOIUT K 00pa30BaHUIO TaK Ha3bIBaeMbIX netelb OpoBaHa, U JasibHeIee
CKOJIbKEHHE JUCIOKALUK Ha 3TOM ydacTke 3aTpynHeHo. [Ipu 3ToM nanHoe siBeHHne HaOmogaeTcs npu
HAJMYMU JUCTIEPCHBIX YacTHIl ¢ pasmepom nopsiaka 100 HM, Tak Kak Oojiee KPyIIHbIE YaCTHIIBI HE SIB-
JASHOTCS TAKUM 3P PEKTUBHBIM MPETATCTBUEM IS TUCIIOKAIIHH.

Aoy =aGyb )

Jucnokayns Yactnybl ynpoyHstoLLen ghassi

1
-8 8O
1
1
1
®Q®

Puc. 1. JIBuxenue nuciokanuii B MmaTepuase

Fig. 1. Movement of dislocations in the material

B [17] BniepBble IpUHAT BO BHUMaHUe ynpodHsomui sgdext OpoBaHa U MpenyiokeHa aHaTUTH-
YecKasi MOJIeIb JIJIsl TPOTHO3UPOBAHUS MPOYHOCTHBIX CBOWCTB HAHOKOMITO3UTOB C METAJLTUYECKON Ma-
Tpurei. Takxke B TaHHOW pabOTE yCTaHOBIJIEHA XOPOINasi COTIIACOBAHHOCTH ITPOTHO3UPYEMBIX XapaKTe-
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PHCTHK C SKCIIEPUMEHTAIILHBIMU JIAHHBIMH. YBEIIMYCHUE MpeJieNia TPOUYHOCTH KOMIIO3UTOB, BBI3BAHHOE
obpa3zoBanueM neTeas OpoBaHa, MOXKET OBITH OIPENEIICHO CICTYIOIMIM 00pa3oM:

Acpo =0.8MGyb ZVV—HzT 3)
nd
rne M — cdakrop Teitnopa, paBubiid 3,06 mist MaTepuajoB ¢ TpaHELEHTPUPOBAHHOW KpHCTalIHye-
CKOW PELIETKOM.
[Ipenen mpouHOCTH MaTepuana TaKkKe MOXKHO TOBBICUTH IYTEM YMEHBIIEHUs pa3Mepa 3epHa
COrJIacHO cooTHomIeHno Xoiuta—IleTya [18]:

1

rne K — kodpuIUEHT 3epHOrpPaHUYHOTO YIMPOYHEHUS, XapaKTCpU3YIOMUK BKJIaJ TPAHUIl 3€pPEH
B YIIPOUHEHHUE.

AHanu3upys NPOLECC MOJYyUYEHHs MOPOIIKOBBIX KOMIIO3UIIMOHHBIX MaTepuajoB ¢ METaNIMYECKOM
MaTpHIled 1 HAHOPa3MEPHBIM HAIIOJHUTEIEM METOOM SJIEKTPOKOHTAKTHOTO CIEKaHUs, MOKHO OTMe-
TUTH, uTo BiusgHue Y HT Ha u3MenbpueHue 3epHa SBISETCS HE3HAYUTEIBHBIM, T0ITOMY 3 deKT ynpou-
HEeHHUsI, 00yCIIOBICHHBIN N3MENBYCHUEM 3epHa, MOKHO HE MPUHUMATh BO BHUMaHue. Takke BO3MOKHO
BIIMSIHME HA YIIPOYHEHUE KOMIIO3UIIMOHHBIX MaTepuajoB MpoleccoB nHTepkanuposanus YHT meran-
soM MaTpuilpl. OfHAaKO Ha CErONHSIIHUM IeHb MaTeMaTH4eCKoe MpPeCTaBlICHHE JaHHBIX MPOLECCOB
SBJISIETCS JOCTATOYHO CJIOKHOM 3ajaueit. [loaToMy onucaHue mpoueccoB YIpOUYHEHUsT KOMIIO3UTOB 3a
cueT uHTepkanupoBanus Y HT Metaniaom MaTpuLbl C TOMOILIBIO MAaTEMaTUYECKUX CPEACTB OAHON YHU-
BepCajIbHON MOJEINbIO, YAOBJIETBOPSIONIEH BCEM OCHOBHBIM MOJIOKEHUSAM TEPMOMEXaHUKH, HE Mpel-
CTaBIAETCS BO3MOXKHBIM M3-32 HEJIOCTATOUHOTO 00beMa MPeABAPUTEIBLHO TPOBEAECHHBIX IKCIIEPUMEH-
TaJbHBIX UCCIIETOBAHUM.

Takum 00pazoMm, yeavb OaHHOU padbomsl COCTOSIIA B M3yUCHHH MEXaHU3MOB YIIPOYHEHHSI KOMIIO3HU-
[IMOHHBIX MaTepHaJIOB HA OCHOBE MOPOUIKOBON MHUKpOpa3MEepHON MEIHOM MaTpUIlbl U HAaHOPa3MEpPHO-
ro yIJIEpOJHOTO HAIOJHUTEINS, a TAKKE UCCIEAOBAHUN BausHUs conepxkanus YHT Ha nmpouHOCTHBIE
CBOMCTBA MOJTy4aeMbIX KOMITIO3UIITMOHHBIX MaTEPHAJIOB.

MarepuaJibl, MeTOAbI HCCJI€T0BAHUSI U MoAedu. B paboTe MCHONB30BaIUCh MHOTOCIOWHBIC
YHT co cpenauM HapyxHbIM quametpoM 10-20 HM u cpemueit nuunoit 850-950 HM, KOTOpBIC IS
MPOBEJCHUS NaHHBIX dKcnepuMeHToB Obln mpenoctasieHbl OO0 HIIK «CoBpeMeHHBIE TEXHONIOTUH
cunteza» (r. Cankt-IletepOypr, P®). Mennsiit mopomok IIMC-1 (I'OCT 4960-2009), npoun3seneH-
Helii AO «Ypamnektpomens» (r. Bepxuss [Ieimmva, PD), mpumensiicss 6e3 AOMOJHUTENBHON OYUCT-
ku. CpenHuil pa3mep 9acTHIl MeHOTo ropomika coctaisiy 100 mxm. [logroroBka mopoukoBoi cMmecu
u aucnieprupoBanue YHT B MeTassinueckoil MEIHOM MAaTPULIE OCYIIECTRIISIIIUCH B MMPOLIECCE MEXAHOAK-
THBaIKM B TedeHUe 60 MUH B CIICIIUAIEHOM CMECHUTEIIE-aKTUBATOPE (AKTUBHPYIOIIEE YCTPOHUCTBO KOM-
MO3UIIMOHHBIX MOPOIIKOBBIX cMecei: mat. 11036 Pecn. Benapycs, MIIK B 02C 17/16 / B. A. KoBtyH,
B.H. ITacoger; 3asButens MU MUC PB. — Ne u 20150391; 3assn. 18.11.15; omy6mn. 30.04.16 //
Adiupiiinet 6ron. / Hatl. pHTp iHTIJEKT. yiaacHaci. — 2016, — Ne2, — C. 141) [19].

KoMmmno3u1oHHbie MOpOIIKOBbIE MaTepHalbl MOJYyYaId METOIOM DJIEKTPOKOHTAKTHOTO CHEKaHUS
C HCIOJB30BaHNEM OIBITHO-TIPOMBIIIJIEHHON YCTaHOBKH Ha 0a3e MaIMHbI MOBHOM cBapku MII-3207.
O06pa3iisl HOpMUPOBANKCH B CICIMANIBHOM Mpecc-PpopMe My TeM mpeccoBaHus npu nasicaun 480 MIla
Y CIIEKaHUsI IO/ AABJICHUEM ITyTEM MPOITYCKAaHUS AJIEKTPUUYECKOTro TOKa cuitoi 18 kA B Teuenue 3 ¢ [20].
ITopucTocTh uccienyeMbIX KOMIIO3NIIMOHHBIX MaTepuaioB cocTasisina 2—4 %.

IIpenen npounoctu mpu cxxatun odpasos uccienosascs no 'OCT 27034-86. IIponentHoe conep-
skaaue YHT B marepuaine coctasisiio 0,01-0,1 mac.%.

Bxrnax xaxaoro mMexaHW3Ma YIPOYHEHHUsS B MOBBIIICHUE TMpeneia MPOYHOCTH KOMITO3UI[MOHHOTO
MaTepuasa OIeHUBAJICS Ha OCHOBE JIByX MOJIeJIei: TnHEelHO [21] u cpegHexBaIpaTH4eckoil [22], koTo-
pBI€ MOTYT OBITH BBIPA)KEHBI CIEAYIONIUMHU YPAaBHEHUSIMHU:

Aot = Aok + Aot + Aopo, (5)
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rae Acp; — CyMMapHOeE IOBBIIICHHUE NPEJea IPOYHOCTH KOMIIO3UTOB, PACCUMTAHHOE HAa OCHOBE JIU-
HEHHOU Mozenu; AGy; — CyMMApHOE MOBBILIEHUE IIpejiesa NIPOYHOCTH KOMIIO3UTOB, pACCYUTAHHOE HA
OCHOBE CPEIHEKBAIPATHYECKOU MOJCIIH.

TeopeTnueckuii mpeaesn NPOYHOCTH KOMIIO3UTOB OIPEAEIACTCS CIEAYIOUIM 00pa3oM:

G =onm * Oms (7)

rae Acp; — CyMMapHOE TMOBBIILIEHHE TpeJiesia MPOYHOCTH KOMIIO3UTA, OLIEHEHHOE C MCIOJIb30BAHHEM
COOTBETCTBYIOLLIEH MOJEIH.

PesyabTaTsl U 00cy:xaeHus. J[Be Mozienu, onucaHHble ypaBHeHUSIMHU (5)—(7), MCTIOIB30BAIUCH
JUISL pacdyeTa TEOPETUYECKOro Mpejesia MPOYHOCTU MPHU CXKATHUU KOMIO3UTOB ¢ cojepkanuem YHT
0,01-0,1 mac.%. Ha puc. 2 mpenctaBieHs! pe3yiabTaThl pacCUeTOB, a TAak)Ke 3HAUSHUS Mpeaesia MpoyHO-
CTH, OTIpe/IeTICHHBIE AKCIIEPUMEHTATBHBIM ITyTEM. 3a TOKa3aTellb Mpefesia MPOYHOCTH MPUHUMAIIOCh
cpenHee apupMeTHIECKOE 3HAUCHUE PE3YIIFTATOB UCIIBITAHUH ITSITH 00pas3IioB.

AHanu3upys pe3ysibraThl PaCUe€TOB M JaHHBIC, MMOJYUYCHHBIC SKCIICPUMEHTAIBHBIM ITyTEM, MOKHO
OTMETHUTH, UTO IKCIIEPUMEHTAIbHBIE 3HAUEHHUSI COITIACYIOTCS CO CPEIHEKBAPATUUECKON MOJIENbIO TIPH
nobaBkax YHT B xonmuectse 110 0,07 mac.%, pacxoxeHre Mex Iy dKCIIEpUMEHTAIbHBIMU U TEOPETH-
geCcKUMU pe3yaprataMmu coctaBisieT 10—20 MIla. OqHako pacxoXIeHne MEKIy Pe3yIbTaTaMi MOICIIH-
POBaHMS M SKCIEPUMEHTAIBHBIMU 3HAUEHUSIMH PE3KO BO3pacTaeT ¢ yBennueHuem coxepkanust Y HT
cBbiiie 0,07 mac.%, 4TO MOKHO CBSI3aTh C pa3ylIpPOYHEHUEM METAJNIMYECKOM MaTpuLbl [23].

240 A

® ® ® ® _pHeitnas mogens / linear model

N

N

o
1

e e - cpefHeKBagpaTMyECcKas Moaenb /

(3~
=
E— 200 A R root mean square model
-—
2 — - I - skcnepument / experimental values
-
=
=
% 160 *
o
_
140 A i
120 ]

0 0,01 0,02 003 004 005 0,06 007 008 0,09 0,1
Copepxanue YHT, mac.%

Puc. 2. 3aBucuMOCTH peaenoB MPOYHOCTH NMPH CkaTun KoMrno3uToB Meas — YHT ot konuentpaunu YHT, paccuntannbie
C MCIOJIb30BaHUEM JIMHEHHON U CPEJHEKBAIPATUUECKON MOZIEIEeH 1 IOy YEHHBIE KCIIEPUMEHTAIbHO

Fig. 2. The dependences of the ultimate compressive strength of copper — CNT composites on the concentration of CNTs,
calculated using the linear and root-mean-square models and obtained experimentally

Uro kacaeTcsi TMHEHHOH MOIENH, TO PAacyeTHbIC 3HAUEHUS IpeAesia MPOYHOCTH, BBIYHUCICHHBIC
C €e UCIIOJIb30BaHNeM, HAMHOT'O IIPEBBIIIAIOT SKCIIEpUMEHTabHbIE. [I[pruemM pacxoxaeHue MeX 1y pac-
YETHBIMU U DKCIIEPUMEHTAILHBIMH 3HAUCHHSIMH yBEJIMUYMBACTCS C TOBBIIICHUEM coiepkanus YHT
B MaTepHalie, YTO yKa3bIBaeT Ha TO, 4TO d(PPEKT YIPOUYHECHUS 3aBbIIICH B TaHHON Monenn. Takke pac-
XOKJIEHE MEXIY PacdeTOM M SKCIIEPIMEHTOM MOXKET OBITH OOYCIIOBJICHO CIEAYIOMIMMH MPHIHHAMI:
OTHOCHUTEBHO HU3KOH d(h(hEeKTUBHOCTHIO TIepeAayy HArPy3KH MEXAY UCXOXHBIMH KOMITOHEHTaMH Ma-
TepHuaia n3-3a ciiadol Mex(aszHOW CBSI3U MEXKIY MATPHIICH W HAIOIHUTENEM; HEJOCTaTOYHO PaBHO-
MepHBIM pactpeneneaueM YHT B Merannnueckoil MaTpuile; arimoMepanueii HaHopa3MEepHOro HarmoJl-
Hutens [24]; HaxoxaeHueM HekoToporo koaudectBa YHT Ha moBepXHOCTH KOMIIO3MTa M B IOPOBOM
MpOCTpaHcTBe [25]; HAIMYUEM MOP HENPaBUIBHOH (OPMBI, TPUBOISIIINM K JIOKAJIBHBIM BEICOKUM KOH-
[EHTPAIUsIM HalPSDKEHUH; yMeHbIIeHueM dQQeKTHBHOM TIIOIAAN B3aMMO/ICHCTBUS Ha TPaHUIaX pas3-
nena mexay YHT n matpurieii, 00ycnoBIeHHBIM HAIMYHEM HAaHOPA3MEPHBIX MOP, PACTIOI0KEHHBIX Ha
TpaHHUIIAX pas3fena, 9To Takke CHIKaeT 3(()EeKTUBHOCTH MepeHoca Harpy3ku [24]. Kpome Toro, B Ma-
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TepHaitax, U3roOTOBJICHHBIX METOAOM MOPOITKOBON METAJUTYPriH, 00IIas MOPHUCTOCTh OKAa3bIBAET Hera-
TUBHOE BJIMSIHHE HA MIPOYHOCTHEIC CBOMCTBA [26].

IIpu paccMoTpeHHHM BKIIAJIOB KaXKJIOTO MEXaHW3Ma YIIPOYHEHHS B TOBBINICHUE TIPE/esia MPOYHO-
cTu Marepuasa (puc. 3) MOKHO OTMETHUTh cieayroiiee. Hanbompimii pocT mpejena mpoYHOCTH TPH
cKaTHH OOYCIIOBJIGH MEXaHH3MOM oOpa3oBaHus rnereinb OpoBaHa. J|aHHBIH MeXaHHU3M OOecledynuBaeT
TIOBBIIIICHHE TIpenesia MPOYHOCTH TIPH cKaTum Matepuaina Ha 25-30 MIla mpu xonmenTpamuu YHT
B matepualie 0,06—0,07 mac.%. OCHOBBIBasICh Ha pe3yJibTaTaxX UCCIIEOBAaHUMN, ONyOJIUKOBAaHHBIX B [27],
MOYXHO OTMETHUTh, 4TO UMeHHO YHT BHOCAT CyIecTBEeHHBIN BKJIA] B YIIPOYHEHHE KOHCOIHUIUPOBaH-
HOW MeTaTMUecKoi MaTpuibl. JlaHHOE yTBEpPKICHUE XOPOIIO coryiacyeTcs ¢ moaenbio Kemmm [27].
PacueTsl, BBEITIOTHEHHBIE C TPUMEHEHUEM JIAaHHOW MOJIETH, YKa3bIBalOT Ha OoJiee 3PPEeKTUBHOE YIIPOU-
HEHUE METAJIITNYECKON MaTPHUIIbl HATTOIHUTEIIMH CTPEKXHEBON (POPMBI IT0 CPABHEHHIO C YIIPOUYHEHUEM
cheprUecKrM HATIOJTHUTENIEM IPU TEX Ke Maccax U o0beMax ynpouHstomei ¢asbl. Tak, mpuMeHeHHE
YIPOYHSIOMUX J00ABOK B BUJIE CTEPIKHEH IMO3BONISIET TOCTUYh YBEIIMUEHUS TPOYHOCTH B 1,75 paza 1o
CPaBHEHUIO C YIPOUHSIOUIMMHE JoOaBKamMu B hopme cdep.
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MpupaleHne npeaena npoyHoctu, MMa

0 001 002 003 004 005 006 007 008 009 0,1
Copepxanue YHT, mac.%

Puc. 3. Benmuuuna BIusSHUSA KaXXJI0OTO MEXaHW3Ma YHNPOYHCHHS Ha MOBBIIICHUE IMPEaACia NPOYHOCTU KOMIIO3UIITMOHHOI'O
Martcepualia

Fig. 3. The magnitude of the influence of each mechanism of strengthening to increase the ultimate compressive strength
of the composite material

Taxske pocT npejena NPOYHOCTH MaTepUalla Ha OCHOBE MUKPOPA3MEPHOH MEJU U YTIEPOAHOTO Ha-
HOpa3MEpHOT0 HATIOJTHUTEISI 00eCIIeUrBACTCS MPU peau3alii MeXaHH3Ma yIIPOYHEeHH I, OCHOBAHHOT'O
Ha 00pa30BaHUU JHMCIOKAIUI 32 cUeT pa3inyusi Ko3QPUIMEHTOB TEPMUUYECKOTO PACHIMPEHHS MaTPH-
bl U yIpouHsomen ¢aspl. JJaHHBIH MEXaHU3M YIPOYHEHUS TOBBILIAET PEAes IPOYHOCTH KOMIIO3UTA
Ha 13-15 Mlla B unrepsane xonuentpanuit YHT 0,06—0,07 mac.%.

CymiecTBeHHas! pa3HULA MEKIY TEPMHUUECKUM PaCIIMpPEHUEM MaTpHIIbl U HAITOJHUTEINS BbI3bIBAET
3HAYUTEITLHOE HECOOTBETCTBHE TEPMUYECKHX Ae(opMaliiii Ha MHOTOYHCIIEHHBIX TpaHHUIax pasnena a3z
MAaTPHIIbI U HATIOTHUTEJSI BO BPEMsI TEXHOJIOTHUECKOM 00paboTku. JlaHHble feopMaliui BBI3bIBAIOT TEP-
MUYECKHE HaIPsHKEHUS, KOTOPhIE MOTYT MPEBBIIIATE MPEAEIbHbIC HAIPSYKEHUST METHOM MaTpULIbI U Te-
HEpUPOBATh HOBBIE TUCIOKAINY HAa TPAHMIIAX pa3/ielia MaTpHIla — ynpodHsromas ¢aza. Takum obpazom,
o0JyiacTH Ha TpaHule pasjena (a3 CTaHOBSTCS OCHOBHBIM MECTOM JIJIsl HAKOTUICHHSI AUCIIOKAIINH.

He3nauutenbHoe MoBbIIEHUE NpeAesa MPOYHOCTH MPOUCXOAUT 32 CUET pealiu3alud MEXaHU3Ma
YIIPOYHEHMS, OCHOBAHHOI'O Ha IepeAaye Harpy3kud OT MaTpULbl K YIPOUHSIOUIUM 3JE€MEHTaM. XOTs
BBICOKasl JKECTKOCTh U OJJHOMepHast cTpykTypa Y HT nomKHBI MOJOKUTEIBHO CKa3bIBaThCs HA MEXaHU-
YECKUX CBOMCTBAX HCCJEIYEMbIX KOMIO3ULMOHHBIX MAaTEPHUAJIOB, OJIHAKO pacUCTHAsl BEJIUYMHA MPHU-
pamieHus mpenaeia IPOYHOCTU MPU CKATHH METHOW MaTpuilbl, HamoiaHeHHOM a0 0,1 mac.% YHT, ne
npesbimaet 3 MIla. Takoe HU3KOE BIMSHUE MEXaHU3Ma YIPOYHEHUs, OCHOBAHHOIO Ha Mepefaye Ha-
rpy3ku oT Marpuiiel K YHT, Ha oOriee moBbIeHNE MPOYHOCTHBIX CBOMCTB MOXKHO OOBSICHUTH HU3KOM
aJIre3MOHHON POYHOCTHIO Ha TpaHuIle pa3zaena das.
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3akiiouenue. B nanHoi paboTe moKa3aHO BIMSHHE YTIEPOJHOTO HAHOCTPYKTYPHOTO HAIOJIHH-
TeJsl Ha MPOYHOCTHBIE CBOMCTBAa KOMIIO3UIIMOHHOTO MaTepuajla Ha OCHOBE MenHoW marpuibl. Ha oc-
HOBaHWHM aHAJIHM3a Pe3yJIbTAaTOB MUCCIIEAO0BAHUI MOXKHO CIEJaTh Cienylomue BeiBoabl. Beenenue 0,06—
0,07 mac.% YHT B MenHy10 MaTpHILy TO3BOJISIET MOBBICUTH MPEJIeN IPOYHOCTH MPHU CKATHH KOMIIO3UTA,
OIpeIeJICHHBIN 3KCIIEPUMEHTAIBHBIM ITyTeM, Ha 6—7 % MO CpaBHEHHIO C MaTepualaMy Ha OCHOBE CIie-
YEHHOU MEJU, HE COJIEpXKAIMMHU B CBOEM COCTaBe HAHOPA3MEPHOTO HAmoNHHUTENs. [laHHOE MOBHIIIe-
HUE mpejiena NTPOYHOCTH HAHOKOMIIO3UTOB B OCHOBHOM OOBSICHSIETCS MEXaHM3MOM Tepeaadl Harpy3KH
OT MaTPHIbI K YIIPOYHSIONIMM 3JIEeMEHTaM, MEXaHU3MOM 00pa30BaHU JANUCIOKAIUIT 32 CUET Pa3IUIHSL
K09()(PUIIUEHTOB TEPMUYECKOTO PACIIMPECHUS MATPHIIBI U yIIpoUyHstoniel (asbl, a TaKKe MEXaHU3MOM
oOpasoBanus nerenb Oposana. [Ipu 3ToM HanboONBLIINK BKIaA B POCT Ipeaea IPOYHOCTH obecneyu-
BaeTcs 3a cueT MexaHu3Mma oOpa3oBaHus nereiab OpoBaHa. HeoOXonMMMO OTMETHTh, YTO TIPUMEHEHHUE
CPEAHEKBaAPATHUYECKON MOAECIH pacueTa mpezesia MPOYHOCTH MPH BBEJCHHU B METAJUIMUECKYIO Ma-
TPHUIly HAHOPA3MEPHOTO HAIOJHUTENS Oosiee ONMpPaBAaHO, YeM HCIOJIb30BaHNE JTMHECHHONW MOJIENH, T0-
Ka3aBIlICH 3aBBbILICHHBIC 3HAYCHHMSL.

PesynbraTel MccieqoBaHWN HMCHOJNB30BaHBI NPH Pa3padOTKe HOBBIX AHTU(QPUKIUOHHBIX HAHO-
CTPYKTYPHPOBAHHBIX KOMITIO3UTOB C BEICOKUM YPOBHEM (PU3MKO-MEXaHUYECKMX XapaKTEPUCTHK, KOTO-
pbl€ IPUMEHSIIOTCSI B OTBETCTBEHHBIX y3J1aX TPEHUS JOPOKHO-CTPOUTEIBHON, CETbCKOXO035IICTBEHHOM,
aBapHIHO-CIACATEIbHOW TEXHUKH U TEXHOJIOTHIECKOT0 000pYI0BaHUSI.
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