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AnHoTtanysa. OCHOBHBIMU HalpaBJ/leHHUSIMH MOJYYEHHUs HOBBIX METasJIOMaTPUYHBIX KOMIIO3UTOB SIBJSIOTCS
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IOOCTYTIHBEIX U JEMIEBEIX N00aBOK. ABTOpHI MpeAJaraloT B KadeCTBe OIHOTO W3 PelleHHH paccMaTpUBaeMo
3a[jauM MoJy4aTh aJaloMOMaTPUYHble KOMIIO3ULIHOHHbBIE MaTepHasbl Ha OCHOBE CTPYKTYPHUPOBAHHUS METaJJIH-
YeCKOH MaTpHUIIBl HAHOCTPYKTypaMH kKap6upa tutaHa (< 5 HM) metonoM Atomic layer deposition. BaxkHoi
0COGEHHOCTBIO MOJy4aeMOro MaTepuasa sBJSeTCs OTCYTCTBHE SIBHBIX I'PaHHULL pasfiesa MexAy aJlOMHHHEBOH
MaTpullell U apMupylolled KapOuaHOH (a3oi, uTo obecrneyuBaeT CBSI3bIBAHHE KOMIIOHEHTOB B €IHHOE LeJIOe.
KomnosuTel, a5t yipouHeHHUs] KOTOPBIX HCIIOIb3yeTCsl apMUpylomias (asa ¢ MOBEPXHOCTHBIMH KapOUIHBIMU
HAHOCTPYKTYypaMH, MOMHUMO TOBBILIEHHOTO Tpefiesia TPOYHOCTH NEMOHCTPUPYIOT 60Jiee MJIACTUYHYIO CXeMY
paspyllueHHsl, XapaKTepHYyO AJsl AUCIIEPCHOr0 YIPOUHEHHUsl MaTepualsioB. MccsenoBanbl MexaHHUECKHe CBOH-
CTBa CHHTE3WPOBAHHBIX MPENJIOKEHHBIM METOIOM MeTasnoKomno3utoB. Habmonaercs Gosnee yem AByKpaTHOe
yIpOUHEHHWe U TPeXKPaTHbIH POCT Mpefesa TeKydeCTH NMPU He3HAYUTEJbHOM COKpAlleHHWH MJIaCTHUYeCKOH
nedopMalyy [0 pas3pyLieHHUs.
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properties by the directional regulation of the chemical composition
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Abstract. For obtaining new metal matrix composites, one needs to develop approaches to the selection
of reinforcing additives, the identification of the relationship of the properties of the resulting material
with the composition, concentration and morphology of the additives introduced, the creation and search
for new affordable and cheap additives. As one of the solutions to this problem, the authors propose
to obtain aluminum matrix composites based on the structuring of an Al matrix with titanium carbide
nanostructures (< 5 nm) by atomic layer deposition (ALD). The resulting material has an important
feature — the absence of obvious interface boundaries between the Al matrix and the reinforcing carbide
phase, that ensures the components binding into a single whole. Composites, for the hardening of which a
reinforcing phase with surface carbide nanostructures is used, in addition to a higher tensile strength,
demonstrate a more plastic fracture pattern characteristic of dispersed hardening of materials. With an
increase in the amount of the composite reinforcement from 1 to 5%, embrittlement of the material does
not occur, as is observed when carbide particles are introduced into the Al matrix by other methods.
Keywords: mechanical properties, fracture, plasticity, metal matrix composites, nanostructures, titanium
carbide
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BBenenue

3ajmaur COBPEMEHHOTO MAaIIHHOCTPOEHHUSI TPeOYIOT CO3MaHUsI HOBHIX, O0Jiee MPOUHBIX, JETKUX H
[eLIEBbIX MaTepyaJsoB. XOpOLKUM NPUMEPOM NaHHOMY IMOJIOKEHHIO MOXKET CJIYXKHTb BO3pPaCTAIOLIUH
WHTepec CO CTOPOHBI MAIIMHOCTPOEHHS K MPOU3BOACTBY MaTepHaJsoB Ha OCHOBE aJIOMHHHEBOH
MaTpPHULBI C BBICOKUM COOTHOIIEHHEM MPOYHOCTb — YAeJbHbIH BeC B CBeTe TEHAEHLUU Ha CO3JaHue

98 HayuHbiii otaen
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BCcé 6oJsiee 3KOHOMHUHBIX U 3(DPEKTUBHBIX NBHUraTesied. Kiaccuueckue oOBEMHBIE MaTepUaJIH,
B OTJIMUHE OT MeTasJloMaTPUuHbIX KoMno3uToB (MMK), He MOryT ynoB/JeTBOPHUTH KOMILJIEKCY
npeabsB/ASEMbIX K HUM TpPeGOBaHWH, TAKHX KaK BBICOKAs MPOYHOCTb, HU3KHH KO3I(DPHUIUEHT
TEPMHUECKOr0 paCLIMpeHHs], YCTOHYUBOCTh K aOpasMBHOMY HM3HOCY, KOPPO3HOHHAs CTOHUKOCTbD,
CTMOCOOHOCTb BBIIEPXKHBAThH [JIUTENbHBIE LHUKJIUNYECKHEe HATPYKEHHS C COXpPAaHEHHEM KECTKOCTH
KOHCTPYKIMHU # T. 1. [1].

MerannomaTpuuHble KOMIIO3UTEl 10 CBOUM MEXaHHUECKHM CBOMCTBAM 3aUacTyl0 3HAUHUTEJNbHO
MPEBOCXOMSAT YUCThIE METaJlJIbl ¥ CIJIaBbl [2—4], OHAKO HX LIMPOKOe MPUMEHEHHe CIePKHUBAETCs
pSIIOM HepelleHHbIX MpobJeM, CBI3aHHBIX KaK C METOAOJIOTMeH CHHTe3a, TaK U C OTCYyTCTBUEM
TIOJIHOLIEHHOTO ONUCaHMs MexK(as3HBIX MPOLECCOB B X0le KOMIAKTHPOBaHUS, 0COOEHHO COCTOSHUS
MOrpaHUYHOrO ¢Jj1os1. JlJisi cucTeM MeTass/KepaMHUKa MaJiasi K3yueHHOCTh MePeXOIHOro CJIosi CBs3aHa
KaK CO CKyAHbIM HabOpOM 3KCIEPUMEHTa/bHbIX AAHHBIX M0 CMAaYUBAHHUIO METaJJIaMHU U CIJaBaMU
KepaMHUYECKHX MaTepHaJsioB, TaK U CO CJOXKHOCTBIO OMUCAHUS XHUMHUYECKOTO COCTOSIHUS 3JIeMEHTOB B
JaHHOM cJIo€.

ANOMUHME Y pa3iHuHble CTaJH OCTAKOTCS CAMBIMU ILIMPOKO PACIPOCTPAHEHHBIMU MaTpPHLIAMH
o1 MMK 1o uesomy psiny NMpUUMH: HHU3Kas CTOMMOCTB TIPU MacCOBOCTH MPOM3BOACTBA, BBICOKAS
yaesbHast })KECTKOCTh, TEMJIOMPOBOAHOCTb, MPocToTa 06paboTKH [5,6]. OCHOBHBIM HampaBJeHH-
em nosnydyenusi HoBoix MMK siBisieTcsi paspaboTka moaxonoB K BeIGOPY YIPOUYHSIIOIIKUX A00aBOK,
BBISIBJIEHHE B3aUMOCBSI3€d CBOKCTB MOJy4aeMOro MaTepHasa C COCTaBOM, KOHLEHTpanued u Mopdo-
JIOTHeH BBOAMMBIX 100aBOK, CO3aHHE M TOMCK HOBBIX JOCTYMHBIX M JELIEBBIX N00aBOK, a TaKKe
yCTaHOBJIEHHE aJrOPUTMOB /151 MOAEJUPOBaHUs (PU3HKO-MexaHHdeckux cBoiicteB MMK. OnHum
U3 CrI0COO0B yNPOUHEHHUsI METaJ/JJIMUeCKOH MAaTpHLBbI SIBJsSieTCS €€ apMUPOBaHuUe, T. €. BBEIEeHHE B
MaTpPHLy HAHOCTPYKTYP, 0OJAAAIOMIUX BEICOKOH TBEPAOCTBIO U MPOYHOCTHIO.

B kauecTBe apmupymwouled (asbl MOTYT HCIOJNb30BATbCS OKCHIBl MeTaJsJoB, KapOWIbl HJH
HUTPHUABI, yryiepoaHble HaHOTPYOKH. OnHAKO BBefeHHe AMCIEPCHON apMupylollel (asbl B MaTpuLy
MPUBOIUT K OXPYMUYUBAHHIO MaTepuasa, 4YTo BeIET K TPYAHOCTSM ero o6paboTku [7-9].

[Tpoueccsl, npoTekarliye Mpy yIPOUHEHHH MaTePHaNOB, XOPOIIO COTNACYIOTCS C MeXaHM3MaMH
Xoagaa —Ilerua, OpoBana u Hapnana — [IpeBo. M3BecTHO, UTO naxke mpu yCJIOBHH PaBHOMEPHOTO
pacrnpeneseHusi apMupyollel (aspl Mo 00bEMY OXPYNUYUBAHUIO MaTepHasa MOBLIILAETCS C POCTOM
00bEéMa apMHUpOBaHUS. DTO CBSI3aHO C HEJOCTATOYHBIM B3aUMOAEHCTBUEM 3€peH MaTpHULbl, KOraa
MeXaHH3Mbl ynpoyHeHus no OpoBaHy mnepecTaioT paboTaTh B CBSI3W C HEIOCTATOYHBIM 0OBEMOM
MaTepuasa MaTpHLbl A5 GOPMHUPOBaHHUS TeTenb. KM 3TOT mpouecc He MOXKeT OBITb CKOMIIEHCHPOBAH
npoleccaMu, OMUChIBaeMbIMU 3aKOHOM Xoda — [leTua, MocKosbKy MUHMMAJbHO BO3MOXKHBIH pasmep
3epHa B MaTrepuajie yxKe AOCTUTHYT.

ABTOpbl mpensaraloT B KauecTBe ONHOTO M3 pellleHW# paccMaTpuBaeMod 3adaud MoJydaThb
KOMIIO3HIIMOHHbIE aJIOMOMaTpPHUHBblE MaTepHasbl HOBOI'O TOKOJNEHHs HAa OCHOBE CTPYKTYPHPOBAHHUS
MeTaJJInueCKOH MaTpullbl Ha HaHoypoBHe (< 5HM) MmertomoMm Atomic layer deposition (ALD),
a Tak)ke PaBHOMEPHOTO paclpelesieHUs] HAHOCTPYKTYp KapOuI THTaHa M0 0ObEMY MaTpHIbl B
pe3ysibTaTe U3MeHEHHs MOBEPXHOCTH YacTHL anoMUAHUS. O MepcrneKTHBHOCTH NPUMeEHeHUs KapOuaa
THUTaHa B KauyecTBe apMupyollell (a3bl B COCTaBe aJIOMOMATPUUHBIX KOMIO3UTOB I'OBOPSIT MHOTHE
uccaenosaresau [10,11].

BaxxHo# 0c06EHHOCTBIO MOJMYyYaeMOro MaTepuasa siB/seTCs OTCYTCTBHE SIBHBIX I'DAaHMLL pasziesa
MeK/y aJIOMUHHEBOH MaTpUleHd W apMUPYIOLIMM 3JeMEeHTOM, YTO 00eCrneurnBalOT CBS3bIBAHHE
KOMIIOHEHTOB B €MHO€ Liejioe. DTO JIOCTUTraeTCs 3a CUET TOT0, YTO HAHOCTPYKTYPbl apPMUPYIOLIETO
3JeMeHTa KapOuua THTaHa COelMHEHBI C aJIOMUHHUEBOH MaTpULled XMMHUYECKOH CBSI3bI0. ATOMBI
apMHUpYIOLlero Mareprasa U MaTepuasa MaTpHULbl, CBSA3aHHBIE APYT C IPYyroM XHMHYECKH uyepes
YCJIOBHYIO IJIOCKOCTh pasjiesa, NpUHaIeXaT OAHOBPEMEHHO IBYM COIVIACOBAHHBIM CTPYKTypam, B
pe3ysbTaTe uero o6pa3oBaBIlascs yC/JAOBHAs I'PaHHLlA pasfesa XapaKTepusyeTcss HU3KOH Hepruei
U, CJIeI0BAaTe/bHO, BBICOKOH MPOUHOCTHIO.

Taxo#i nopxoz Mo3BoJisieT 3aMeTHO YAYUIIMTh TPELIHHOCTOMKOCTb, MPOYHOCTh MaTepuasa 6e3
NOTePH MJACTUYHOCTH B ILIMPOKOM AMana3oHe apMHUPOBAHHs, YTO MOJOXKHUTEIbHO CKa3blBaeTCs Ha
9KCIJIyaTallUOHHBIX XapaKTePUCTHKAX U NPUTOTHOCTH K 00paboTKe.
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1. Marepuanbl. MeTOgZUKH CUHTE3Aa U MCCJIEIOBAHUS
1.1. ducnepcHasi MONJIOKKA aJIOMHUHUS

[TopsoxKo# BhICTyTas aqtoMUHHeBbIE mopoiok Mapku ACIT-50. dto chepuyeckuit moporok
(puc. 1), comepxkammuii 99.7% anomunus u He 6osiee 0.3% mnpumecedt, NMpeacTaBISIONIMNA COOOH
ChIMy4yee BeLIeCTBO CBETJIO-CEPOro IBeTa ¢ Jerkum Metasnuueckum oroseckoMm (TY 1791-002-
49421776-2014).

C uesblo CTaHAAPTH3ALMHK pa3Mepa YacTHIL aJlio-
munni ACIT-50 npeznBapuTesibHO MpoceUBaay Ha BUO-
popacceuBatese BII-30T ¢ ucnonb3oBaHWeM CHT ¢
pasmepom siyeiiku 50 u 80mkKM. B xome mpocesa
Oblyia BbIOpaHa (pakiys ¢ pazmMepom udactul, ot 50
no 80 MxM. Iy ynajeHusi 3aMacauBatesss U APYyTHX
3arpsi3HEHUH AJIOMUHUH MPOMBIBAJICS H3O0MPOIMHIIO-
BbIM criupToM. B konby Ha 1 qautp nomemanu 100r
¢dpakunu npocessHuoro Al u 500 M1 H30MPONUIIOBOTO
CTIHPTA, TOCJE YeTro COAEPKUMOe KOJIObl SHEPTHYHO
nepeMellUBa/u B TedeHHe 15 MuUH. AJIOMHUHHE OT-

Puc. 1. Mukpogororpagus qacTvu amoMi- gy 1 TpOBBIBA/IM, BbICYIIMBAJH IOL BAKYYMOM IpH
, , A ACH'5O, , KOMHAaTHOH TeMIepaType U aHaJoTHYHbIM 06pa3oM
Fig. 1. Micrography of aluminum particles
ASP-50 MPOMBIBAJIK OPTOKCHJIOJIOM HJIH TOJyoJ0M. OuuiieH-
HBI U CTaHAAPTU3HPOBAHHBIH TaKUM 00pa3oM JHC-
TepHbIH aJIOMUHUN HCNONb30BaNU AJ/151 GOPMOBAHHS U U3TOTOBJEHHSI 00Pa3LOB, KAK COAEPXKAILNX
apmupytomye (asbl, Tak U 6e3 HUX. Beibop mist pabotsl ppakuuu ¢ pasmepoM yactul 50-80 MKM
00ycyioBJIeH 0COOEHHOCTSIMH paboThl ycTaHoBKH ALD-cuHTe3a. Bosiee Meskue 4acTHIbI, HCIOJb-
30BaHHe KOTOPBIX BBITJISIAUT MPHOPUTETHEE, HE OTOMBAIOTCS CETKOU-(PHUABTPOM B CHHTETHYECKYIO
KaMepy M YHOCSITCSl IOTOKOM rasa B JIOBYILIKY, YTO CYIIECTBEHHO CHHXKAeT BBIXOJ MPOAYKTa MPH
CHHTe3e — 1noTepu Aas dyactuil MeHee 80 MkM MoryT nocturatb 90% .

1.2. Cunres Hanoctpyktyp TiC Ha yactuuax amomunus (AI@TiC)

Cuntes vactun tina AI@TiC ocymectsasacs metogoM ALD, Tak:ke H3BECTHBHIM KaK METOL
XUMHUYECKOH COOPKH, B CIEeLHaJbHO CKOHCTPYHUPOBAHHOH yCTaHOBKe, paboTaiolleld Mo MPUHLUITY
peakTopa uaeasbHOro BeiTecHeHHs. B ycraHoBke ALD 6blna peasnsoBaHa MpoTOYHAsi BaKyyMHasi
cxema.

MeTon 3ak/iouaercss B MOCJeN0BAaTebHOM HAaHECEHHWH Ha TOMJIOXKKY MOHOCJO0EB 3aLaHHOTO
cocTaBa MyTéM XHMHUYECKOH afcopOLMK K MOMAJI0KKE MO0YePENHO M0JaBaeMbIX B PEAKTOP peareHToB.
[Ipu aTOM peareHTHl, IpUMeHsieMble B METO/l€ MOJIEKYJISIPHOTO HAC/JaWBaHHUs, NOJKHbBI BCTYNATh B
XUMHUECKYIO PeakllMio He TOJbKO C aKTHBHBIMH T'PYNNaMHU MOMJOXKKH, HO U C XUMHUECKH COpOUpO-
BaHHBIMM Ha MOBEPXHOCTb MOMJIOKKH MPOAYKTAMH peakUuu Apyr apyra. BaykHol oco6eHHOCTbIO
SIBJISIeTCS TO, YTO peareHThl He NOJKHBI B3aUMOIEHCTBOBATb CAMH C COOOH M MPOAYKTAMH CBOeH
peakuHHu ¢ aKTUBHBIMHU TpyNnaMu MnoajoXku. OcobeHHOCTbI0 TexHOJ0THH ALD, orTiunuatoiieii ee
OT JPYTUX TOHKOIJIEHOYHBIX TEXHOJOrHH, SIBJSETCS TO, YTO [Ba pPearupymolux Apyr ¢ APyrom Ha
TMOMJIOXKKE TIPeKypcopa B3aUMOAEHCTBYIOT TOJBKO HAa TMOBEPXHOCTH TOLJOKKH.

[ToniokKy 4acTHI aJFOMHHHS MOMELIAJH B PeakKTop W MPUCTYMASH K XHMUYeCKOo#H 00paboTKe
TIOBEPXHOCTH MOHOCJIOSIMM KapOuaa THTaHa B cooTBeTCTBUH ¢ npuHuunamu ALD. Cunres ogHoro Mo-
HOCJIOS] KAPOUIHBIX CTPYKTYP MOXKHO pasnesuTh Ha 4 stana. [lepBeiM 3TanoM siBsieTCs XUMHAUECKasi
afacopOLUusl MEPBOro peareHTa Ha MOAJOXKKY. [Ipy 3TOM peareHTHl MOAAIOTCS B OOJBILIOM H3OBITKE
IJ151 IOCTHIKEHHUS CIJIOLIHOCTH TOKpPbITHA. Jlajee MPOMCXOAUT MPOAYBKA CUCTEMbl HHEPTHBIM ra-
30M [IJ1s1 yaJeHus MPOAYKTOB peakKLUHH U U3OBITKA peareHTa. TpeTbUM 3TaroM SBJSEeTCs Mofada
BTOPOT'O peareHTa, MOCJe 4Yero TakxKe CJefyeT MPOAyBKa cUcTeMbl. Il cO3AaHHUsI HECKOJbKHUX
MOHOCJIOEB JAaHHBIH LIMKJ MOBTOPSIIOT HEOOXOAHMOE KOJMYECTBO pa3. 3a CUET M0C/e[0BaTEbHOIO
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CHHTe3a MOHOCJ/OEB NPH MOMOLIY MeTOAa MOJIEKY/ISPHOTO HacJauBaHUSI BO3MOXKHO NPELU3HOHHOE
pery/nupoBaHye TOJIIMHBl CHHTe3UPOBAHHOH MJIEHKH.

B cucreMe MOCTOSIHHO CO3/1aBasoch paspsizkeHHe MPU MOMOIIH POTOPHO-IJIACTUHYATOrO Hacoca,
TPH 3TOM B CHCTeMy OecrepeGoiiHO MofaBascsi HHEPTHBIH raz-Hocute b (renui). iHepTHBIN a3
He0o0X0AUM [1J151 lepeHoca peareHToB, yAaJeHHs NPOAYKTOB peaklLHH, a TakxKe 1J5 NpefoTBpalleHUs]
TH/IPONU3a, T.€. B YCTAHOBKe OblJ peasi30BaH NMPUHLHUI «IHHAMHUYECKOTO BaKyyMa», UCIOJb3Ys KO-
TOPBIH, paboTaeT GOJMBIIMHCTBO YCTAHOBOK, MpuMeHsiomuX npuHunnsl ALD. BaxHol oco6eHHOCTBIO
YCTaHOBKH SIBJISIETCSI BO3SMOXKHOCTb Pa0OThl ¢ AUCIEPCHBIMH MOMJI0KKAMH.

B kayecTBe peareHToB, pa3MellEHHbIX B CIeLlHaJbHBIX pe3epByapax, MCII0Jb30BaJUCh U30IPO-
nokeny turana Ti(OCH(CHgs)z2)4 1 nponunenraukois CHa(OH) — CH(OH) — CHs. Ilonaua
peareHTOB B CUCTeMY OCYILECTBJIsI/IACh MOLIAroBO MPH MOMOILM CHCTeMbl KjanaHoB. CHava/na B
CUCTEeMY I0[aBaJiCs U30MNPONOKCHA TUTaHA, 3aTeM cJ/eloBaJja NPOAyBKa CUCTEMBl 1J5 yAaJeHHs
NpONYKTOB peakuud. [asnee B cucTeMy I0JABaJjCsl NPOMUJIEHIJIMKO/b, 3aTe€M OCYILIeCTBJIsIach
NPOAYBKA CUCTEeMbl. DB CHHTE3UPOBAHBI YACTHILBI ¢ PA3HBIM KOJMYECTBOM LIMKJOB XHMHUECKOH
00paboTKM MOBEPXHOCTH AJIOMHHHUS: C OLHHUM, ABYMs U TpeMs. CjedyiOlIMM 3TanoM CHHTe3a
YacTHL apMupyloLLel ¢asbl siBaseTcss KapOoHU3aLUs B UHePTHOH atMocdepe reqaus npu 600°C B
TeueHue 14. JlaHHBIH Npolecc MOXKHO OMUCATh C ITOMOLLBIO CJAeIYIOIHX peaKLHH:

Al — || — OH + Ti(OCH(CH3)z3)4 — Al — | — O — Ti(OCH(CHgs)3)3 + HOCH(CH3s),
Al - || - Ti(OCH(CHj3)2)s + 3H2(OH) — H(OH) — H3 —
— Al — || — Ti(Hy — H(OH) — H3)s + 3HOCH(CHs),
Al — || — Ti(Hs — H(OH) — Hy)3 + 3Ti(OCH(CH3)2)4 —
— Al — || — Ti(Hy — H(—O — Ti(OCH(CHgs)3)3) — H3)3 + SHOCH(CH3s)s.

CxeMaTHYHO UX MOXKHO MPEACTaBUTb CJEAYIOLIMM 00pa3oM:
AlAl-||-Ti(H,—H(-O-Ti(OCH(CH3)2)3)-Hj3)s — 4TiC+17C+33H20+21H,. (1)

B pesynbTaTe HaMu OblIM MOJTyUeHBI 06Pa3I(bl APMUPYIOIIKMX (a3, COMEPKAIIMX Pa3HOe KOJIude-
CTBO THTaH-YTJIEPOAHOro MarepuaJsa. s mpocToTbl HAEHTU(PUKALUHU MBI TOBOPHUM 00 ONHOM, OBYX
UM TPEX LMKJIAX XHMHUECKOH cOOpKH, MojpasyMeBas yBeanueHHe 00bEMa THUTAH-YTJePOLHOIO
MaTepraJa B 3aBUCHMOCTH OT MPOBEIEHHBIX LIMKJIOB XUMHUUeCKOH cOOpKH. CHHTE3 apMHUPYIOLIHUX
(a3 nposonuscs B TedeHue |4 mpu temneparype 150°C, npoxkanuBanue npu Temnepatype 600°C.

1.3. IlonyueHue 0OBEMHOrOo KOMMO3UIMOHHOTO MaTepHuaJja Ha OCHOBE aJIOMHUHUS
c apmupyromeit ¢asoit AI@TiC

[TepBbIM 3TamoM MoJy4eHUs aJlOMOMAaTPUYHOTO MaTepuasa sBJsSETCs BBeIEeHHE YacTHI] THINa
Al@TIC B ucxonHyl0 aJIOMHHMEBYH MaTpuily B cooTHomenud 1:99, 3:97 u 5:95 Bec.%. Cmewenue
IBYX MOPOLIKOB (ayqioMUHHUs ¥ apmupyiomed dassl AI@TIC) ocyliecTBisI0Ch B MJIaHETAPHOH
mapoBoil MesbHUIe PM 100 CM. 3atem noJiyueHHasi cMech MojBepraJjach npeccoBanuio. [lis
3TOr0 HaBeCKy CMecH Maccod 2.2T momellany B pasbopHyo npecc-GpopMy ¢ pasMepoM MyaHCOHA
20x20 mM. IIpeccoBaHue ocylLIeCTBASNOCH MPH MOMOIM THEBMOTUAPaBAUecKoro npecca CopokuHa
7.75.

[TpeccoBanue mposoau/och B Tpu 3Tana. [Ipu nepBom sTane Be/MYMHA HArpys3Kd COCTaBJs/1a
15 1, mpu BTOopoM — 35 T, Ha TpeTbeM 3Tamne obpasel MaTepuana Harpyxascs 1o 50 1. Ha kaxmom
JTarne TMpeccoBaHHUs oOpasel] BbIIEPXKHBaJW 1oj Harpy3koi B TeueHune 10 muH. Temmeparypa
npeccoBaHusl KoMHaTHas. [locse Kaxkaoro stana npeccoBaHUsl NPOMCXOAUJ/IO CIIEKaHHe MaTepuasa B
3alUTHOH aTMocdepe npu Temnepatype 600°C [12].

[Tony4yenHnble TakuM 06pa3oM 00pasibl KOMIO3WLHOHHOIO MeTa/JIoOMaTPUYHOTO MaTepHaJa
MpPeACTaBAsANNd COO0H MeTasNMuecKHe MJaCTHHBl Ceporo LBeTa, ob/afaolire MeTaJJHIeCKUM
6seckoM. Pasmep miactuH 20 x 20 x 2 mM. [lepen mpoBeneHHeM MeXaHUYECKHX HCNBITAHUH Oblyia
NpoBeJeHa JOMOJHUTENbHAsS TOAroTOBKa 00pasuoB. Iy 3TOro mosydyeHHble paHee 3arOTOBKH
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TO/IBEPrauCh JONOJHUTEbHOMY IIPECCOBAHMIO KpPy4YeHHeM IO BBICOKMM JaBjeHueM. [IpeccoBaHue
TMPOUCXOIUIO TIPH KOMHaTHOH Temmepatype Ha npecce Walter Klement GmbH HPT-07 cnenytouium
00pa3oM: ObLIK yCTaHOBJIEHbl 60UKH ¢ ray6uHou BeIGopKH 0.6 MM 1 nuamerpom 20 MM, 3aTOTOBKa
yKJaJAblBajgachb B BbIOOPKY HHKHero Oofika, 3ateM OOHKH ObliM cBeleHbl. KommakTupoBaHHe
ObL10 ocyliecTB/IeHO nox AasieHueM 1.5 ['Tla npu ckopoctu Bpaiienust 6oiika 10 06/MuH. Bpewms
00paboTKH — 15 MHUH.

1.4. HccaenoBaHue cocTaBa U CTPYKTYpPBI

Mopdosorusi U 3JMeMeHTHBIH aHa/ i3 KOMIIO3UTHOTO MaTeprasa u yactul Al@TiC 6bia BbITON-
HEH C TOMOIIbI0 CKAHHPYIOIIEro 3/7E€KTPOHHOr0 MHUKpockona Zeiss Merlin ¢ 1onmosHATEIbHEIMU
MpUCTaBKaMU AJisi peHTreHoBcKoro Mukpoananusa Oxford Instruments INCAx-act u cucremoit pe-
TUCTpPalUK AUdpakuuu obpaTHOpaccessHHbIX 3jeKTpoHOB (EBSD) Oxford Instruments CHANNELDS.
D/leMeHTHBIH aHAJMU3 JUCIEPCHBIX 00pas3LoB MPOBOAU/N AJS CyXHUX yacTul. Mamepenus mposonu-
JIUCb Ha CKaHMpYIOLeM 3JIeKTPOHHOM MHKpocKome Zeiss Merlin ¢ nuanasoHom Tokos nyuka 10-300
HA mpu yckopsitoueM HanpsikeHuu 15 kB. /15 moaTBepKaeHHUsT HAJTUYKs B UCCJeIyeMblX oOpas-
nax Kap6uaa TuTaHa Obl1a NpoOBeleHa PEHTreHOBCKas (POTOINEKTPOHHAS CIIEKTPOCKONHUs obpasia
KOMITIO3ULIMOHHOTO MaTepuaJsa. /s perucTpauidd peHTTeHOBCKUX (DOTO3JEKTPOHHBIX CIEKTPOB
HCIOJIb3YIOTCS CBEPXBBICOKOBAKYYMHbIE KaMepbl U U3JydeHHe ¢ sHeprueil 1486.6 3B (AlKa) niu
1253.6 5B (MgKa). M3amepenus npoBogusuce ¢ npuMeHenrneM crnekrpomerpa ESCALAB 250 Xi B
COOTBETCTBHUHM CO CTaHAApPTaMM 0asbl JaHHBIX PEHTTeHOBCKOH (POTO3JIEKTPOHHOH CIIEKTPOCKONHUH
NIST!.

1.5. MexaHnuecKHe UCIbITAHUS

MeTonoM 0onHOOCHOrO pacTsiKeHUs1 OblIW OINpelesieHbl Mpeaes MPOYHOCTH, OTHOCHUTEJbHOE
yIJVHeHHe U npenen TekydecTd. OfNHOOCHOE pacTsiKeHHe MPOBOAMJIOCH Ha HCIIBITATENbHON MallllHe
Shimadzu AG-50kNX npu KOMHaTHOH TeMmepaType, CKOPOCTh AedopMaluu cocTasasaa 5-10"4s~ 1,
Jledopmanus o6pas3iioB KOHTPOJHPOBaJach BHaeoskcTeHsoMeTpoM TRViewX 55S. M3 niacTun-
3arOTOBOK KOMITO3ULIMOHHOTO MaTepHasa padmepoM 20 X 20 X 2 MM Ha 3JeKTPOIPO3HOHHOM CTaHKe
APTA 123 TTPO OOO «HIIK “[enabra-TecT”» H3roTaBauBasd IBYCTOPOHHHE JIOMATKH C Pa3MePOM
pabdoueil yactTu 6 x 2MM. Bcero Obl0 HCC/IeIOBaHO TPU CepUH 0OpPa3LOB: C OOHHUM, OBYMSI U
tpems uukaamMd ALD-o6opaboTku. B Kaxknoii cepuu Oblid cuesaHbl 06pasibl ¢ coaep:KaHuem 1, 3,
5% nucrnepcHo apmupytouiedt paspl AI@TIC. B kauecTBe 06pasiia cpaBHeHHst OblJ UCIOJb30BaH
YUCTBIH aJIOMHUHUH.

2. PesyabTarhl UCCIeI0BAHUSA U 00CYKIEHUE

2.1. HccremoBaHue KOMMO3WTAa HA OCHOBE MATPUIbI aJIOMUHUS
u apmupyomei ¢asoit AI@TiC

B xone naHHo#l paboThl ObLIM CHHTE3WPOBAHbl KapOWIHble HAHOCTPYKTYpPbl Ha IMOBEPXHO-
CTH IHCIEPCHBIX YaCTHIL aJioMHHHs co cTpyKTypoi Al@TIC ¢ pasHbiM KOJMYECTBOM LIHKJIOB
ALD-HacnavnBaHus Ha TIOBEPXHOCTH apMHpYyomied ¢asbl. [lepeueHb cHHTe3UMPOBAHHBIX 06pa3lloB
npenctasjed B Tabs. 1. Pa3mepbl KoMIO3HLIMOHHBEIX 00pasnoB cocTabsad 20 x 20 x 2 mMm. [lpu
MJIOTHOCTH alioMuHus 2.7 r/cM® cpennss Macca obpasua cocTapasna 2.16T.

Boiiu mosydeHbl MUKpodoTOrpaui CKOMIAKTHPOBAHHOrO 06pa3iia Ha OCHOBE MATpPHIIbl aJHOMHU-
HUs M QucrepcHoi apmupyoied hasbl AI@TIC. [l nonTBepKAeHHs HAaJIMuMsl TUTaHa M yrJaepoaa
Ha MOBEPXHOCTH YaCTHIl aJlOMHHHSI B CHHTE3UPOBAaHHBIX 00pasiax nmpu nomornu EDS-npucraBku
OblJ1 IPOBENEH 3J1€MEHTHbIH aHau3 (puc. 2).

'NIST X-ray Photoelectron Spectroscopy DatabaseNIST. Standard Reference Database Number 20, National
Institute of Standards and Technology, Gaithersburg MD, 2000, 20899.
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Tabauya 1 / Table 1

O6pasiel KOMIIO3UIMOHHOTO MaTeprasa Ha OCHOBE MaTpPHILHI
aJIlOMUHUS], apMUPOBaHHO# YacTuuamu Al@TiC
Samples of composite material based on an aluminum matrix
reinforced with AI@TiC particles

No Apwmupyromias dasa | Comepxkanne | ComepxkaHue
obpasia Al@TiC, uukJb apmupytomieit | TiC, mace.%
ALD-ngacsauBaHus a3,
macc.%
1 | 1 0.0004
2 1 3 0.0012
3 | 5 0.002
4 2 1 0.0008
5 2 3 0.0024
6 2 5 0.0.004
7 3 1 0.0012
8 3 3 0.0036
9 3 5 0.006

Element | Weight % | Atomic %
OK 3.30 5.50
ALK 95.02 93.76

4 TiK 1.68 0.76

& Total 100

Puc. 2. MukpodoTorpadusi U 371eMeHTHBIH aHaJMU3 CKOJla CKOMIIAKTHPOBAaHHOr0 06pa3ia
Ha OCHOBE MaTpPHIIbl aJIOMUHHS U apMUpyoliel hasbl u3 yactui Al@TiC

Fig. 2. Micrography and elemental analysis of the chip of a compacted sample based
on an aluminum matrix and a reinforcing phase of AI@TiC particles

Hcxonst U3 pesynbTaToB, MOXKHO CHeJaTb BBIBOJ O HajJHWuMe B CUHTE3UPOBAHHBIX 00paslax
aJIOMHHHs, THTaHa, yrjepoaa U Kucjaopona. AJIIOMUHHE COOTBETCTBYET MaTepuasy AWUCIEPHOH
nopsokku — amomMuHuio Mapku ACII-50. [oBblleHHOE comep:kaHue yriiepona MoxeT ObITb 00BsC-
HEHO TeM, UTO B KauyeCTBe MOJIJOXKKH /15 00pa3LoB HCI0/b30BaJICH YIJIepoAHbIH ckoTd. Hannuue
60JIBILIOr0 KOJMUECTBA KHUCIOPOA MOXKET TOBOPUTb 00 OKCHIHON MJEHKE, KOTOpasi MPUCYTCTBYeT Ha
TIOBEPXHOCTH atoMuHHs. OIHAKO COBMECTHO MPHUCYTCTBHE YIJyiepoa U THTaHa B 06pasile He MO3BO-
JISleT clieslaTh OfHO3HAYHBIM BBIBOJA O HAJU4YMM KapOuja THTaHa B oOpasle. /s moaTBepKAeHHUS
Ha/M4yusl B oOpasiax Kapouaa TUTaHa Obla1 3aperHCTPUPOBAH PEHTIE€HOBCKUN (DOTOIIEKTPOHHBIN
crnekTp. s 0MHO3HAYHOrO yCTaHOBJEHHS] MPUCYTCTBUS CBsA3U Ti-C ObLIM MpOaHAJU3HPOBAHEI
pe3yJbTaTbl UCCJEN0BaHHUH, a UMEHHO NpoBefileHa paciuudposka aaHHbX ¢ Cls u Ti2p nomypoBHe.
[TonyyeHHble CIeKTPBl OBLIM 3apErUCTPUPOBAHBI AJS1 CKOMIAaKTHUpOBaHHOro obpasia. Kanubposka
SHEprui MpOBOAMIACH MO MUKY OCHOBHOTO YPOBHS Au 4f7 /5. Iluku npu sueprusx 455 B (Ti2p)
u 282 3B (Cls) coorBercTByloT cBsisu C-Ti2, uTo mo3BoaseT ciesath BeBoA 0 Hamuuuu TiC B
CUHTE3UPOBaHHbIX 00pa3Lax.

INIST X-ray Photoelectron Spectroscopy Database. NIST Standard Reference Database Number 20, National
Institute of Standards and Technology, Gaithersburg MD, 2000, 20899
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2.2. Pe3yabTaThl MeXaHNYE€CKHUX MCMBITAHNA KOMIIO3UTOB HAa OCHOBE MATPHUIbI aJJIOMUHUS
u apmupyomei ¢assl AI@TiC

MexaHu4ecKre UCTbITaHUsI TPOBOAMJIMCH TPH KOMHATHOH TeMIepaType, CKOPOCTh Ae(opMalliu
coctapsisiza b - 107#s~1. Bcero 6b10 McCle0BaHO TPU CepHH 0OPasloB: ¢ OAHMM (pHc. 3, a),
nBywms (puc. 3, 6) u tTpems (puc. 3, 8) uukaamu Atomic layer deposition. B kaxkmo#t cepuu 6blin
cnesanbl 06pasubl ¢ conepxanueM 1, 3, 5% nucrnepcHoil apmupyoueil (assl. B kauecTBe 06pasia
CpaBHeHHMs OblJ MCTOJNB30BaH UHCTHIE anoMuHUE. Ha puc. 3 npuBeseHbl KpHBbe NehOPMUPOBaHHUS
MCCJIeI0BAaHHBIX 00Pa3II0B.

20 — 1% - 1 cycle TiC

— 5% -1 cycle TiC
— 3% - 1cycle TiC
200 — Al 100%

€. %
a/a
250
— 1% - 2 cycle TiC 250
— 5% - 2 cycle TiC — 1% -3 cycle TiC
— 3% - 2 cycle TiC — 5% -3 cycle TiC
200 — Al 100% 200 — 3% - 3 cycle TIC
— Al 100%
& =
-9
2" 150 £ 150
© o
100 {iid
50 &0
L 0
0 5 10 158 o/ 20 25 30 0 s 10 15 g p =0
20 €%
6/b 6/c

Puc. 3. Kpuble neopMUpOBaHUS KOMIIO3UTa, comepkaiuero apmupymomyk dasy Al@TiC: a — TiC 1 uuka
ALD HacsnauBanug; 6 — 2 uukaa ALD HacnauBanus; 6 — 3 uuka ALD HacsnauBaHus
Fig. 3. The deformation curves of a composite containing the reinforcing phase AI@TiC: a is TiC 1 cycle
of ALD layering; b is 2 cycles of ALD layering; c is 3 cycle of ALD layering

W3 mnosyueHHBIX KpUBBEIX AedopMHUpOBa-

Tabauya 2 / Table 2
HHAS MOXKHO OIPEeNeJIUThb PSJ BAXKHBIX Xapak-

[Ipemes MPOUHOCTH HCCAEIYEMBIX KOMIIO3HTOB TEPUCTHK AUl MaTephana: mpefies TPOYHOCTH
The ultimate strength of the studied composites (Tabi1. 2), OTHOCHTEBHOE yIIHHeHHe (Ta6. 3)
Coﬂep"fa’*”e Al% | 1 3 5 | 100 ¥ yCJIOBHBIH Mpenes TekydecTd (Taba. 4).
;I,”CCTTH Al 151 153 1;)0 90 [Ipu aHanu3e naHHBIX, CBElEHHHIX B TabJ. 2,
! (1 waxn) - BUJIHO, UTO TIOJIyYeHHBIE MATEPHAJBI J€MOHCTPH-
TiC (2 uuk.a) 230 | 229 | 232 | - .
TiC (3 wikna) 505 1207 1205 | = PYIOT MOBBILIEHHBIE TTPOYHOCTHBIE CBOHCTBA OT-

HOCHUTEJIbHO 06pasiia uucToro anoMuuus. Ca-
Mble BbICOKHE MPOUYHOCTHBIE CBOHCTBA ME€MOHCTPHPYET KOMIIO3UIIMOHHBIA MaTepuas, B KOTOPOM
AMCTIepCHON apMupyioleit (a3oit sBasiioTcss HaHouacTulel TiC, mosiyueHHble B XOfie IBYX LHKJIOB
ALD-HacnauBaHus.
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OtHocuTesNbHOE yl/MHeHHe B TabJ1. 3 onpelesneHO Kak COOTBETCTBYIOLee 3HaueHHe NpU paspy-
meHuu MaTepuasna. [laHHole B Tabj. 3 MOKAa3bIBAIOT, UTO 00pa3ibl MATEPHAJIOB JEMOHCTPUPYIOT BbI-
COKYIO MJIaCTUYHOCTb, CPABHUMYIO C YUCTBIM aJIOMHHHEM. DTO CBOHCTBO BayKHO MJISI PSia METOMOB
MeXaHH4ecKoH 06paboTKH MaTepuasna — MpPOKart,
KOBKa, LITAMIOBKA W ApPYyTHe, KOTOpPble SIBJISI-
I0TCSI KJIIOYEBBIMUA B COBPeMEHHON MpPOMBILIIEH-
Hocth. Kak BUIHO M3 TpUBeNeHHBIX B TabJ. 3

Tabauya 3 / Table 3

OTHocHTeNBHOE YIJIHHEHNE HCCJIeNyeMbIX
KOMITIO3HTOB
Relative elongation of the studied composites

NaHHBIX, NMJACTUYHOCTb He 3aBUCHUT OT M0JU Conepwanve AL% 1 3 5 100
APMHPOBAHUSA M CYILIECTBEHHO He CHHXKaeTCs Uneroi Al — _ — 305
Ha (pOHE YHUCTOrO AJIOMHHHUSA, UTO IO3BOJISET TiC (1 unka) 980 | 223 | 943 _
NPUMEHATb K MOJYYEHHBIM aJI0OMOMATPHUYHBIM TiC (2 unkia) 304 | 310 | 304 Z
KOMIIO3UTaM Te Ke MeTOAbl MexXaHUYeCKOH 00- TiC (3 umkaa) 30.3 | 30.0 27 -

pabOTKH, YTO W JJIT YUCTOTO AJIOMUHHSA.

YcoBHBIN Npefies1 TEKY4YeCTH Ompeesiics KaK 3HaueHHe HAMpsiKeHUs, TIPU KOTOPOM 3HaueHHe
ocraTouyHo# nedopmainu coctaasao 0.2% (cm. tabs. 4). Kak BUAHO U3 MPUBEIEHHBIX TaHHBIX,
YCJIOBHBIH Mpefes TeKy4decTH IJisi 06pa3lioB apMHPOBaHHBIX HAHOCTPYKTYpaMH KapOuaa THTaHa
MpeBBIIIaeT COOTBETCTBYIOUIMH MOKa3aTesb AJis YACTOTO aJIOMHHHSI OT TPEX pa3 (/s obpasua,
apmupoBantuoro 1% TiC (1 uuka)) mo 4.3 pas (asast o6pasia, apmupoantoro 1% TiC (2 uukna)).

B cpennem nnist Bcex cepuii 06pasioB yCJ0B-
Hbl# npenen Tekydectd pocturaet 80-90% ot
npefesa MPOUHOCTH HCMBITAHHBIX KOMITO3HTOB.
Taxue 3HaueHUs Mpenesa YCAOBHOU TEKyUeCTH

Tabauya 4 / Table 4

YC/IOBHBIN Mpefies1 TeKY4eCcTH KOMIIO3HUTOB
Conditional yield strength of composites

. Conepxanue Al,% 1 3 5 100
Ha (oHe Hab/OAaeMOH MJIACTUUYHOCTH TM03BO- Toerof Al — — — 50
JISIOT MPHMEHATh MCC/el0BAHHbIE MaTepUasbl TiC (1 wakn) 157 T159 1 136 | =
B BBICOKOHATPYKEHHBIX y3JaX W3 aJIOMUHHUSA, TiC (2 uukaa) 915 [ 190 | 196 | -
rapaHTHUPYsl BBICOKYIO YCTaJOCTHYIO MPOUHOCTD TiC (3 uukaa) 168 | 182 | 182 | —

usnenuil. Pe3sysnbTaTbl MeXaHHUECKHUX HCIbITA-

HHF KOMIIO3UTOB Ha OCHOBE MaTPHIIbl aJIOMHHHUS W apMupyomiei ¢asnl AI@TiC nokasanau, 4to
06pastiipl, nosydeHHbie ¢ 5% apmuposanus Al@TiC u nocse nByx uukjaoB ALD nacnausanus TiC
Ha YacTHllaxX aJlOMHMHHUS B apMUpylolleH (asbl, 06/1afaloT MeXaHUYeCKUMH CBOHCTBaMH, NpeBbIIla-
IOIIMMH CBOMCTBA UMCTOTrO aJIOMHHHUS B 1Ba pasa. C pocToM 06bEMa apMHPOBAHHS KOMIO3UTA OT 1
10 5% He TPOUCXOAUT OXPYMUHUBaHHWE MaTepHasa, Kak 3TO Hab/iofaeTcs NMPH BBeIEHUH KapOMIHBIX
YacTHL B aJIOMUHHUBYIO MaTpPULy APYTHMH criocob6aMu. DTO CBSA3aHO C PABHOMEPHBIM pacrpefeseHu-
eM KapOWIHBIX HAHOCTPYKTYp apMHUpyolled (pa3bl B 00bEMe MAaTPULLBI B pe3yJbTaTe XUMHUUECKOTO
CBSI3bIBaHHMSI KapOWAHBIX HAHOCTPYKTYP C UACTULAMU AJIOMHHMS, a TaKxKe BbICOKOH CMauHBaeMOCTH
HaHOCTPYKTYp apMupytollell (ha3sl MaTepruas oM MaTpHLbl. TakKe HEOOXOAMMO YUUTBIBATh, YTO B
Tpolecce MOJMyYeHHs] KOMIO3UTOB MPUMEHSNIOCh PeCCOBAHUE KPyUYeHHEM MOJ BbHICOKHM [aBJIEHHEM.
B pesyabraTe Takoro moaxopa K moJydeHHI0 0ObEMHBIX 00pa3lloB ¢ HAHOpPa3MepHOH (pakiiuei
(mo 5 HM) Oblya pelileHa npobJemMa arperalyy AUCIEPCHON KapOUaHOH (a3bl B 06bEME KOMIIO3UTA.
Tako#l mopxox B mpeccoBaHMM 0Opas3ioB BHEC CBOH BKJaL U B yIPOYHEHHE KOMIIO3HUTA 32 CYET
u3MeJjibueHre 3épeH caMoi MaTpHIBL.

JLnsi mpoBe/ieHUs] CPAaBHUTEJbHBIX HUCC/IEN0BAHUN BJIUSIHUS MUKPOHHOH W HAaHOMETPOBOH apMHUpY-
follel (asbl Ha MeXaHHUeCKHe CBOHMCTBA a/l0MOMATPHUHOrO KOMIO3UTa OBl MOJy4YeHbl 06pasLbl
aJIOMOMAaTPUYHOTO KOMIIO3UTa C COIepXKaHHeM apMupyioiledl ¢dazoil 5 macc.%, cocTosiieit U3
MHUKPOHHBIX UacTHI] Kap6uua tutaHa (50 MKM) U KapOHIHBIX HAHOCTPYKTYp MOCJE ABYX IHKJOB
ALD-nacnanBanus. O6pasel; ¢ MUKPOHHOH apMHUpYHollel (a3oi Obl MOJMyUeH M0 METOLHKe CHHTe3a
OmHCaHHOH B crartbe [1]

CpaBHeHHe MeXaHHUECKHX CBOHCTB aJIOMOMATPHUHBIX KOMIIO3UTOB ¢ KapOHIHONW apMUpYIOIIeH
(pasoi nmpexncTaBieHo Ha puc. 4 U B TabM. d.

Kak BHUIHO M3 NaHHBIX pUC. 4 U TpUBeLEHHBIX B Tabs. 4 nisi obpasua Ne 2, conepxariero 5%
MHUKPOHHBIX 4acTHL KapOujaa THTaHa, HabJofaeTcsl yBeJaUyeHHe npejesa MPOYHOCTH, OLHAKO 3TO
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yBe/JIMYeHHe He3HAUUTEJNbHO OTHOCHUTE/BHO YHUCTOTO JNIOMUHMSA, a TAKXKe CHHMIXKAETCS INIACTHYHOCTD.
YBesMueHMe mpejiesia MPOYHOCTH OOBSICHSETCS BJHSHUEM AHUCIEPCHOH apMupylollled (asbl Ha TPaHU-
1y 3épeH MaTpULibl allOMUHHUS. HacTHLbl Kap6uaa TUTaHa NPensiTCTBYIOT PeKpUCTa/IH3aluid MaTpU-

LBl U CIIOCOOCTBYIOT YMEHBIICHHUIO pasMepa 3ep-

U3B. Capar. yH-1a. Hos. cep. Cep.: Marematuka. MexaHuka. ViHgpopmatuka. 2024. T. 24, Bbin. 1

250 — Pure Al Ha. Kpome Toro, yacTuibl, B3aUMOAEHCTBYS C
25 ] 222 Eg@Ni TpaHULIAMH 3EpeH MATPHUILbI, PENATCTBYIOT Ie-
200 ] 5% 2 cycle pPeMeIIeHNI0 3THX I'PAaHULL U CKOJbXKEHHUIO THC-
175 ] Jokauuil [13]. OnHako y JaHHOH apMupyolei
§15°- (asbl ecTb CylleCcTBeHHBIH MHUHYyC. IIpu KoH-
o125 ] LEeHTPalUsX MUKPOHHBIX apMUPYIOLUIMX YaCTHLL
100 ] bosee 1 06.% cyiiecTByeT npobJjema paBHOMEpP-
75 HOTO UX paclpefeseHuss B 00béMe MaTpULbl, a
50 4 TakxKe mpobJieMa HHU3KOW CMayKMBaeMOCTH 4Ya-
25 1 CTHLL apMUpyIollel (a3bl MaTepruasoM MaTpPHILBL.
o IT1o BeléT K CYLIECTBEHHOH arperamuu Iuc-

0 3 6 9 12 15 18 21 24 27 30
g, %
Puc. 4. Kpusble necopmuposatnus o6pasuos Al, 5%
TiC, 5% TiC@Ni u 5% ALD (2 uuxna)
Fig. 4. Deformation curves of samples Al, 5% TiC,
5% TiC@Ni and 5% ALD (2 cycles)

nepcHOl KapOuaHOH (pa3bl B 00BEME KOMIIO3UTA.
JlaHHble arperathbl MPOBOLUPYIOT MOSIBJIEHUE B
MaTpule MeTaJjsa neeKToB U Mop, YTO Cyllie-
CTBEHHO CHHXKaeT MJIaCTUYHOCTb TaKUX KOMIIO-
3ULIMOHHBIX MaTepuaJsoB U He NAET CylleCTBeH-
HOTO MPHUPOCTa NPOYHOCTHBIX XapaKTepUCTHUK.

Tabauya 5 / Table 5

CpaBHenue mMexanudeckux cBoicTB Al, 5% TiC u 5% ALD (2 uukaa)
Comparison of mechanical properties of Al, 5% TiC and 5% ALD (2 cycles)

Ne o6pasua Marepuan op, MIla | S,% 0o.2, MIla
1 Yucroiit Al 90 30.5 55
2 5% TiC 106 14.0 45
3 5% AI@TiC (2 unk.aa) 232 30.4 196

HarorosseHHblil Hamu obpasen; Ne 3 ¢ apmupytolned Ga3oi kapbuua THTaHA HA MOBEPXHOCTH
aJIOMUHHUS, TonydeHHOH MeTonoM ALD, mokasas mMpouHOCTHblE XapaKTePUCTHKH, 3HAYMTEJNbHO
npeBOCXoAsilIre 00pa3bl ¢ MUKPOHHBIMU apMHUpYoIUMK (haszamu. Kak BUAHO U3 MpeacTaBJIeHHBIX
IaHHBIX, Tpeles MPOYHOCTH 115 AaHHOro obpasua cocraBua 232 MIla, npu 3TOM NIACTUYHOCTb
COXpaHHUJ/IaCh Ha YpPOBHE YHMCTOrO AJIOMUHHS. DTO CBSI3aHO C PaBHOMEPHBIM pacrpeneseHHeM
KapOUIHBIX HAHOCTPYKTYp apMupyolled (asbl B 06bEMe MaTpUllbl B pe3y/bTaTe XHMHYECKOTO
CBSI3bIBaHHUS1 KapOHUAHBIX HAHOCTPYKTYP C YAaCTHLIAMH aJIOMUHHS, a TAKxKe BHICOKOH CMaulBaeMOCTbIO
HAHOCTPYKTYp apMupyolel (a3bl MaTeprasoM Matpuubl. [IpuMeHeHre pu MpeccoBaHUU KpyuyeHHUs
NP BBICOKOM JAaBJEHHU HE TOJbKO pellaeT MpoOJeMy arperalud IHUCIIepCHOW KapOUAHOU (pa3bl
¢ HaHopa3MepHOH (pakuuei (10 5 HM) B 0ObEMe KOMIIO3UTA, HO U BHOCHUT BKJIAJl B yIIPOUHEHHE
KOMIIO3MTA 3a CUET U3MeJsibYeHHe 3&peH CaMOH MaTpULbI.

Habatonaembiit 3¢dekT yBeuueHUs MeXaHUUECKUX CBOMCTB MIET COrJIACHO MeXaHu3My XoJ-
qa —[letua, KOTOpBIH 3aKJOUaeTcs B yBeJHYeHUH Mpelesa TeKy4ecTH W NPOYHOCTHBHIX CBOHCTB C
yMeHblIeHHeM pa3Mepa 3epHa MaTpPHIlbl, pasMepa nedeKToB (MHUKPOIOp, BBIAENEHUH BTOPHUHBIX
(a3 mo rpanunam 3épeH). Tak:ke HaHOpasMepHasi apMmupyiollas (asa BbI3bIBAET 3aTPyIHEHHE
NBUKEHUS] IUCJAOKAUMH Ha IpaHHLaX 3épeH U BHOCUT BKJIaZ B yIpouHeHHe Komnosuta. Hanuuue
TBEPABIX Helepepe3aeMblX YACTHLL NMO3BOJISIET peann3oBaTb MexaHu3M OpoBaHa, KOTOPHIH 3aKJoya-
eTcsl BO B3aUMOAEHCTBUM YaCTHUL ¢ AnucaoKauusamu. [Ipu orubanny BOKPYT YaCTHLbI, OUCAOKALUH
MCKPUBJSIOTCS M 00pasyloT AUCJOKalMOHHBIE KoJbla (meTan OpoBaHa), yIpoYHSIOLIME MJI0CKOCTb
CKOJIb’KeHUSs1. YTpouHeHHe 110 OpoBaHy MPOUCXOOHUT 3a CUET BHeNPEHUS HAHOUYACTHI] B MATPHUILY
(HaMYMe XMMUYECKOH CBSI3M MeXy MaTpHlled U KapOWAHBIMH HAHOCTPYKTypamu). JlomosHUTEIbHO
MarepuaJs yrnpoyHsieTcs [pH IepeHoce Harpy3kKu OT MSITKOH MaTpUlibl K TBEPABIM M KECTKUM YaCTH-
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aM Kap6uuaa noj BO3AeHCTBHEM BHeLIHel Harpysku. Kak mokaselBalOT MccC/iefOBaHUS B 00J1aCTH
KOMIIO3ULIMOHHBIX MeTalJOMaTPUUHbIX MaTepHasoB, apMHUPOBAHHBIX NUCIEPCHBIMH apMUPYIOLIUMHU
(hasamu, Bce 3TH IpoLecch NPOTEKAIT B aPMHUPOBAHHBIX HaHOpPa3MepHBIMU (pa3aMH KOMIO3HLMOH-
HBIX MaTepHajax OfHOBPeMeHHO. M TOJIbKO HX COBMeCTHOE BJUSIHME OOBSICHSET POCT MeXaHUYEeCKHX
CBOMCTB MPH COXPAHEHWH MJACTHUHOCTH KOMIIO3UTA. TaKWM 00pa3oM, MOATBEPKIAETCS TEOpHUS,
4YTO BBelleHHe B KOMIIO3HLIHOHHble MaTepHuaJsbl KepaMUYeCKUX HAaHOUYACTHLL SIBJsSeTCS OLHHUM H3
NepCreKTUBHBIX METONOB IUCIIEPCHOr0 YIPOYHEHHsI MaTepHaJa.

3akJaruenue

B xone BbimosHeHHs paboThl OblIM pa3paboTaHBl MeTOH CHHTe3a apMHpylouleld (asbl Ha oc-
HOBe HAaHOPA3MEPHOTO KapOuaa TUTAaHA W METOJ BBeIeHHS HAaHOPa3MepHOU apMHpylollel (asbl B
aJIOMUHHEBYI0 MaTpuly. VccienoBanusi MexaHW4ecKol MPOYHOCTH KOMIIO3WTOB MOKAa3aJjd POCT
npefesa NPOYHOCTH INOJYUEHHBIX KOMIIO3UTOB B [1Ba pas3a 0 CPAaBHEHUIO C YUCTBHIM aJIOMUHHUEM
U COXpaHeHHeM IJIACTUYHOCTH AJS BCeX MOJY4YeHHbIX 00pa3L0B KOMIIO3WLMOHHBIX MaTepHasoB, B
KOTOPBIX AMCIIEPCHOH apMupyollell Ga3oi spasioTcs HaHouacTulsl TiC (MeHee 5 HM), MOJMyYeHHbIE
B XO[e XUMHUYeCKOH COOpPKH Ha MOBEPXHOCTH YacTHUL ajoOMUHUSA. Deljia mokasaHa B3aMMOCBS3b
MeX1y pasMepoM apMupyolled ¢asbl U MeXaHUYeCKUMH CBOMCTBaMU KOMIIO3HUTa Ha OCHOBE aJllOMH-
HUsi. KoMIo3uThI, 1151 YIIPOUHEHHsl KOTOPBIX UCMOJb3YyeTcsl apMupylolasi Gpasa ¢ MoBepXHOCTHBIMU
KapOUOHBIMU HAaHOCTPYKTYpaMH, MOMUMO 6oJiee BBICOKOT'O Mpefesa MPOYHOCTH NEMOHCTPHUPYIOT
6oJsiee MIACTUUHYIO CXeMy pa3pylUeHHs, XapaKTepHYo 1Js AUCIePCHOro yIpOYHEeHHs MaTepuaJoB.
C poctom 00béMa apMHPOBaHHUsS KOMMO3uTa 0T 1 10 5% He MPOMCXOMUT OXPYMUUBAHHUS MaTepuala,
Kak 3T0 HabJiofaeTcst NPpU BBeJeHHUH KapOUAHBIX UaCTHIL B aJIOMHHHUEBYIO MAaTPHILy APYTHMH CIOCO-
Gamu. [losyueHHbBle KOMIIO3UTHI C HaHOPa3MepHOH apMupylolled (hasoi kapouaa Tutana (AI@TiC)
ot 1 10 5% mo Macce B o0pasiie SIBASIOTCS MEPCIEeKTUBHBIMU MaTepualaMH [Jis UCIONb30BaHUS B
MalllHHOCTPOEHHH.
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