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Pabora mocBsilieHa UCCIEAOBAHHIO IKOJIOTMYCCKH OE3BPEIHBIX TEXHOJIOTHIA TOyYEeHHs HAHOCTPYKTYP-
HBIX MaTEPUAJIOB METOJIAMU MEXaHOXHMMHH C TPOBEJCHUEM PEaKIUK BHICOKOTEMIICPATYPHOTO CHHTE3a B METAJ-
JIMYECKOW MATPUIIC JUIsl KCIOJIB30BAHMUS TIOJYYEHHOIO MOPOIIKOBOr0 MaTepralia B IPOIECCcaX ra30/IeTOHAIIMOH-
HOT'0 HAHECEHUS TIOKPBITHIA, KOTOPHIC MOT'YT 3aMCHUTD raJIbBAHMYCCKOES XPOMUPOBAHHE.

The work is devoted to the study of environmentéiigndly technologies for the production of na-

nostructured materials by mechanochemistry metiadtis the reaction of high-temperature synthesisi in
metal matrix for the use of the obtained powderemal in gas-detonation coating processes thateplace
galvanic chromium plating.

B MAIIMHOCTPOCHUHU BAKHYIO POJIb UTPAIOT BONPOCHI, CBA3aHHLIC C TOBEPXHOCTHIO U3ACIHA. Husknit
pecypce paﬁOTLI QJICMCHTOB pa3JIMYHbIX KOHCTpYKIII/Iﬁ CBA3aH, ONPEKAC BCCro, € MmpouncccaMm U3HAIUBAHUA
MOBEPXHOCTHBIX CJIOCB. Haan/IMep, B pE3yJIbTaTC MU3HOCA z[eTaneI‘/i IIPIHHH,HpO-HOpIHHeBOﬁ rpynmnbl aBTOMO-
OUJIsL CHUIKAETCS MOMIHOCTb ABHUTIATeCJid, BO3pACTACT pacXxo[ roproye-CMasOodHbIX MAaTCpHUaJIOB, a4 B 0Tpa6o-
TAaHHBIX I'a3aX 3HAYUTCIIbHO YBCINYNBACTCA COACPIKAHNUC BPCAHBIX 3JICMCHTOB [1]

IloBeICUTH 06IIII/II7[ MOTOpPECYPC ABUTATECJIA IMO3BOJIAIOT TCIUIO3AIUTHBIC NOKPBITHUA HAa ACTAIAX LA~
nuHapo-nopiiHeBod rpymnsl JABC [2]. OnHako npuMeHseMble B HACTOSILEE BPEMs AIICKTPOIHTHYCCKHE
CII0COOBI CO3a1aHHusA HOKpLITI/Iﬁ MMPpUBOJAT K 60HLIHOMy HOTpe6J’I€HI/I}O BO/JIbI, €€ 3arpsA3HCHUI0 TOKCUYHBIMU
3JIEMCHTAaMU B IPOLCCCC HAHCCCHU S MOKPLITUA U, KaK CIICACTBUC, K H€06X0£lI/IMOCTI/I MPOBCACHUSA OYUIICHUSA
CTOYHBIX BOJ [3] B 71011 cBs13n NEPCICKTUBHBIM BBITJIAAAT HPUMCEHCHNUC CYXUX MCTOA0B HAHCCCHUS MMOKPLbI-
THH — ra30TCPMUYCCKUX, BAKYYMHBIX WU JP. s CYHICCTBYIONIUX METOJAO0B Ia30TCPMUYCCKOI0 HAHCCCHUS
HOKpLITI/Iﬁ Fa30[[eTOHaIII/IOHHLII7[ 06na,uaeT pAaaAOM NPEUMYIIECTB, U MOXKET OBITH MPUMCHCH IJId YOPOYHCHUSA
1 BOCCTAaHOBJICHUA L[eTaneﬁ, pa60Tannmx B YCJIOBUAX OOJIBIINX KOHTAKTHBIX Harpys3ok, yaapHoro BOSI[eﬁ-
CTBHSI, 3PO3HOHHOI0 U a0pa3suBHOTrO H3HOCa [4].

HepCHeKTI/IBHLIM CII0CO00M COo3JaHus MaTCpruaIoB IJid HAHCCCHUA HOKpI)ITI/Iﬁ SABJIACTCA IMMPOBCACHUC PC-
aKLMH CHHTE3a YacCTHLl YPOUHsoLIeH (hasel B Matpuuax [5—7]. JIocTOMHCTBA 3TOW TEXHOJIOTHU COCTOST, BO-
MNEPBLIX, B NPCOAOJICHUU Hp06HeMLI BBCJCHHMSA YIIbTPAAUCIICPCHBIX W HAHOPA3MEPHBIX YaCTHUIL] ynpquﬂ}omel‘/i
(baSI)I B MaTpuly, BO-BTOPbIX, B BO3MOKHOCTH YIPABJICHUSA B OIPCACICHHBIX MpEAciax peaKuMeI‘/i CHHTE3a 3TOMU
(ba3bl, a B-TPETHHX, B HOIYYCHHH OJJHOPOIHON MUKPOCTPYKTYPBI IPOAYKTA PEAKIUH B LieioM [8].

I/ICHOJ'II)3y${ 0COOEHHOCTH peakuu CaMOpacIpOCTPAHAIOMICTIOCA BBICOKOTCMIICPATYPHOI'O0 CHHTE3a
(CBC) B MCXAaHOAKTUBUPOBAHHBLIX CHUCTEMaAX, BO3MOXKCH CHUHTC3 MHTCPMCTALNIMAOB, HUTPUAOB, Kap61/1z[013,
GOpHUJIOB U APYTUX TYTOIUIABKUX COCJMHEHHN M MHOTO(a3HbIX cUCTeM Ha ux ocHoBe [9—14]. Haubosee mu-
POKOC MPUMCHCHUEC B PA3JIMYHBIX OTPACIAX MAIIMHOCTPOCHHUA HAIIM IMOPOIIKHU MOHOKap6I/IILa TuTaHa. B
CBsA3U C 3TUM B pa60Te nuccjea0BaJIn yCJIOBUSA IMPOBCACHUSA CUHTE3a B MCXAHOAKTUBUPOBAHHBIX CHUCTEMaAX
Ti—C-Ni JUIL A€TOHALIlMOHHOI'O HAIlblIJICHUH HOKpLITI/Iﬁ Ha MPCUU3UOHHBIC ACTAJIM MAIIMHOCTPOCHUA, KOTO-
pbIe MOTYT 3aMEHHTh r'aJbBaHUYECKOE XpOMHUpoBaHue [15].

I[J'IH MPUTOTOBJICHUS UCXOAHBIX MOPOIIKOBBIX cMecel HCITOJIH30BaIA IMOPOIIKHU TUTaHa MapKH IIMT
u yraeponaa mapku [IM-15. B kauecTBe METaIIMYECKOH CBA3KK (MATPHUIIbI) MPUMEHSJICSA HAIUIABOYHBIHA MO-
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POILIOK Ha OCHOBE HUKelb-xpoMa Mapku [IP-H70X17C4P4-3. VcxonHblit pakMOHHBIH COCTaB BCEX MO-
POIIKOBBIX KOMIOHEHTOB cocTaBiistl 63-100 MkM. MexaHUYECKyr0 aKTHBAIMIO MTOPOIIKOB IMPOBOAMIN B
IUTAHETAPHOU MIapOBO# MenbHHIe-akTUBaTOpe AI'O-2 ¢ BOASHBIM OxXJaxaeHHEM. [1ociie MeXxaHOAKTUBAIIUN
MOPOIINKOBAs CMECh BHIFPYKaJiach U3 GapabaHOB MEJBHUIIBI B OOKCe ¢ apronoBoit armocdepoii [16]. CBC
MIPOBOIMIIM Ha 00pa3iax HACBITHOW IIOTHOCTH.

Jnst i3MepeHus TeMITEPATyphl TOPEHHUSI UCTIOJIB30BAITICH BOJb(pam-perreBsie Tepmornapsl (BAP-5/BP-20).
PeakioHHBIC cMecH TIOCIIEe MEXaHUUECKOH akTiBariy u npoAayktsl CBC Hcciie1oBaIvch ¢ MOMOIIBI0 peHTreHoda-
30BOr0 aHanm3a. PeHTreHOrpaMMel cHUMAIKCh Ha audpakTomerpe JJPOH-6 ¢ ncnons3oBanrem Cu KO n3nmydeHusL.

Mexanusmsl hazooOpazoBanus B cucreMe Ti—C onpenensroTcs B3auMOIEHCTBHEM pacillaBa THTAHa
C JacTHIaMH Caku Wwin rpadura. B Bomre ropenus B nporecce CBC B maHHO cucTeMe MOKHO BBIICITUTH
YeThIpe XapaKTepHBIX 30HBI. IPOTPEBa, IUIABICHHUS M PACTEKaHWA, IIEPBHYHOTO CTPYKTypooOpa3oBaHMA,
BTOPHYHOTO CTPYKTYpOOOpa3OBaHUA. DTall MEPBUYHOTO CTPYKTYPOOOpa30BaHUS XapaKTEepU3yeTcs JMOO
00pa30BaHUEM CIDIOIIHOTO KapOHMIHOTO CJIOS HAa MOBEPXHOCTH YIJIEPOAHBIX YAaCTHI, OO pacmamoM Kap-
OUIHOTO CJI0SI Ha OT/EJbHBIC KapOuaHbIC YacTUIbl (qucTieprupoBanue). B 30He BTOPUYHOTO CTPYKTYpOOO6-
pa30BaHUs, MPOMCXOIUT M3MEHEHNE Pa3MEpPOB M COCTaBa MEPBUYHBIX KapOWIAHBIX 3epeH. [Ipu cunTe3e Mo-
HOKapOWa THTaHA B PEKUME JIEKTPOTEIUIOBOIO B3PhIBA MHTEHCHBHOE TETUIOBBIICIICHIEC HAYMHACTCS Cpazy
Iocyie TUTaBJICHUS THTaHA, a JIMMHUTHPYIOMIEH cTaanell SBISETCS pacTBOPEHHE yriepoja, OJHaKo, o0pa3o-
BaBIIascA 10 Hadyana IUIABJICHMS THTaHA KapOWIOHAs IJICHKa TOPMO3HT Tporecc pactBopenus. CremoBa-
TEJNBHO, CKOPOCTh XHAKO(A3HOH peakiuu OyOeT 3aBHCETh OT TOTO, JO KaKOH TIIyOWHBI yCIIeNOo HPOWTH
TBeproda3Hoe B3auMozecTBre. TakuM 00pa3oM, CYIIECTBYIOMINE Ha CETOMHSIIIHINA JeHb MPEICTABICHHUS O
MexaHu3Max (pazo00pa3oBaHus U CTPYKTYpooOpa3oBanus B cucreme Ti + C, Tak WM MHAYE, OCHOBBIBAIOTCS
Ha HEOOXOMMMOM TPHCYTCTBHH XHAKOM (assl (paciuiaB TutaHa). Bo3MOKHOCTh TBepao(a3HOTO B3aUMO-
NeficTBUS B JaHHOW cHUCTeMe He m3ydajach. O4eBHIHO, YTO MPAKTUYECKUH MHTEPEC MOXKET MPENCTABIATH
BO3MOYHOCTb HU3KOTEMIIEPATYPHOTO (B OTHOIICHAY TEMIIEPATYPHI BOCIUIAMEHEHHS) TBEPA0(Da3HOTO CHHTE-
3a B YKa3aHHOW CHCTeMe, NIPH HAJMYWHU IDIACTUIHOW MaTpHUIBl. MOKHO TPEAIIOIOKUTh, YTO TBEPbIE Yac-
TUIBI MOHOKapOMIa, HAXOISIIINXCS B INIACTUYHOW MAaTpPHIIE, BOSMOXKHO HCIIOJB30BAThH IS MOMYUICHUS 3a-
IIUTHBIX MMOKPBITHHA HOBOTO KadecTBa. B HacTosIeM HCCIeOBaHUH M3Yy4aeTCsl MPUHINIHAIBHAS BO3MOXK-
HOCTH TIOJTydeHus coeauHeHus TiC mpu pearnsanin HU3KOTEMIIEPATypHOTO TBEPA0(ha3HOTO CHHTE3a B HU-
KEJICBOH MaTpHIle B peKUME TEIUIOBOTO B3PHIBA.

Ha pucynke 1, a) npuBeieHa TepMorpaMma cuHTe3a npu moasoaumoi momuoctn 600BT B npenBa-
puTEnBHO akTHBUpOoBaHHOU cucteMe Ti + C + 30mac. % NiCr.
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Puc. 1. Tepmocpamma cunmesa ¢ npedsapumenvio axmusuposannoi cucmeme Ti + C + 30.mac. % NiCr:
a) npu snavenuu no08ooumo mowrocmu nazpesa 600Bm; 6) npu 3nauenuu noO6OOUMOU MOWHOCTIU HA-
epesa 1200Bm
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W3 TepMorpamMmsl ClieiyeT, 4TO TEMIOBOM B3pHIB B JUHAMUYECKHUX YCIOBUSAX HE peanu3oBaH. Cucte-
Ma BBIXOAUT Ha JIMHEMHBIM TeMIN HarpeBa, KOTOPBIA ONpeJenseTcs MOCTOSHHBIM 3HAUEHHEM I0JIE3HOH
moutHoctH. [Ipu temnepatype 395 T umeno Mecto He3HAYMTENHFHOE NPEBBIIICHUE TEMIIA HarpeBa Haj Ju-
HEWHBIM, Jjajiee TeMIeparypa BhIpaBHHUBAJIACh J0 3HAYEHHs], ONPEACIAEMOE TEIIOBBIM OaJaHCOM MEXAY
BHEIIIHUM HCTOYHUKOM MOIIHOCTH ¥ TEMJIOOTBOAOM. B Touke MakcuMyMa NMpOU3BOAUIOCH OTKIIOUEHUE
ncroyHuka. [Ipu ocTeIBaHMM IIATO WM MEPErnO0B He HAOJIIOAACTCS, CIICA0BATEIILHO, MOXKHO TOBOPUTH 00
OTCYTCTBUH ITPOLIECCOB BTOPHYHOTO CTPYKTYPOOOpa30BaHHUSI.

Ha pucynke 2, a) mpuBeeHa COOTBETCTBYIOIIas AudpakTorpamma, cHsras nocie CB-cuntesa. 1u-
KOB IIPOJIyKTOB CHHTE3a Ha JudpaKkrorpaMmme He OOHapYKEHO.
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B cnenyromem sKcriepuMeHTe OCYIIECTBIISUICS IPOIPEB CMECH ¢ 0oJiee BBICOKMM 3HA4YEHHEM I0JIBO-
numoit MoinHoct 1200BTt. M3 xapakTepa 3aBUCHMOCTH TeMIIEpaTypbl OT BpeMeHH (pucyHok 1, 6) MOXHO
cenaTh BBIBOJI, YTO B MPOIECCE BHIXOAA CHCTEMBI Ha CTAI[MOHAPHOE 3HAYEHUE TEMIIEpaTyphl, UMEN MECTO
HE3HAYMTEIILHBIM camopa3orpes cuctemsl 1o Temneparypsl 1050 T, nanee HCTOUHMK pa3orpesa OTKIIOYa-
csi. MOKHO KOHCTAaTHPOBaTh, YTO IMHAMUUYCCKHUI TEIJIOBON B3PBIB TaKkKe He peann3oBaH. OHAKO MO cpas-
HEHUIO C MPEABIAYIINM CIIy4aeM, CaMOpa3orpeB B cucTteMe (OTKIOHEHHE OT JIMHEHHOTO y4acTKa) BHIPAKCH
Oosiee sBHO. B mporecce oxuiakIeHUsI Ha TepMOIpaMMe YETKO HaOJI01aeTCsl y4acTOK BTOPHYHOTO CTPYKTY-
poobpazosanus npu temrneparype 950 T, nponomkuTenbHOCTEIO 0KOJI0 75¢.
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Puc. 2. lughppakmoepamma nopouwikosoii cmecu 6 cucmeme Ti + C + 30mac.% NiCrnocre nacpesa: a)
npu 3Hauenuu no0eooumoti mowHocmu 600Bm; 6) npu 3HaueHUU NOOBOOUMOL MOWHOCIU HACPEBA
1200Bm

Ha pucynke 2, 6) npuBesieHa COOTBETCTBYIOMmAs qudpakrorpamma. 3 Buma qudpakrorpaMmel clie-
JIyeT, 4TO B JJAHHOM PEXUME HauMHAeT (POPMHUPOBATHCS MPOAYKT cUHTe3a. OO ITOM KOCBEHHO CBHETEIILCT-
BYET HAJIMYHE Y4acTKa BTOPHYHOI'O CTPYKTYpooOpa3oBaHusi. OTHOCHTENBHO UIMTEIbHOE MPEeObIBAHNE CMe-
CH [IPU BBICOKUX TEMIIEPATYPax MPUBOJMT K MOSIBICHUIO OKCH/OB THTAHA.

TepmorpaMma pa3orpesa cMecH IpH moasoauMoit MomHoctd 1400BT npezcrasieHa Ha pucyHke 3, a. B
JIAHHOM CJTy4ae MOYKHO KOHCTATHPOBATh, YTO TEIIOBOM B3PBIB B YCIOBUSIX JHHAMHUYECKOTO HAIPEBA PEaU30BaH.
CamopasorpeB HauuHaeTCst ¢o 3HadeHus Temeparypbl 110 T u 3akaHuuBaeTCs NPH AOCTIKCHHH MaKCHMalb-
Hoit Temnepatypbl 2100 T. Touka neperrba Ha y4acTKe OXJIaXKIACHUS TEPMOTPaMMbI COOTBETCTBYET TeMIepary-
pe kpucramsanun Hukens 1455 C. Ha pucynke 3, 6) npusezeHa audpakrorpaMma mpoayKra.
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Puc. 3. Cunmes 6 npedsapumenviio akmusuposannoii cucmeme Ti + C + 30mac. % NiCrnpu snauenuu
nooeooumoti mowrocmu nazpesa 1400Bm: a) mepmozpamma cunmesa; 0) ougpaxmozpamma npooykma
cunmesa

HO,HBOZ[?[ HUTOI" pe3yJIbTaTaM, MOXKHO KOHCTATUPOBATh, YTO B CUCTCME Ti + C cunres B TBep,HO(l)a?)HOM pe-
KUMEC MMPUHIHITHAIIBHO BO3MOKEH AK€ NMPpHU HAJITMYUUN HHepTHOﬁ Z[06aBKI/I TMOPOIIKa HUKEIIA MPU MPEABAPUTECIIb-
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HOI1 MEXaHOAKTHBALMM TPEXKOMIIOHEHTHOH cMecu. B mporiecce cunTe3a, Bemymieil craaueii npouecca sSBsIoch
o0pa3oBaHHe MOHOKapOuIa THTaHa, coeaMHEeHHIT Ha ocHoBe Ti—Ni B cicTeMe He oOHapyxeHo. Pa3paboTaHHbIH
Croco0 MO3BOJISIET MONTYYaTh TOPOIIKOBBIC HAHOKOMITO3HTHI TSl NaIbHEUILEro HaMbUICHUs TOKPbITHH [17, 18].
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