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MIASMEHHOE HAMbITEHWE KOMMO3UUWOHHbIX NMOKPLITUN HA
OCHOBE CNCTEMbI Al;03-Al

U.B. PADAJIBCKHH, A.JI. PYJIEHKOB, O. I JEBOHHO, Benopycckuii HayuoHanbHblil mexXHudeckuil
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B cmamve npedcmasiiensl pe3yivmamul MOOEIUPOBAHUA U AHAIU3A MENLOBBIX NPOYECCO8 NPU NIAZMEHHOM HANbLIEHUU KOM-
NO3UYUOHHBIX NOKpbIMuULl Ha ocnoge cucmembvl Al,O3-Al. Modenuposanue npogoounocs 01 KOMNO3UYUOHHBIX YACMUY cO chepu-
YeCKoU CuMMempuell ¢ y4emom GIuUAHUSA ha308blx Nepexo008 Npu NIAIEHUU U UCNAPEHUU PASHOPOOHBIX MAMEPUAIO8 8 CUCHie-
Me «ATIOMUHUTI-OKCUO ANFIOMUHUAY U PASTUYHBIX PA3MEPO8 YACMUY HA OCHOBE MAMEMAMUYECKOU MOOENU HeCMAYUOHAPHOU me-
NAONPOBOOHOCIMU € VUEMOM SHYMPEHHUX UCMOYHUKOE Meniomvl npu (asosvix nepexodax. Ilpusedenvl peszyivmanivi
UCCIeO0B8AHUT MUKPOCIPYKMYPbL KOMROZUYUOHHBIX NOKPLIMULL NOCIe NIA3ZMEHHO20 HANbIAEHUS NOPOUKO8 HA OCHOBE CUCTEMbl
Al,O3—Al, cunme3uposanuvlx npu Memaniypeuieckol 0opabomre amioMOMAMPULHBIX KEAPYCOOEPIHCAUWUX KOMNOZUYULU.

Knrouesvie cnoea. Ilnasvennoe nanviienue, komnosuyuonnvle nokpvimus, cucmema Al,Os—Al, mennogvie npoyeccel, mooenruposa-
Hue, CmpyKmypa.
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PLASMA SPRAYING OF Al;03-Al COMPOSITE COATINGS
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The article presents the results of modeling and analysis of thermal processes during plasma spraying of Al,O3—Al composite
coatings. Modeling was carried out for composite particles with spherical symmetry, taking into account the influence of phase
transitions during the melting and evaporation of dissimilar materials in the aluminum-aluminum oxide system and various
particle sizes based on a mathematical model of non-stationary thermal conductivity, taking into account internal heat sources
during phase transitions. The results of studies of the microstructure of composite coatings after plasma spraying of Al,0;—-Al
based powders, synthesized during metallurgical processing of aluminum matrix quartz-containing compositions, are presented.
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BBenenue

[IpMeHeHne 3alUTHBIX MOKPBITHI Ha TOBEPXHOCTH JIeTalel MallluH MEePCIeKTUBHO U SKOHOMUYECKH Iie-
Jecoo0pa3HO KaK IMPH SKCIUTyaTallii B YCJIIOBHSAX JEHCTBHUSI arpeCCUBHBIX CPEl M BBICOKHMX TEMIIEpaTryp, Tak
U B T€X CIy4asix, KOTJia OTPe/eISIONINM pecypc padoThI IeTallu SBISIETCS BETMUMHA H3HOCA.

[Iporeccs! M1a3MEHHOTO HANBIJICHHS YCIEITHO MPUMEHSIOTCS ISl YIIPOYHEHUs, BOCCTAHOBJIEHUS U PEMOH-
Ta U3JeJIUH OTBETCTBEHHOTO HAa3HAUYE€HUSI BO MHOTHX OTPACIISIX MPOMBIIUIEHHOCTH, B TOM YHCII€ MAIlTMHOCTPO-
€HHH, DHEPreTHKe, CTPOUTEIIbCTBE, HedTeraszonepepadoTke, METALTYPIHH, NEKTPOTEXHUKE U JIp. B kauecTBe
MaTepHasioB Ul HalbUICHUS LIIMPOKO HCIOIB3YIOTCS AMCIEPCHbIE (TIOPOIIKOBBIE) YACTHUIIBI OKCHIHOW Kepa-
MUKH, B YaCTHOCTH, OKkcHuja amomuHusi Al,O5, 00nanaromero BEICOKOH TBEPAOCTHIO, OTHEYIIOPHOCTHIO M XH-
MHYECKOI CTOMKOCTBIO K arpeccUBHBIM cpenaM. OJHaKO MOKPBITHUS, MTOyUYEeHHBIE B pe3y/bTaTe MIa3MeHHOTO
HaIbUICHHS TOPOIIKOB Ha ocHOBE Al,O3, BO MHOTHX CIy4asX CKJIOHHBI K TEPMHUYCCKOM YCTAIIOCTH M Pacciio-
SHHIO TI0Jl MEXaHMYECKUMH Harpy3KaMH W3-3a MPUCYIIEH UM XPYIKOCTH ¥ MHKPOCTPYKTYPHBIX Aedektos [1].
B cBs13U ¢ 3TUM aKTHUBHO MPOBOASITCS HCCICAOBAHMUS 110 YAYUIICHUIO CTPYKTYPBI, PU3UKO-MEXaHHUECKUX H IKC-
TUTyaTallMOHHBIX CBOWCTB MOKPHITHH HA OCHOBE OKCHJIHOW KEPaMHUKH, B TOM YUCIIE IyTeM J100aBICHHUS METa-
TYecKuX (a3 amoMHUHUS B KEpaMUYECKyro Marpuiy [ 1-3].
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Ienbro HacTosmIeH pabOTHI SABISIIOCH MCCIIEIOBAaHNUE TEIUIOBBIX MPOLECCOB MIPU MIa3MEHHOM HAlbLICHUH
KOMITO3MIIOHHBIX MOKPBITUH Ha ocHOBe cucteMsl Al,O3;—Al, a Takke CTPYKTypbl KOMIIO3HIIMOHHBIX IOKPHI-
TH, TOJTY4EHHBIX METOJIOM IUIa3MEHHOTO HAIbUICHUS IIOPOLIKOBBIX MaTtepuanoB cuctemsl Al,O3—Al, cunTesu-
POBaHHBIX IIPH METAJLTYPrudeckoi 00paboTKe aTIOMOMATPUYHBIX KBAPIICOAEPKAIIUX KOMIIO3ULIUI.

MeToanka aHaJM3a TEIJIOBbIX IPOLECCOB NMPHU MJ1a3MeHHOM HalblIIEeHUU
KOMITO3MIIMOHHBIX MOKPBLITHI HA 0cHOBe cucTeMbl Al,O3—Al

AHaIU3 TEIUIOBBIX MPOIIECCOB NPH IIa3MEHHOM HAITbUICHHH KOMITO3HIIMOHHBIX MOKPBITHI HA OCHOBE CH-
crembl Al,O3—Al mpoBonMIM ¢ UCTIONB30BaHUEM PE3YIIFTATOB YHCICHHOTO MOACITUPOBAHHS TIpoIlecca HarpeBa
yacTull co chepuiyeckoil CUMMETpPUEH ¢ ydeToM BIUSHHS (a30BBIX TEPEXOJIOB MPU TUIABICHHHA U HCHIAPEHHUN
Pa3HOPOTHBIX MaTepPHaOB B CHCTEME «UTFOMUHUH—OKCH]] JTIOMUHHS U PAa3IMYHBIX pa3MEpPOB YaCTHUI] Ha OC-
HOBE MaTeMaTHYECKON MOJIEIN HECTAIMOHAPHOW TETUIONPOBOAHOCTH C YYETOM BHYTPEHHUX HCTOUYHHKOB Te-
TUTOTHI TIPY (pa30BBIX MEPEXoJax:

or M oy o P 1 a( 2aTj
cp—+ L St o+ L,——=——| " "—1|,0<r<x(), t>0,
Pt Elp’”" ot Elp’”’ o or or ®
t=0:T(r)=T,, 0<r<R,
O(T) 0 W
r=0:—=0; >0,
or

rae T — temneparypa, K; # — Bpems, ¢; A — TermonpoBoAHOCTh YacTHibl, BT/(M-K); C — ynenbHas TEIIoeMKOCTh
gactunpl, JIx/(kr-K); p — II0THOCTH KOMIO3UMIIMOHHOM YacTHIIBI, KI/M>; m — obliee KOJHIeCTBO XUMHUUYECKHX
COCAMHEHHH B COCTaBE KOMITO3UIIMOHHON YaCTHIIBL; Pk — IUIOTHOCTD k-TO KOMITOHEHTa (XMMHUYECKOTO COeTNHE-
HUST) KOMIIO3MIIMOHHOMN 9acTHIbI, KI/M>; Ly — yaeabHas TemIoTa MiaBjieHus k-ro KOMIOHEHTa KOMIO3HIIMOH-
HOH uwactuupsl, JHK/KT; £ — GyHKIMS 00beMHOHN J10H TuIaBsieics (asbl k-r0 KOMIIOHEHTa KOMIIO3UITHOHHOH
YaCTHULBL, 0.€.; L, — y/lelbHas TEIUI0Ta UCTIAPEHUs. K-I'0 KOMIIOHEHTa KOMIIO3UIMOHHON YacThbl, JUK/KT; [ —
(byHKIUS 00beMHON 10N Ucapstomeiicss (hasbl A-ro KOMIIOHEHTa KOMIIO3UIIMOHHOM YacTHllpl, 0.¢.; T, — Ha-
yJajibHasl Temneparypa dyactuusl, K; Tp; — Temneparypa minasmsl, K; » — paccTossHHE OT pacdeTHON TOUYKH 10
LIEHTPA KOMITO3UIIMOHHOM YaCTHIIbI, M; R — pajinlyCc KOMITO3UIIMOHHOMN YaCTUIIBI, M.

[IpencraBieHHy0 MOJIeNb YHCIECHHO pellaii METOJOM KOHEUHBIX Pa3HOCTEH C HMCIOJIb30BaHHEM SBHOM
Pa3HOCTHOM CXEMbI HA PABHOMEPHOM pacueTHOM CETKE:

Q= =ihi=0,K,t/ = jr, j=0,K.}, @

€ i, j — MHJIEKCHI IIPU PAaCUETHBIX y371ax, IPUHUMAIOLIME LIEJIOYNCICHHbIE 3HaYeHus OT HyJs 10 K, u K, cooT-
BETCTBEHHO; K, 1 K, — mapaMeTpsbl, ONPEAEIIIONINE YMCIO PACUETHBIX y3JI0B COOTBETCTBEHHO AJIS1 KOOPAHHATHI
7 ¥ BpEMEHH £; /i, T — II1ar I3MEHEHUS TTapaMETPOB 7" M { COOTBETCTBEHHO.

Brruncnenust mpoBOIMIIH B TIPEATIONIOKEHNH PAaBHOMEPHOTO (JIMHEHHOTO) XapaKTepa MPOIEeCCOB TTaBICHUS
Y UCTIApEHMS] KOMIIOHEHTOB KOMITO3UIIMOHHOW YaCTHUITHI (QTFOMUHUS U OKCHJIA TFOMUHUS ), HE B3aMMOJIEHCTBY-
IONNX XUMHAYECKH MEXTy co00i, mpu (a3oBbix nmepexonax. OyHKINU 00bEMHON JOIH TIIABSIIEHCS U HCIIa-
puBIIelics a3 k-ro KOMIIOHEHTa KOMITO3UITMOHHOW YaCTHUIIBI OIIPEIEISITH JIst nHTepBajioB Temneparyp (7, 75)

U3 COOTHOIICHUS
ofs dfgoT 1 oT 3)
o0 dI ot T,-T, ot
Pacuer TemmepaTypsl MPOBOIWIM Ha OCHOBE YHCICHHOTO perieHus auddepennnanbaoro ypasHenus (1)
MOCIIe anpOKCUMAIIH YaCTHBIX MPOU3BOAHBIX KOHEYHBIMH PA3HOCTSAMH C YUETOM BIMSHUS TEMIIEpaTypsl Ha
YACNBHYIO TEIUIOEMKOCTb, TETJIONPOBOIHOCTh W TUIOTHOCTh XUMHYECKHX COCAMHEHWH, BXOASIINX B COCTAaB

KOMITO3HUIIMOHHOM YaCTHUIIBI (IS AJIFOMIHIS ¢ YISTOM JaHHBIX paOoThI [4]):
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k-ro KoMIIOHeHTa yacTubl mpu Temmeparype 77 cooteTcTBerHO; T, Ty T, ik 1p2x — TEMIIEPATYphl Havasa
U OKOHYaHUs (Pa30BbIX MEPEXOA0B (ILUIABICHUS U UCNApeHUs) k-ro KoMmroHeHTa, K; n;, — KoHUEeHTpalus k-ro
KOMIIOHEHTa B KOMIIO3ULIUOHHOM YacTHUIE, O.€.

DYHKIHIO TEMIIEpaTypsl M1a3Mbl 1 'p; (X) B TPaHUYHOM yCJIOBUH (1) ONpenessiu ¢ UCIOoIb30BaHUEM JaHHBIX
pabotsl [5] mpu ycnoBuu HauanbHOW Temieparypsl miasmbl 12000 K Ha paccrosnun 0,1 M 0T mia3MoTpoHa
(Trax) 1 cxopocts oToka 1000 M/c U3 COOTHOIICHUS

Ty, (x)=0,017,, x 2. (5)

AHaJIN3 NPOLEeCCOB HATPEBA U CTPYKTYPOOOPA30BAHN KOMNO3UIIMOHHBIX MOKPBITHI
NPH HANBLJICHHHU AUCIIEPCHBIX YacTHI cucTeMbl Al,O05-Al

Ha puc. 1-3 mpencrapnens! pe3ynbsTaThl YUCISCHHOTO PELIeHNs YCIOBUI HarpeBa KOMIIO3MIIMOHHON 4acTu-
1Bl CUCTEMBI «aJTIOMHHHUN-OKCH]] AIFOMUHUS [IPH MJIA3MEHHOM HAIBIJICHUH C YYETOM Pa3iIMuHOTO COAEepKaHUS
AITIOMHMHHA U OKCHJIA aJTFOMUHMSL.

AHanu3 MOJy4eHHBIX Pe3yJbTaTOB YHCICHHOTO MOJEIMPOBAHNUS Ipoliecca HarpeBa KOMIIO3UIIMOHHON Ya-
ctuibl cuctembl Al,O3;—Al Tipu TIIa3MEHHOM HaIlbIJICHUH Ha CTAIBHYIO MOMJIOKKY MOKA3al, YTO YacTHUIIBI CO
CPEIHUM TUaMETPOM JI0 35 MKM B IUIa3MEHHO CTpye MOJTHOCTBIO ucnapsaTcs (puc. 1) BHE 3aBUCUMOCTH OT CO-
CTaBa KOMITO3WIIMOHHOM YaCTHIIBI.

[Ipu nuameTrpe yacTuIl CBBILIE 55 MKM OOJIBIIIOE BIUSHUE HA TEMIIEPATYPHBIH MPO(UIb KOMITO3UIIUOHHOM
YaCTHUIIBI OKa3bIBACT COOTHOIICHUE (a3 aTlOMUHMS U OKcuaa aidtoMuuust (puc. 2, 3). I1pu aTom ¢ yBenuye-
HUEM COZIep’KaHUs AJIIOMHUHUSA B COCTaBE CYIIECTBEHHO YMEHBIIAETCA pa3Mep KOMITO3WIIMOHHON YacCTHUIIBI
B IJIa3MEHHOM cTpye (amroMuHuit 3a Bpems ot 2,5 -107% 10 3107 ¢ B cTpye mIa3Mbl ycneBaeT MOTHOCTBIO
WICIIApUTHCS).

Yactuuel nuamerpoMm 75 MM ¢ cogepxkanneM 100% okcuaa amtOMUHHS TOJHOCTBIO HE PACIUIABISAIOTCS
B IJTa3MEHHON cTpye (IpH YCIOBMHM HaudajibHON Temmeparypsl miasmbl 12000 K), onnako mpu comepxaHuu
METaIMYECKOT0 aTIOMUHHSA OT 25 10 50 % KOMIO3MIIMOHHAS YacTHIIA yCIEeBAeT pacIaBUThCs 3a 3,5-1074 —
4,5-107* c. Ilpu >TOM TIPOMCXOAUT YACTHYHOE MCHApPEHHE ATIOMUHMS, a MPU colepikanuu amomunus 100 %
YaCTHIIA JUAMETPOM 75 MKM HCHapseTCs OJIHOCThIO (puc. 3, 0).

TakuMm 00pa3om, pe3ysbTaThl YHCICHHOTO aHaK3a YCIOBHI HarpeBa KOMIIO3UIIMOHHONW YacTHIIbI CUCTEMBI
Al,O3—Al ipu ma3MeHHOM HalbUICHUH Ha TOJUIOKKY € YYETOM Pa3IMYHOTO COACPIKAaHMsI aJFOMUHUS U OKCHIa
AJIIOMUHUS [T0KA3aJId, YTO ONTUMAJIbHBIM Pa3MEPOM YACTHIL SIBJISIOTCS 3HAUEHUSI B UHTEPBAJIE OT 55 710 75 MKM,
a yBEJIMUYEHHE KOJMYECTBA aTIOMUHNUS B COCTAaBE MOPOIIIKa CBHIIIE 75 % HelenecooOpasHo.

Pe3ynbprarhl ckaHUpYIOIIEH MEKTPOHHON MHKPOCKOIIMH MOBEPXHOCTH M3JI0Ma KOMIIO3MIIMOHHBIX MOKPHI-
THUH MOCJIe MIa3MEHHOTO HabUICHHSI TOPOIIKOB Ha OCHOBE cucTeMbl Al,O3—Al, CHHTE3UpPOBAaHHBIX TIPU METAJ-
Jypruyueckoit 00paboTke aTrOMOMATPUYHBIX KBAPIICOASPKAIIMX KOMITO3UIMH [6], mpuBeaeHbI Ha puc. 4.

Ucxonst 3 aHanu3a pe3yibTaroB, YCTAHOBJICHO, YTO KOMITO3MIIMOHHOE MOKPBITHE TPEACTABISIET co00it
MHOTOKOMITOHEHTHYIO METaJUIOKEPAMUYECKYIO CTPYKTYPY ¢ MUKPOHHBIMH, CyOMHUKPOHHBIMH M HaHOpa3Mep-
HBIMH BKJIIOUEHHUSMH, TPEUMYIIECTBEHHO COCTOSIIIMMHU U3 AJIOMUHUS M OKCHJAa aJIOMUHUS, C HEpaBHOMEp-
HO PacIoJIOKEHHBIMU MPUMECHBIMU COEIUHEHUSAMH, BKIIOUAIONUMH IPEUMYIIECTBEHHO AIEMEHTHI KPEMHUS,
Me/M U MarHusl.
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Puc.4. Tonorpadus NOBEPXHOCTH U3JI0MA HOKPBITHUS, OJIyYEHHOT'O M71a3MEHHBIM HAIbIJICHHEM IOPOLIKa Ha ocHOBe cucteMsl Al,O53-Al,
CHHTE3MPOBAHHOTO TIPU METAJUTY PruyecKoi 00paboTKe aJFoOMOMAaTPUYHbBIX KBapLCOACPKALIUX KOMIIO3UIIUIT
MIPH Pa3IUYHBIX YBETHUYEHHUX: a — X 65; 6 — % 1600; ¢ — < 7000

ITony4eHHbIE pe3yabTaThl MOTYT OBITh UCIIOIL30BaHbI IIPU Pa3pabOTKe COCTABOB M TEXHOJIOIMUYECKUX IIPO-
LIECCOB IIJIa3MEHHOI'0 HalbUICHUs IOPOILKOBBIX MaTepuajaoB Ha ocHose cucteMbl Al,O3—Al ¢ nenbro nomyde-
HUS 3AIIATHBIX KOMIIO3ULIIMOHHBIX IOKPBITHI Ha MTOBEPXHOCTH JETajIed MalllMH U HHCTPYMEHTOB.
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