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HAHECEHME METOOOM XOJ1OAQHOIO
rASOANHAMUYECKOIO HANBLITEHUA KOMIMO3ULUMOHHbIX
(METANN — METANJT) NOKPbITUA

lMpencTtaeneHbl pesynbTaThl UCCneaoBaHns (OPMUPOBAHUS KOMMO3ULIMOHHBIX MOKPbITUA 13
MHOTOKOMMOHEHTHBIX CMEeCel, B YaCTHOCTU M3 ABYXKOMMOHEHTHbIX, NpeAcTaBnsoWmx cobon cmecu
OBYX pasHbIX MeTannmM4yeckux nopoLlkoB. MeTogomM XonoAHOro ra3oAuHaMM4ecKoro HarmbifieHUs nony-
YeHbl 06pasLibl C KOMMO3UTHBIMU MOKPLITUSIMU U3 CMECEe NOPOLLKOB antoMUHWUSA 1 Meau Npu pa3Hou uc-
XOHOWM MaccoBoOW KOHLEeHTpauum antomuHus (o1 0 go 100 Bec. % ¢ warom 10 Bec. %) npy Npounx pas-
HbIX YCNOBUAX (daBneHue TopMoxeHus Bosgyxa 1,5 MlMa, Temnepatypa TopmoxeHus 500 K). Mamepe-
Hbl KOS(MULMEHT HamMbIIEHNss CMECcH W OCTaTOMHOE COoAepXaHWe KOMMOHEHTOB B MOSyYEHHbIX
KOMMO3MTHbLIX MOKPLITUAX. [lJaHHbIE MO OCTAaTOYHOMY COAEPXKaHMI0 KOMMOHEHTOB B MOKPbITUM NO3BOMNSAOT
BblIOpaTb COCTaB UCXOAHOrO NopoLuKa, HeobxoanMbI ANst NONyYeHUst 3aAaHHOro CoaepXKaHWs KoMmno-
HEHTOB B MOKPbITUKN. HalaeHbl 3aBUCMMOCTU KO3(DULMEHTOB HaMbINEHNS MEAN U antoMUHWUS OT Mac-
COBOr0 COAEpXaHWsl antoMUHUS B HamnbinsieMow cMecu. [Mpu NCXOAHOW KOHUEHTpauuu antoMUHUSE Me-
Hee ~ 65 BecC. % KOI(PUUMEHT HanbiNeHus Megu oKasblBaeTcsa Bblle koaduumeHTa HanblieHusa
anoMuHus. O6a MOHOTOHHO YBENMUYMBAIOTCS C POCTOM KOHLIEHTPaLMW antoMUHNS, MOKa OHa He JOCTuUr-
HeT BenunumHbl ~ 60 Bec. %. Mpn BLICOKMX KOHLIEHTpauusx anoMuHus (bonee ~ 65 Bec. %) koadpdmum-
€HTbI HaMbINEHUS Mean, antoMUHUA U X CMecu coBnagatoT. [onyyeHHble pe3ynbTaThl NOATBEPXAAOT
Hanuyve B3avMOBINSIHUSA KOMMOHEHTOB APYr Ha Apyra n o60CHOBbLIBaOT MeToA BBeAeHUst J06aBOYHO-
ro KOMMOHEHTa AN MONyYEeHUs KOMMO3WLMOHHOMO MOKPbITUSI, COoAepXKallero «TpyaHOHanbINseMblii»
KOMMOHEHT.

KnioyeBble crnoBa: xonogHoe rasogvHaMUYecKoe HarbifieHWe, 3pO3UOHHO-aAre3NOHHbIN Mne-
pexof, KOMMO3ULIMOHHbIE MOKPbLITUSA, CMECb MOPOLLKOB, KO3MMULIMEHT HamMbINEeHWs, OCTaTOYHOE coaep-
XaHne KOMMOHEHTOB B MOKPLITUN.

S.V. Klinkov, V.F. Kosarev, A.S. Zhelnina

Khristianovich Institute of Theoretical and Applied Mechanics, Siberian Branch
of Russian Academy of Sciences, Novosibirsk, Russian Federation

COLD SPRAYING OF COMPOSITE (METAL + METAL) COATINGS

The paper presents results of study of composite coating formation using multicomponent mix-
tures, in particular two-component that is mixture between two different metal powders. Samples with
composite coatings were cold sprayed using mixtures of aluminum and copper powders at different ini-
tial aluminum mass concentration (from 0 to 100 wt.% in increments of 10 wt.%) under other equal con-
ditions (air stagnation pressure 1,5 MPa, stagnation temperature 500 K). Mixture deposition efficiencies
and residual contents of components in obtained composite coatings were measured. The data
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obtained on residual content of components in coatings allow choosing component contents in initial
powder required for production of given component content in coating. Dependences of copper and
aluminum deposition efficiencies upon aluminum mass concentration in sprayed mixture are found. At
initial aluminum concentration less than ~ 65 wt.% copper deposition efficiency is higher than aluminum
deposition efficiency. Both copper and aluminum deposition efficiencies increase monotonically with
increase in aluminum concentration until it reaches value of ~ 60 wt.%. At higher concentrations of
aluminum (over ~ 65 wt.%) deposition efficiencies of copper, aluminum and their mixtures coincide.
These results confirm presence of interference between components and justify method for production
of composite coating, comprising not easy-deposited component, due to introducing additional
easy-deposited component.

Keywords: cold spraying, erosion-adhesion transition, composite coatings, powder mixture,
deposition efficiency, residual content of componets in coating.

BBeaenue

Xononnoe razonuHamuueckoe HambuieHne (XI'H) — ObicTpopas3Bu-
BAIOIIMIKCSA METOJ MOPOLIKOBOTO HAHECEHUsI MOKPhITUH [1], B KOTOpOM uac-
TUILBI C XapaKTepHbIM pazMepoM 10—150 MKM yCKOpPSIHOTCSI B CBEPX3BYKOBOM
noToke raza a0 ckopocteit 400-1200 m/c m ipu yaape o MOMIOKKY 3aKper-
JSIOTCSI Ha Hell 6e3 (a30BbIX Mepexo/10B. SIBIeHUE OTKPHITO M UCCIIEOBAHO
B MlHCTHUTYTE TEOpPETUUECKOM U MPUKIJIAAHON MexaHUKHu UM. C.A. XpucTraHo-
Buua CO PAH. OtcyTcTBHE BBICOKUX TEMIIEPATyp MO3BOJISIET CYIIECTBEHHO
paclIMpUTh BO3MOKHOCTH METOJIOB HAHECEHWS! MOKPBITUM MOPOIIKOBBIMHU
MaTepualiaMi U o0ecriedrBaeT psijl BaXKHbIX Mpeumyiects Metoga XI'H me-
peA U3BECTHBIMHU Ia30TEPMUUECKUMH METO/IaMH, BKITIOYAs:

— BO3MO’KHOCTb MCIOJIb30BaHUS JJIs HAIlbUICHHSI MIOPOILIKOB C pa3Me-
pom Menee 30-50 MKM, B TOM YHUCIE YJbTPAAUCIEPCHBIX, YTO MPUBOJIUT
K YJIY4YIICHUIO KayecTBa NOKPBITUS — YBEIMYUBAECTCS €ro IUIOTHOCTb,
YMEHBIIIAeTCsl 00BEM MHKPOIYCTOT, CTPYKTypa CTaHOBUTCS OoJiee OJHO-
POIHOM, NOSIBASIETCS BO3MOKHOCTh YMEHBIIUTD TOJIIUHY MOKPBITHS;

— OTCYTCTBHME CYLIECTBEHHOI'O HAarpeBa 4acTHUI] U CBS3aHHBIX C HUM
MPOLIECCOB  BBICOKOTEMIIEPATYPHOTO OKHUCIEHHS, (a30BBIX MEPEXOI0B
U T.J., YTO TIO3BOJISET IOJYYaTh TOKPBHITHS CO CBOWCTBAMHU, ONM3KUMU
K CBOMCTBAM MaTepuaja UCXOJHbBIX YaCTHIL], a TAKXKXE KOMIIO3UIIMOHHBIE T10-
KPBITHS U3 MEXAHUYECKON CMECHU MTOPOLIKOB, 3HAYUTEIBHO Pa3IndarolIuXcst
1o (pU3UKO-TEePMUUECKUM CBONCTBAM;

— OTCYTCTBHE CYUIECTBEHHOI'O TEPMHUYECKOTO BO3JECHCTBUS HA U3JIE-
JIe, YTO MO3BOJIIET HAHOCUTh MOKPBITUS HA MOJJI0KKH U3 HETEPMOCTOMKUX
MaTEepHUAJIOB;

— IPOCTOTa TEXHHYECKON pealu3aluyd W yaydlleHue 0e30MacHOCTU
paboT B CBSA3H C OTCYTCTBHUEM BBICOKOTEMIIEPATYPHBIX CTPYH, a TAK)KE OTHE-
Y B3PBIBOONIACHBIX I'a30B.
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Ha ocnoe metona XI'H co3paroTcsi TEXHOJOTMU JIsl pELICHHS 3a]1a4
JHEPro- U pecypcocOepekeHrs B pa3IMuHbIX 00JaCTSIX TPOMBIIIIEHHOCTH U
BBOJISTCS] B MPAKTUKY HETPAAULIUOHHBIE U dPPEKTUBHBIE CIOCOOBI MPOU3-
BOJICTBA, PEMOHTA, BOCCTAHOBJICHUS, aHTUKOPPO3UOHHOM 3alUTHI, MOTyYe-
HUS AJIEKTPO- U TEIUIOMPOBOAAIINX, aHTU(PUKIIMOHHBIX U JPYTUX MOKPHI-
TUN (YHKIMOHAJIBHBIX Y3JIOB U 3JIEMEHTOB CaMOM pa3lWYHONW TEXHUKH U
obopynoBanus. ['pynma yueHBIX MO PyKOBOJCTBOM akajemuka B.M. ®o-
MHHA 3a CO3/JaHHe OOOONICHHONW TEOpWH B3aUMOJCHUCTBUS BBICOKOCKO-
POCTHBIX T€TEPOTEHHBIX IOTOKOB C TIPErpajoi, pa3pabOTKy TEXHOJIOTHI
U 000pyIOBaHUS AJIsl Ta30JMHAMUYECKOTO HAIbUICHUS! METAIJIOB, IIUPOKO-
MacCIITa0HO MCTOIh3yEeMbIX B MUPOBOM MPaKTHKE, yaocToeHa npemun [pa-
ButenbcTBa PO B obnactu Hayku u texuuku (2010 1.).

Bo3moxHOCTh 00pa3oBaHMsl MOKPBHITUN M3 YAaCTHI] B TBEPAOM (Hepac-
IJIABJIEHHOM) COCTOSIHUM OKa3aJlaCh HEOKUJAHHOM Ui CIELUAIUCTOB, I0-
CKOJIbKY CYIIIECTBOBAJIM MPEJCTABICHUS O HEOOXOIMMOCTH TUIaBlIeHuUs (00-
niero Ju00 JIOKAIBHOTO) JUIS TIOSIBJICHUS aAre3UHd MEXy YacTHICH W IO-
BEPXHOCTHIO TOJIJIOKKH M 00pa30BaHUs TIOKPBITUSA U O TOM, YTO MPHU yJape
HEpaCIUIABJICHHOW YaCTHULbl YIIPYTrasi SHEPIHs BbI30OBET OTCKOK YAaCTHIIbI OT
nperpaasl. Haunnas npumepno ¢ 2000 r. mo Bcemy MUpPY CTald MOSBIATHCS
LHEHTPBl U JTA0OpaTOpuM MO M3y4YeHHI0 Bo3MoxkHocTe mertona XI'H. Un-
TEHCUBHOCTH MCCJICIOBAHUHN HATJISAHO JEMOHCTPHUPYETCS OOJIBITUM YHCIIOM
myOJMKaIMii, pa3BepHYTHIM 0030p JUTEpaTyphl MIPEACTABICH B MOHOTpadu-
sax [2] (mepBas B mupe MoHOrpadwsi, MOCBAIIEHHAS HW3T0KEHUIO OCHOB
XI'H), [3, 4]. B pe3ynbraTe mpoBeACHHBIX UCCIEAOBAHUN OBUIH TPEIIIONKE-
HBI Pa3JIUYHBIC TEXHUYCCKUE PEIICHUS 32 CUET ONTHMAJILHOTO BRIOOpA pa-
Oouero raza [5], pazmepa u GpopMbI YacTHUIl TTOpOIIKa [6], cTpaTernu HaIlbl-
neHus: (YUCIO0 MPOXOJ0B, CKOPOCTh CKAHMPOBaHUSA) [7], yria HanbUICHHs
[8], momorpeBa nopoika [9], onTUMalbHOW T€OMETPUM MACOK, MOJICIOEB
[10]. CnemyeT OTMETUTH TaKkke PaOOTHI 1O HANBUICHUIO B BAKyyME CYyOMHMK-
POHHBIX TOPOMIKOB [11], mpumeHneHnto Mukpocornen (10 S0 MKkM B 1uaMeT-
pe) JUlsl HallbUICHHUs] HAHOMIOPOLIKOB (BKJItOUas HeMeTasuibl) [12], mo metai-
muzauuu MeroaoM XI'H crekna u kpemuus [13], pa3Hbix miactukos [14—
18], a Takke HampUICHUS MOPOLIKOB TIacTUKOB [19, 20]. Bee st noctmxe-
HUS TTOKa3bIBAIOT, HACKOJBKO MIUpOoKa o0nacTs npuMmeHeHuss X1 H. bonbmoe
pa3zHoo0pa3ue MOTyYaeMbIX C €ro MOMOIIBI0 MAaTEPUAIOB U MOKPBITUN TO-
poOHO TpeacTaBieHo B HeaaBHO Bhimenmux (2014-2016 rr.) B MexayHa-
poaHoii euatu od3opax [21-25].
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Onnaxo noreniman XI'H 1o koHIIa HE paCKPBIT, HEKOTOPbIE ACTIEKThI
nporiecca TpeOyroT JalbHEHIIEro NCCIeA0BaHMs € LETbI0 CO3[aHNsl HOBBIX
TEXHOJIOTUH, X ONTUMHU3AINH, a TaKkkKe Oosee TIyOOKOro moHMMaHus ¢Qu-
3UKH BBICOKOCKOPOCTHOT'O YAAPHOTO B3aMMOJECHCTBUS F€TEPOreHHBIX MOTO-
KOB C IIPErpagamu.

OnHoll U3 Takux 3ajay ABISETCS U3ydyeHHE (OPMHUPOBAHUS KOMIIO3H-
LIMOHHBIX TOKPBITUM M3 MHOTOKOMIIOHEHTHBIX CMECEH, B YAaCTHOCTH U3
JIBYXKOMITOHEHTHBIX, MPEJCTABIIAIOIINX COO0M CMECH JIBYX pa3jUYHbIX Me-
TaJVINYECKUX MOPOIIKOB. OCOOEHHO Ba)XKHO BBIBUTH B3aMMHOE BIIMSHHE
KOMIIOHEHTOB, HAalpUMep, KOorja KOd(QQHUUMEHT HambUIEHUs OJHOI0 U3
KOMIIOHEHTOB B MPUCYTCTBUU JPYroro KOMIIOHEHTa OTJIMYAETCS OT KOd(]-
¢dunrenHTa HambUICHHUSI TIPU OTCYTCTBUH JAPYroro KommnoHeHta. [y uzyde-
HUS DTOTO SIBJICHUSI ObUTa BHIOpaHA B KAa4eCTBE NMPUMEpPA CMECHh TMOPOIIKOB
AJIIOMUHMS U MeaU. PaHHue SKCIIepUMEHThI II0Ka3aly, 4To IpU TeMIepaTy-
pe 500 K koo puiineHT HanblIeHUsS MEHOTO OPOIIKa MPAKTHIECKU PABEH
HyJ10. B TO ke Bpems KO3 GHUIMEHT HANBIICHUS ATFOMUHHEBOTO MOPOIIKa
[P ATOU TeMIlepaType 3aMETHO OTJIMYAETCsl OT HyJisd (HMXKe B paboTe Mpu-
BEJICHbl KOHKpETHbIE 3HaueHMs). HOBU3HA NaHHOIO MCCIEOBAHUS 3aKIIO-
YaeTcsi B TOM, 4TOOBI TMOKa3aTh, YTO MPU 3TOH K€ TeMiepaType pabodero
Bo3ayxa (500 K) MoxxHO yBenmMuuTh KOA((GUIMEHT HANIBUICHUS MEAH ITyTeM
CO3/IaHHSl CMECHU C J100aBJIEHMEM AJTIOMUHUS. DTO MO3BOJUT 0OOCHOBATH,
YTO B TEX ClIydasxX, KOTJa He yJaeTcs M3 KaKoro-HUOyJb MOpOIIKA IOJTY-
YUTh MOKPBITUE B CHUIYy OTPAHMUYEHHBIX BO3MOXKHOCTEH KOHKPETHOH ycCTa-
HoBKkH XI'H, noOaBneHue MmOAXOASIIEr0 KOMIIOHEHTa, KOTOPBIA CpaBHU-
TEJNBHO JIETKO (POPMHPYET MOKPHITHE, TO3BOJUT MOIYYUTH KOMITO3UIIHOH-
HO€ IOKpBITHE, B COCTaB KOTOPOI'O B OINpPENEJIEHHONW HpONopuuu OyAer
BXOJIMTb U «TPYyJAHOHAIBIISEMbIil» KOMIIOHEHT.

Llenbto paboThI SIBJISIIOCH J0KA3aTEIBCTBO B3aMMOBIMSHUS KOMIIO-
HEHTOB JIpyr Ha japyra npu XI'H n o6ocHOBaHME METOIMKY BBEJECHUS 100a-
BOYHOI'0 KOMIIOHEHTA JUIsl [TOJYyYeHHUsT KOMIIO3UIIMOHHOTO MOKphITUS. B ya-
CTHOCTH, B YCJIOBUSX, KOT/1a KO3(PULIMEHT HANBUICHUS! MEJIU MOYTH PaBEH
Hyto (mpu Temneparype pabdouero Bozayxa 500 K), s3To mouck skcnepu-
MEHTaJIbHON 3aBUCHMOCTH M3MEHEHHs KOA((UIMEHTa HAIBUICHHUS OT TPO-
LIEHTHOT'O CO/EP’KaHMsI MOPOIIKOB MEIN U aFOMUHMSI B HAIIBUIIEMON CMe-
CH, ONPEIEIIEHUE UX OCTaTOYHOIO COAEP>KAHMS B MOKPHITUM U 3aTEM BBI-
YHUCJICHUE HAa OCHOBE O3TUX MAAHHBIX KOI((UIMEHTOB HANbUICHUS MeIu
Y JIFOMUHUS.
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Marepunanbl, 000py10BaHHe U METOAUKH

Hcnonvzyemole nopouwiku

JUis  monydeHHsT KOMIIO3UIIMOHHBIX TOKPBITHHA HCHOJIb30Bajach
MexaHuuyeckas cmech mnopomka amtomuHus ACH-1 u memu IIMC-1.
Ha puc. 1 mokazansl MukpodoTorpaduu 4acTUIl STUX TOPOIIKOB.

10.0kv  X1,000 10Um WD

Puc. 1. Hanpinsiembie mopotku: a — nopoiok amomuaust ACJI-1; 6 — mopomiok Meau
IMC-1

Pacripenenenuie yacTtuil Mmopolika Mo pasMepy SBISETCS OJHUM U3
BOXHEHIIUX [apaMETPOB, ONPEAEISAIOIINX BO3MOKHOCTh €0 IPUMEHEHUs
B XI'H m kauecTBO momy4aembIX NOKpbITHH [1]. AHanu3 pacnpeneneHus
YacTHIL 10 pa3MepaM MPOBOAWICS Ha JIA3EPHOM aHAJIM3aTOpE pa3Mepa yac-
tur LS 13320 (Beckman Coulter, CIIIA). O6vemHbIe pyHKIIUU pacmpese-
JIEHUs1 4aCTHI 10 pa3MepaM I0Ka3aHbl Ha puc. 2.

fos MKM_1

0,02

——Al

——Cu
0,01 Z\x

&A\A\m
0,00 # 00 f
80 120 160 dp, Mkm

Puc. 2. O6bemMHBIE QYHKIMHU pacIipeaeIeH s YacTHIL 110 pa3Mepam
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Cpennne 3Ha4YeHHA Pa3sMEPOB YaCTUL d),, U CTAHAAPTHOE OTKIIOHE-
HUE Sy, BRIYUCIICHHBIC 110 U3MEPEHHOMY O0ObEMHOMY paclpeneeHUI0, pe/l-
CTaBJIEHEI B Ta0I. 1.

Tabmumna 1

Cpennuit fuamMeTp U CTaHJAPTHOE OTKIIOHEHUE PACTIPECIICHUS
4acTHI 110 pa3Mepam

ITopomok dy. s MKM S4, MKM
ACH-1 30,2 15,7
IMC-1 46,3 26,5

W3 puc.2 u T1abn. 1 BUAHO, YTO MaKCHUMAJIbHYIO JONIO IO 00beMY
(macce) 3aHMMaroT vactuubl pazMepoM 20-50 MM aisa amromuHus u 40—
80 MKM 117151 MEJTH.

Jlis aHanM3a 3JIEMEHTHOIO COCTaBa MOKPBITHS (HAXOXKAECHUS COAEp-
’KAHUS KOMIIOHEHTOB B IOKPBITMH) NPUMEHSJICS PEHTIE€HOCHEKTPaIbHBIN
MHUKpOaHaJIu3, KOTOPbI OCYIIECTBISETCS IHEProAUCIIEPCUOHHBIM 0€3a30T-
HeiM crnektpomerpoM INCA Energy 350 x-MAX (Oxford Instruments,
CIIA) ckanupyromero snektpoHHoro mukpockona EVO MAI1S (Karl
Zeiss, 'epmanus).

MaccoBble JJ0IM MOPOIIKOB MEAM U ATIOMHUHUS B HalbLISIEMbIX CMe-
CSIX TIPEZCTaBJICHbI B TA0M. 2.

Tabauma 2

MaccoBbi€ 10U IMOPOIIKOB B CMECCAX

Howmep cmecu
ITopouiok
1 2 3 4 5 6 7 8 9 10 11
Ccu 1 09 | 08 0706 (05]041(03]02] 0,1 -
CAl - 0,1 02 (031]04105(06 |07/ 081 09 1

Qobopyooeanue 0nsa Hanvl1eHU

Hanpuienue Ha cranbHble MOJIOKKH TPOBOJWIOCH C TIOMOILBIO yCTa-
HoBKkM XI'H (sBastromieiicss YHUKaIbHBIM OOOpPYIOBAaHUEM), pa3MENICHHON
B CIEUUAIU3UPOBAHHOW IIYMO3AIUTHOW KaMmepe HambUleHus (puc. 3)
1 OCHAIICHHOW POOOTH3WPOBAHHOM MIECTUKOOPAMHATHOW CHUCTEMOM TO3H-
mmonupoBanusg KR-16 (KUKA Robotics, I'epmanusi), Ha KOoTOpoil Obuin
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CMOHTHPOBaHBI COIUIO W HarpeBatenb (puc.4). Mcnomb3oBanue poOota
(yrpaBisieMOro KOMIIBIOTEPOM) MO3BOJIMJIO C BBICOKOM TOYHOCTBIO IO3H-
uuonupoBath (0,1 mm) u mepememars (0,1 MM/C) COMIIO OTHOCHUTEIBHO
MO/IJTOKKH.

Puc. 3. [Isme- u nryMo3ammuTHEI O0KC

Puc. 4. IIpomsimnenssiii pobor KUKA KR 16-2 ¢ y3nom XI'H:
1 — poboT; 2 — HarpeBaTelb; 3 — COIIOBOM y3el
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