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Aunnomauyusn. /{11 mozo, umobvi onpedeiums B03MOICHbBIE BbLCOKOMEMNEPAmypHbvle
CelleKmueHo-noziowarlowue noKkpselmus, Mmsbl npocmompelu 6 Jjaumepamype cpeane- u
gvicoKomemnepamypHvle noziowanowue nokpvimus. QOcobvilli  uHmepec npedCmMasisiom
pa60mbl, 6 Komopblx npueodﬂmc;z pesyibmanibl  KUMAMU4YeCKUux UCHBIMAHUU CeNeKMUBHO
nozciowaroumux nOKpblmulZ. HpOG@d@HO UCCre00eanue GIUsIHUA PA3TUYHBIX MEXHOJI0CUUECKUX
peAcumos cunmesa Ha COJIHEeYHOU neyu Ha c80UCmEd nojxydyaemsblx Kepmemaoes, d maxKoice 6lusinue
memnepamypsl U 8peMeHU 8bl0ePIAHCKU PACNIABA.

Knroueenvte cnoea. CeﬂeKmueﬂo-noeﬂow;aiomue NnoKpslmus, Kepmemabl, COJIHeYnblll
cnekmp, nepexodnble myeonjiasKue menmaiibl, No2A0WerHue, usaiyiameilbHas Cl’lOCO6HOCI’I’lb,
8bICOKASL  MEeMNepamypHas CcmabulbHOCMb, ONMUYECKUe CEOUCMEd, MUKPOCMPYKMypd,
Mopghonoeus, cocmas, aoee3us, Kpumepuili mecmuposanusi CPOKA CAYHCObl U MepMuiecKoll
cmabunvHocmu KOJNIEKmMopoe6, mepMOYyuKiIupoeaHe, CmeneHsb c)eepa()auuu, menjiomexrnuvyeckue
Xapakxmepucmuxu u op.

SELECTIVE-ABSORBING COATINGS BASED ON METAL-CERAMIC MATERIALS

Abstract. In order to determine possible high-temperature selective absorbing coatings,
we have looked at medium- and high-temperature absorbing coatings in the literature. Of
particular interest are the works in which the results of climatic tests of selectively absorbing
coatings are presented. The influence of various technological modes of synthesis in a solar
furnace on the properties of the resulting kermets, as well as the influence of temperature and
melt holding time, has been studied.

Keywords. Selective-absorbing coatings, cermets, solar spectrum, transition refractory
metals, absorption, emissivity, high temperature stability, optical properties, microstructure,
morphology, composition, adhesion, test criteria for service life and thermal stability of
collectors, thermal cycling, degradation rate, thermal performance and etc.

BBEJIEHUE

B nacrosiiee Bpemst umeeTcst 60J1bI10€ KOJIUYECTBO pabOT, MOCBALIEHHBIX CEJIEKTUBHBIM
MOTJIOUIAIOIINM MOKPHITUAM. Cpeiu HUX cleAyeT BbIIEINTh Hanbosiee YacTo LUTUPYEMBIE U, TI0
HalleMy MHEHHIO, ToJHble 0030pbl [1-4]. AHanu3 JWTEpaTypHbIX JAHHBIX IOKa3aj, dYTO
CYIIECTBYET OOJbIIOE KOJUYECTBO MATEpUAIOB M TEXHOJOIHH, KOTOPHIE JalOT BO3MOKHOCTh
MOJIyYUTh CEJNEKTUBHBbIE NMOKpPbITHA [1-5]. 13 nureparypbl moka He SICHO, Kakas TEXHOJOTHUS
SBJISIETCS ONTHUMAJIbHON U HanboJiee yIOBIETBOPSET TPEOOBAHUIM CEJIEKTUBHO-TIOTIIOIIAIOIETO
HOKPBITUSL Il COJTHEYHOro cmekTpa. M3 aTtoro criemyer, 4To HEOOXOAMMO IMPOBOAUTH Oolee
rI1yOOKHE UCCIIEIOBAHMS 110 CeIEKTUBHO-TIOTJIONIAIOIIUM MOKPBITHSIM.
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OcHOBHBIE TpeOOBaHMS K CEJIEKTUBHO-TIOTJIOMIAIONIMM IOKPBITUAM COCTOST B

CIIEIYIOLLEM:

— MOKPBITHE JOJKHO MAKCUMAJIBHO MOIJIOIATh COJIHEYHOE U3TyYeHHUe, as > 0,95;

— TMOKpPBITHE JOJKHO MaKCHUMAaJbHO OTpa)kaTh MH(paKpacHyl0 4yacTh obiacTu crmekrtpa, R >
0,95;

— TMOKPBITHE JOKHO UMETh OUYE€Hb HU3KHME 3HAUEHUS TeI10Boro nsnyudenus € < 0,05;

— TIIOKPBITHE JTOJKHO UMETh BBICOKHE 3HAUEHUS TEPMOCTOMKOCTH B BaKyyMe€ M Ha BO3JyXe€ IPU
T > 400°C.

Hnst Toro, 4YroObl OINpENeNUTh BO3MOXKHBIE BBICOKOTEMIIEPATYPHBIE CEEKTUBHO-
MOTJIOIIAOIINE MTOKPBITHSI, Mbl IPOCMOTPENIA B JIUTEPATypE CPEAHE- U BBICOKOTEMIIEPATypPHbIE
norJyomaronie nokpeitus [1]. Hekoropele Marepuanbl UMEIOT COOTBETCTBYIOIIME ONTHYECKUE
CBOMCTBA W JOJOKHBI OBITh MPOYHBIMH NPU PAbOYMX TEMIIepaTypax BBIIIEC 500°C. Pasnuunsle
MEPEXO0/IHbIE METAJIbl, OCOOCHHO T€, KOTOpbIe 00Pa3yloTCS M3 TYroIIaBKHX METAJIOB TPYII
IVA, VA u VIA u ux 6uHapHbie U TPOIlHbIC COENUHEHUS, ObLITU MPEATIOKEHBI TSl IPUMEHEHHS
IPU BBICOKMX TEMIIEpaTypax H3-3a KX BBICOKOH TeMIlepaTypbl IUIABICHHUS U XUMHYECKOH
uHepTHOCTH [6]. Bopuapl, KapOuabl, OKCUABI, HUTPUIB U CHIIMIIUIbI TUTAHA, IUPKOHUS, TaQHUSL
UMEIOT OJIHM M3 CaMbIX BBICOKMX TOYEK IUIaBleHHs B mpuponae, HfC mmeer camyro BBICOKYIO
TEeMIIepaTypy IUIaBICHUS 3316°C. Drn Marepuayibl TaKKe€ HWMEIOT BBICOKYIKO CTEIICHb
CIIEKTPAJIbHOM CEJIEKTUBHOCTH, BBICOKYIO TBEPJOCTh M YJYUIIEHHBIH HM3HOC, CTOMKOCTh K
KOpPPO3UH U OKUCJeHuto [7,8].

Marepuansl Uil CENEKTUBHO-NOMIOMWAKOMINX TMOKPBITUNA JOJKHBI HMMETh HHU3KHl
kodduimenT nud@y3un npu BHICOKOI TemrepaType U ObITh YCTOWYMBBIMH IO OTHOIICHHUIO K
XUMHYECKHM B3aUMOJICHCTBUSAM C MPOAYKTAMH OKHCIICHHS, BKJIIOUYAs JIIOObIE BTOPUYHBIC (ha3bl.
Jlyymmii  muddy3noHHBIH OGapbep MNPENCTaBISAIOT HAHOKPUCTAUIMYECKUE WIM aMOpQHbIe
MaTepuaibl. TeM He MeHee, J0JKEH ObITh KOMIPOMHUCC B MUKPOCTPYKTYPE MEXY MOKPBITUEM,
CTOWKHM K OKHCIIEHHIO, U TOKPBITUEM C BBICOKHM IOTJIOIIEHUEM W HU3KOM H3TydaTelbHOU
crocoOHOCThIO. BhIcoKkas TemneparypHasi cTaOUIBHOCTD OINpPEeIsieTCsl BRBICOKOW TeMIepaTypoi
IUIaBJIeHUs, (OPMHUPOBAHUEM OJHOTO COEAMHEHHsS, a Takke OTCYTCTBHEM (Da30BBIX
IIpEeBpalleHU ITpU MOBBIIIEHHOW Temneparype. Hanpumep, meramnsr W, Mo, Ir, Os, u Ta, c
OJIHOHM CTOPOHBI, UMEIOT BBICOKYIO TEMIIEPATYpPy IIJIABIECHUS U MOTYT IPUMEHSTHCS IIPU BBICOKHUX
TEMIEpaTypax, ¢ APYroil CTOPOHBI 3T METAJUIBI UMEIOT OYEHb HU3KYIO CTOMKOCTh K OKHCIIEHUIO.

METOA 1 METOJOJIOI'US UCCJIIEJOBAHUA

ConHeuyHble TEIUIONPUEMHUKH C MOKPBITUSIMH Ha OCHOBE  METaJNIOKEPAMHUKHU
JEMOHCTPUPYIOT BBICOKMH KO3(D(DUIIMEHT TMOIJIOMIEHUsI COJHEYHOrOo CIHEeKTpa W HHU3KUN
kod(duimeHT TerioBoro wu3nmydeHus. B pabGorax [4,5] BBINOJHEHBI WCCIENOBAHMS IS
ONTUMM3ALMM  TEIUIONPUEMHUKOB C  METAUIOKEPAMUYECKMMH  IOKPBITUSMU C  LIEJBIO
JOCTUKEHUSI BBICOKOW IPOM3BOAMUTEIBHOCTH, HCCIEAYsd pa3Hble METaJNIOKEPAMUUYECKUE
MaTtepuaibl (METaJUIOKEpaMUYEeCKHE KOMIO3UThI) M KOH(UIypaluu IUIEHKH C TOMOIIbIO
pa3IMyYHBIX METOJOB HAHECEHUS, TAaKUX KaK JJIEKTPOOCAXJIECHUE, PaclbUIEHHE, UMITYJIbCHOE
Ja3epHOe OCAXKICHHE M JAp. OKCIEpUMEHThl IOKa3ald, 4YTO HCIOJIb30BAaHUE TEXHOJIOTUU
BaKyyMHO-TEPMHUYECKOT0 HAMbUICHUS 10 CPAaBHEHHUIO C TajlbBaHUYECKHMMH TEXHOJOTHUSIMHU,
AJIEKTPOOCAXKICHUEM, OCAXICHHEM W3 mapoBod  (a3el  sBHUseTcs  CTaOWIBHOW U
BOCIPOM3BOAMMON. B 3THX cTaTAX pacCMOTpPEHbl METAJUIOKEPAaMUUECKHE MOKPBITHS C BBICOKUM
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KOX(P(UIIMEHTOM TIOTJIONMIEHUSI M HHU3KMM TEIUIOBBIM H3JIydeHHEeM. B kadecTBe cCIloeB
NOMJIOIIEHUST BbIOpaHa Metaiokepamuka Ha ocHoBe CryOs, AlOsz, AIN, SiO,, u ZrO; ¢
BKIIoYeHUsAMU Metaiutmueckux dactuir Cr, Ni, Co, Mo, Ag, W, Pt, Al, Cu, Au, Zr. ABTopsl
CUMTAIOT, YTO MPEJICTAaBJICHHAs TPyIIa MaTepHajoB SBISETCS MEPCIEKTHBHON JJIS CO3/aHUS
CEJICKTUBHO-TIOTJIOUIAIOIINX MOKPBITHI Ha OCHOBE METAJUIOKEPAMHKHU C BBICOKON TEPMUYECKOM
CTaOUIIBHOCTBIO U BBHICOKOH 3((EKTHBHOCTHIO IPe0Opa30BaHUs COJTHEUHOTO CBETA B TEILIO.

B pabore [9] aBTOopamu Obl1u m3roToBiieHbl rpamyupoBanHbie ciion Cr — Cr,O3 Ha Cu
MOJJIOKKAaX METOJIOM MarHeTpOHHOIO PAacHbUICHUS MyTeM H3MEHEHHUs MOTokKa Kuciopona. B
ATOH CHCTEME MOIY4eHO 3HAUCHHE UHTETPAIbHOr0 KO3 PHIIMEHTa MMOTIOMICHHUS B JHANa30He OT
0,90 mo 0,94 u TtemnoBoe wuznydenue 0,04. JlanpHeHIIyI0 ONTUMHU3AIUIO CTPYKTYPHI
MeTaJUIOKepaMuuecko T1uieHku mnpoBoguian Hynsec u  gp. [10]. OHu npennoxuiu
KOH(HUTYpalHio YEThIPEXCIOHHOTO TOKPBITHS, COCTOAILIETO W3 TPEX METAJUIOKEPAMUYECKHUX
CJIOEB U OJIHOTO aHTHOTPAXKAIOLIETO CJIOS MTOBEPX HUX, B KOTOPBIX cojaepkanue Cr yMeHbIIaeTCs
B HANPABICHHH OT IOMIOKKH K mosepxHoctd. Ilpu T = 82°C Gbum MOJIy4eHbl 3HAYEHUS
UHTErpagbHoro kodh¢unuenra mnornomenus 0,94 u TeroBoro mnydenus 0,06. Yin u gap.
pa3paboTainu elie oJHy CTpYKTYypy mieHku ¢ konurypauuer LHL (L — Huzkas odbeMHas 1oiis
MeTalia B MeTajuiokepamuke, H — BbIcOkas oObeMHasi J0Js MeTalla B METaUIOKepaMUKe),
W3TOTOBJICHHYIO METOJIOM MAarHeTPOHHOTO PACHbLICHHS, WU3MEHSSI BEIUYMHY TOKAa MarHeTpoHa
[11]. Tlornomarornee MOKPBITHE, OCAXKICHHOE HA ONTHYECKOE CTEKJIO, MOKPHITOE XPOMOM
tommuuHoi 200 — 400 1y, ©Meno 3HaYeHUEe WHTETPaTbHOTro Koddduimenta nornomenus 0,92 —
0,96 u termoBoe m3nyuyenue ot 0,05 go 0,08 mpu T = 100 OC. VeroitunBocts MTOKPBITHI MOCTe
omkura npu T = 170 OC B TeueHHe IIHTEIBHOTO Bpemenu (840 nHel) mokasasa, 4TO OHO
MPUTOJHO JUISI COJNHEYHBIX CHUCTEM Topsiuero BoaocHaOkeHus. CHEeKTpbl OTpaXXeHHs IMOcIie
OTJ)KUTa IIPU TEMIIEpaType 200°C, 300°C, 400°C 1 500°C B BaKyyM€ B Te€UeHHE | Jaca nmokasaiu,
YTO TOKPBITHS TepMUYecku cTabunbHbl 10 300 — 400°C. Yro kacaercs IOATOTOBKU B KPYITHOM
macimrabe, Graf © JAp. H3rOTOBWIM CEJIEKTHBHO-IIOTJIOLIAIONIEE IOKPBHITUE HA OCHOBE
OKCHHHUTpHUJA XpOMa Ha MEIHBIX JincTax (<60 Mz) METOJIOM MarHeTpoOHHOTro pacmblieHus [12].
CeneKTUBHO-TIOTJIONIA0IIEe MMOKPHITHE TTOKA3aJI0 XOPOIIHe onTHYecKkue cBoicTBa ¢ @ > 0,93 u &
< 0,07 mpu T = 100°C.

B paGore [13] aBTOopel [ CO3AaHHUS CENEKTUBHO-TIOTJIOMIAIOMIUX TOKPBITHIA
ucnonb3oBaiu cion NbTiSiN u NbTiSiON Bmecto NbTiN u NbTiON cioeB, 4ToObI yay4IIuTh
TepMOCTOMKOCTh. MccnenoBana TepMuyeckas CTaOUIbHOCTD OTACTBHBIX CIOEB U MHOT'OCIOMHBIX
MOKPBITUH, JErMpOBaHHBIX KpeMHHUeM. JluQpakius pEeHTreHOBCKHUX Jydel I[oKaszala, uTo
BkitoueHue Si B cioid NbTIN (NbTiSiN) He MeHsieT cBOIO MPEUMYIIECTBEHHYIO OPUEHTALINIO, U
Si-nerupoBanubiii NbTiON cnoit (NbTiSiON) ocraercs B amopdHoii ¢asze. Brenenue Si B
NbTiIN u NbTiON ciou BbI3BIBaIOT 3HAUUTEIbHOE YIYYIIEHHE CTOMKOCTH K OKHMCICHHUIO MpHU
500°C na Bo3myxe. ITocie HarpeBanms Ha Bosayxe mpu 500°C B Teuenne 2 a4 KOdQUIMEHTHI
CCNIEKTUBHOCTH  celekTuBHO-mormomaromux  mokpeituii  AlI/NDTIN/NbTION/SIO, u
AI/NDbTiSIN/NbTiSION/SiO; mpu T = 400°C u3MeHsIOTCS OT 0,934/0,13 mo 0,538/0,14 u ot
0,931/0,12 no 0,922/0,13 cooTBeTcTBeHHO. Pe3ynbTaThl aTOMHO-CHIOBOM MHUKPOCKOIHU
MOKa3aJiy, YTO IIEPOXOBATOCTh MOBEPXHOCTH BO3pACTaeT COOTBETCTBEHHO OT 18,3 10 41,5 u ot
7,9 no 14,7. CenexkruBHo-niornomiaromee mokpeitue Al/NbTiSiN/NbTiSiON/SiO, wumeer
BbICOKMU K03 dunment noraomenus (0,91) u vuszkuii kodpdunuent uznydenus (0,13) mocne
BBIJICPKUBaHUU ITpH T = 550°C B BakyyMe B TedeHue 100 u. Jlemaercs BBIBOJ, YTO JIESTUPOBAHUE
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KPEMHHUEM HUTIpaeT BAXHYIO POJb B YIyYIIEHUH TEPMHUYECKOH crabuibHOCTH. B pabote [14]
CeJIEKTUBHO-TIOTJIONIAtommee MmokpsiTHe Ha ocHoBe AISiN/AISiON HaHOCHIIOCH Ha MOJUIOXKKY H3
HEpPXKABEIOIIEH CTalM METOAOM MarHeTpoHHOro pacmbuieHus. CopaepikaHue aTIOMHHHUS U
KPEeMHHUs TP HaNbUJICHUW BapbUPOBAIOCH HM3MEHEHHWEM MAapLUAIBHOTO JABJICHUS Ta30B.
BonbhpamoBslii €110 ObLIT UCIIOJIB30BaH B KAUECTBE OTPAXKAIOLIETO MOKPHITHS, a TOHKUE TICHKU
AISiOy mm SiOyx ObUIM HCIOJB30BaHBI B KauecTBE IPOCBETIIIONIMX BEPXHUX CIIOEB.
OnTuueckue CBOHCTBA, MUKPOCTPYKTYPY, MOP(OIOIrHi0, COCTaB U aAre3Ui0 HCCIEN0BAIU C
IIOMOILIBI0  ONTUYECKOM  CHEKTPOCKOIUH, CKAHUPYIOIIEH 3JIEKTPOHHOW  MHUKPOCKOIMH,
PCHTTEHOBCKOM  CIIEKTPOCKONHMH,  PEHTICHOBCKOW  IU(QPAaKIMU U PEHTTEHOBCKOM
($oTO37eKTPOHHOH criekTpocKonuu. OOpa3ibl MoABEprajii OTKUTY Ha BO3JyXe MpPHU 400°C u B
Bakyyme mnpu 580°C ¢ IenbIO ONpEJENCHHS CTENEHH HX CTONKOCTH K OKHCICHHIO H
TEPMUYECKOI CTaOMIIBHOCTH B 3aBUCHMOCTH OT cooTHOIIEeHUs Al : Si. OnrumainbsHbie pe3yibTa-
Thl OBLTM MOCTUTHYTHI Mg cooTHomeHus 3a Al : Si = 2,3 : 1. KoaddunueHt noriomeHus u
TEIUIOBOE  H3Jy4eHHE ONTHUMU3UPOBAHHBIX  MHOIOCIOMHBIX  CEJIEKTHBHO-TOIJIOLIAOIIUX
MOKPBITHM COCTAaBIIAET MPHU 400°C 0,93 -0,94 10,07 —0,1. B [15] MHOTrOCIIOMHOE CENEeKTUBHO-
noryomaroriee mokpeitue TiAIN, TiAION u SizNs HaHOCHIM METOJOM MarHETPOHHOTO
pacIblUIeHUs] Ha HEPXKaBEIOIyI0 cTalb. B KauecTBe OTpa)karolero MOKPHITHS CIyXKHUJa TOHKas
mwieHka MoaubnpeHa toamuHoM 100 xm. OnTUYecKHe IOCTOSHHEBIC CJIOEB, HAHCCCHHBIX Ha
KPEMHHUEBBIE TOJUIOKKH, OINPENSISINCh C TOMOIIBIO CIEKTPAIBHOW SIUTMIICOMETPUH W IO
CHEKTpaM OTPaKEHHsI KaXIOoro wmarepuana. Mcnoiap3ys ONTHYECKHE MOCTOSHHBIE CJIOEB,
METOZIOM MATPHIBI IEPEHOCa MO H3MEPEHHBIM CHEKTpaM OTPaXECHHS ONTHMHU3UPOBAIACH
CTPYKTYpa CEJIEKTHUBHO-TIOITIOLIAIOIUX MOKPBHITUH. DKCIEPUMEHTAIbHO YCTaHOBIIEHO, YTO CIOU
HAHECEHHBIX CEJICKTHBHO-TIOMIONMIAIOINX MOKPBHITUH nMenn o0yt toiamuy 255 uv: TIAIN —
92 um, TIAION — 78 1w, SizNg — 85 mm.

PE3YJBTATHI UCCJIIEJOBAHUSA

B [16] u3yuyanuch ONTHYECKHME M CTPYKTYpHBIE CBOMCTBA METaJNIOKEPAMUYECKOTO
CEJIEKTMBHOTrO moryioturenss Ha ocHoBe AlISiOx : W ¢ pa3nuyHblM OOBEMHBIM COJEp)KaHHUEM
BoJIb()paMa. BbIIO BBHIOJHEHO KOMITBIOTEPHOE MOICITHUPOBAHHUE CHEKTPATBHBIX XapaKTEPUCTHK
YeThIpeXcIoiHOro  kommo3utHoro  mokpbitust ~ W/AISiOx:W(H)/AISIO:W(L)/AISIOx B
3aBHCUMOCTH OT TOJIIIMHBI IUIEHOK U 00beMHOro coaepkanuss W, a 3aTeM 3TO MOKpPHITHE ObLIO
HAaHECEHO Ha IMOJUIOKKH W3 HepXKaBelollell CcTalu METOJOM MAarHeTpOHHOTO HalbLICHHUS.
XUMHUECKUH aHaiau3 OblT BBINOJHEH C HCIHOJb30BAHUEM PEHTTEHOBCKOM (POTOINEKTPOHHON
CHEeKTpOCKONUM. Pe3ynpTaThl aHain3a TOKa3add, 4YTO B METAUIOKEPAMHUYECKOM  CJoe
AlSiOx:W(H) ¢ Boicokum coaepkanuem Bosibppama okojio 30 % aromoB W HaxomguTcs B
HeiirpanproM coctosiann WP, Tpetb atoMoB B W** OKHCIICHHS 1 ITOCITEIHSS TPETh B COCTOSHUAX
okuciennst W, W>* u W, upokwuii MUK peHTreHoBckux audpakrorpamm cioeB AlSiOW
yKka3biBaeT Ha To, uto U W, u AlSiOx sBnsioTcss amop@HbIMU. Pe3ynbTaThl ONTHYECKHX
U3MEpEeHUH  yKa3plBalOT HA  TO, YTO  CEJEKTHBHO  IOTJIOMIAIONIEE  TOKPBITHE
W/AISIOx:W(H)/AISIOx:W(L)/AISIOy siBisieTcst crieKTpaibHO ceneKTuBHBIM: o ~ 94 — 95,5 %,
€~8-9 % npu 100 Cu~10-14% pu 400 °C. OO6pa3ipl moABEpPraiu TEPMHUUECKOMY
omkury npu 450 °C Ha Bo3ayxe u npu 580 °C B BakyyMme. CeneKkTHBHO-TIOIIIOLIAIOIIEE
HOKPBITHE TEPMUUYECKH CTAOUIBHO U YCTOWYMBO K OKHCICHHIO.
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OcoOblif MHTEpeC NPEACTaBISIOT paboThl, B KOTOPBIX TNPUBOIATCS PE3yJIbTATHI
KJIIMMaTHYECKUX UCIBITAHUI CEJIEKTUBHO MOIJIOMIAIOIINX TOKPBITHH.

ABtopsl [17] wuccrnenoBanu BIMSAHME KOPpPO3MM Ha ONTHYECKUE, TEIUIOBBIE U
MEXaHUYECKUE CBOWCTBA CEJICKTUBHO MOMIOMIAOIIUX MOKPBITUI ZrOy/ZrC-ZrN/Zr HaHeceHHbIe
Ha TOMJOXKKM U3 HepXaBewlled craau M MeAu. bbuln  BBINOJHEHBl U3MEPEHUs
JIEKTPOXUMHUYECKHUX MAapaMeTPOB MOKPBITUS, UCCIIEAOBAaHHS OBEPXHOCTH U MUKPOCTPYKTYpPBI
HOKPBITUH KaK MCXOIHBIX, TAK U IOCJIE TEPMOLUKIMPOBAHUA. DIEKTPOXUMUUYECKUE U3MEPEHUS
npoBoaunu B 3,5 mac.% pactBope NaCl, xoTtopas COOTBETCTBYEeT KOPPO3HOHHOU cpele B
YCIOBUAX ITOTEHIMOAMHAMUYECKON MOJIAPU3ALUH. VYcraHoBneHa 3aBUCUMOCTb
MUKPOCTPYKTYPHBIX, MEXaHUYECKUX U TeIIOBbIX XapakrepucTuk CIIII oT BenrnunHbI KOppO3UH.
Tepmudecku oOpaboranHbie CTPYKTYpbl ZrO,/ZrC-ZrN/Zr wna mnomioxkax SS Oombiie
NOJBEPKEHbl  Koppo3uu. M3menenume wmoayns IOHra u  TBepAOCTM  NOATBEP)KIAIOT
KOPPO3HOHHYIO JETpafalliio TEPMUUYECKH 00pabOTaHHBIX CTPYKTYP B YCJIOBHUSX, KaKk BaKkyyma,
Tak U Bo3ayxa. Koppo3unoHHas nerpajganus NposBISIETCS U B U3MEHEHHUU CTEIEHU YEPHOTHI:
yBenuuuBaercs ¢ 0,28 o 0,42.

B [18] meTronoM 31eKTpopOpPEeTHYECKOr0 OCaXIeHUSI ObUIO M3rOTOBJICHO CEJIEKTUBHO-
HOVIOIIAIOIIEee IOKPBITHE, COCTOSIIIEEe W3 CJIOEB Ha OCHOBE YIJIEPOJHBIX HAHOTPYOOK
(MWCNT). Ouenka goaroseunoctd MWCNT npoBoauiachk ¢ MOMOIIBIO METOJIa YCKOPEHHOTO
cTapeHusi B coorBercTBuM ¢ ISO 22975-3. Pe3ynbraThl U3MEPEHUI MOKa3aaH, YTO MOIJIOTUTEIb
MWCNT o6nagaer BbICOKOH TEPMHUYECKON CTAOMIIBHOCTBbIO, HO HE YCTONMYMB K BJIA’KHOCTH.
[Hokpeitue MWCNT nopuctoe u Boja, NPOCAYUBAsACH Yepe3 MOPbI, OKUCISIET aTIOMUHUEBYIO
IOJUIOKKY. B KauecTBe 3allUTHBIX CJIOEB HA MOBEPXHOCTh HMOKPBITUS ObUIM HAaHECEHbI TOHKUE
mwienkn SiOy, TiO,. Ilo cpaBHEHHIO € HCXOJHBIM IIOKPBITHEM OINTHYECKHE CBOWMCTBA
U3MEHWINCh. B TecTe Ha TepMHuuecKkyto cTabmibHOCTh Bee noraotuteny MWCNT ¢ 3amuTHbBIM
CJIOEM MPOSIBIISIIN CXOIHbIE XapaKTEPUCTHKH € oOpasuamu 0e3 MOKPHITHS U MMENHU 3HAaueHue
peHeOpeKMMO MaJIol UITH 1aXke OoTpHULaTebHOM npousBoautenbHocTd PC mocne 600-yacoBoro
UCTIbITaHusl. B ucnbliTaHnu Ha KoHACHcaruio mnosydeHHble 3HadueHuss PC coctaBmsum 0,002,
0,013 u 0,014 nys muokcuaa kpemuwus, 70/30 u 50/50 nornorureneit MWCNT ¢ mokpeiTHeM 13
OKCH/JIa KPEMHHS U OKCHJIa TUTaHa, COOTBETCTBeHHO. Bee 3nauenust PC 6wumu Huke 0,015 mocre
600 4acoB MCIBITAaHUI HAa YCKOPEHHOE CTapeHHE, YTO MOJATBEPIMIIO, YTO MOTJIOTUTENN OBbLIN
KBaJIM(PHULIHUPOBaHbI B cooTBEeTCTBHHM ¢ ISO 22975-3.

OBCYXJIEHHUE

Bnustnue Mopckoii aTMocdepsl Ha Ierpaaliiio METaNTINYeCKUX KOMIIOHEHTOB OTKPBITHIX
COJIHEYHBIX TEIJIOBBIX KOJUJIEKTOPOB HM3ydasoch B [19] M3mepenus Koppo3uu HeJIerupoBaHHOM
YIIEpOANUCTOM CcTalu, IMHKA, MU U aTIOMUHUS POBOAUINCH B cooTBeTcTBUHU ¢ [SO 9226/1992
u ISO 9223/2012 nByms MeTogamH: NEpBBIH B OTKPBITOM arMocdepe, BTOpOl BHYTPHU
KOMMEPUYECKOTO IUJIOCKOIO TEIUIOBOTO KojuiekTopa. OJHOBPEMEHHO HCCIIEI0BANIOCH BIUSHUE
MUKPOKIMMATUYECKUX YCIOBUN BHYTPU TEIJIOBOIO KOJUIEKTOpPa Ha MPOYHOCTH PA3IUYHBIX
MIOBEPXHOCTEH TOMIOTUTENA. Pe3ylbTaTel IOKa3bIBAIOT YPE3BBIYAMHO BBICOKHE CKOPOCTH
KOPPO3MH B OTKPBITOH aTMocdepe BceX METAIIOB B OTJIMYHE OT 0Opa3loB METAJUIOB BHYTPH
TEIIOBOTO KOJJIEKTOPA, I/1€ BHICOKAs KOPPO3MOHHAsI aKTUBHOCTH Obl1a 0OHapy>KeHa TOJIBKO JUIs
aMOpQHBIX MeTalioB. Pe3ynbTaThl ONTHYECKMX HM3MEPEHUH SKCIIOHMPOBAHHBIX 00pPa3loB
MOTJIOTUTENS  MOKa3blBAlOT OYEHb XOpOILIYI0 CTa0WIBHOCTh MaTepuanoB. Pe3ynbTaTsl
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UCCJICOBAaHUS MOTYT OBITh HCIIOJIb30BAaHBI JJIS ONTUMH3ALUN HWCIBITAHUA Ha YCKOPEHHOE
CTapeHue MOTJIOIAIONINX MATEPHAIOB B OTHOILIICHUH arpEeCCUBHOM CPE/Ibl M COACPIKAHHUSI COJIH.

Ha ocHoBanuu o030pa [14] u aHanm3a pacCMOTPEHHBIX CTATEH, MOKHO CIIENaTh BBIBOJI,
94TO OOLIMM JUIi MHOTHUX palOT SIBJISICTCS METOJ ONPEICIICHHUs TeMIIEPAaTypHOW 3aBUCHMOCTH
U3IydaTeNlbHON crocoOHocTr. Kak mpaBuio, B crekrpanbHOW oOmactu [A1, Ay] usmepsiercs
ko3 urment orpaxenus R(A), a morom s 3amaHHON Temmepatypbl 1o ¢dopmyne (1)
paccuntbiBaercs &T):

Az
o) = fll [1-RA)]B(A,T)dA (1)
oT*
C1
BAT) = ————
A5 [em' — 1] (2)

rae: B(A,T) — cnekTpanbHOe pachpeseieHue U3aydeHuss aOCOJIFOTHO YEPHOTO Teia, (YHKIIHS

Ilnanka; c; = 2rhc? = 3,741832-10™%% Bm . cy; = he _ 0,01438786 m°K: ¢ — CKOpOCTh cBeTa; h
' k

— nocrosinHas [lnanka; K — mocrosinnas bonbumana, o — mocrosiHaas Credana—bonbiMana.
OueBusiHO, 4To pacyer o Gopmyne (1) MOKET MPUBOAMTH K 3aHMKCHHOMY 3Ha4YeHUIO £(T) U
COOTBETCTBEHHO K 3aBBIIICHHOMY 3HAu€HHUIO KOA((UIMEHTa CEIeKTHBHOCTH. B 3TOM Jerko

27k

£ 4
y0eauThesl, €ciii BCIIOMHUTb, YTO IB(A,T)di = h4—CZT4 =oT*, OTKyJa clielyeT HepaBeHCTBO
0

1,2

J- B(4,T)dA<oT*. CnenyeT oTMeTHTh, UTO KpUTEpHil I TECTHPOBAHMS CPOKA CITYKOBI H
Z

TEPMUYECKON CTAaOMIBHOCTH KOJUIEKTOPOB HE TNPUMEHMM JJIi  BBICOKOTEMIIEpATYPHBIX
CEJIEKTUBHO-TIOMJIOMAIOMINX MOKPBITUH. JlefCTBUTENBHO, B 3TOM METOJUKE TEPMOCTAOMILHOCTh
OTIpeNIeNISIeTCS] HArPEBOM CEJIEKTUBHOTO MOKPBITHS B BAKYYMHOH IT€YH WM HA BO3JIyXe B TEUCHUE
100 4acoB, 94TO O4YEHBb MAJIO MO CPABHEHUIO C KEJIAEMBIM CPOKOM JKcruryaranuu 5 — 30 net. B
o0mieM ciydae TepMHUYecKas CTa0MIIBHOCTh M JOJTOBEYHOCTh CEIEKTHBHO-TIOTJIOMIAFOIINX
MOKPBITHH OTPENENSIeTCs] TETUIOBBIMH CBOWCTBAMH €T0 KOMITOHEHTOB, IOJJIONKKH, PEKHMaMHU
TeMIrepaTypHoil 0OpabOTKH, KOTOpble M3MEHSIOTCS NMPH BBICOKUX Temmeparypax. [lerpaganus
BBICOKOTEMIIEPATYPHBIX CEJIEKTUBHO-TTOTIIOMAONINX TOKPBITHI OOYCIIOBIIEHA YBEIMYCHUEM E.
Jpyrumu cioBamu, £ SBISIETCS YYBCTBUTENBHBIM HMHIMKATOPOM JJISi KOHTPOJS Jerpajaluu
CEJIEKTUBHO-TIOTJIOMIAIOMINX MOKPHITHH. CleyeT OTMETHTh, YTO £ MHOTUX MaTepHajoB TOCIHe
BO3/ICUCTBUS BBICOKMX TEMIepaTyp HE BO3BpAIlaeTcsl K MCXOAHOMY 3HaueHHio. BaxHo ams
KaXXJIOTO CEJIEKTUBHOTO MOKPHITHS TPOBEPUTH, YTO M3ITydaTelIbHAs CIIOCOOHOCTh HE MEHSETCS BO
BpeMs 1ukiIa HarpeBa. OueBunHO, 4TO 10 opmynam (1), (2) aToro caenarb HEBO3MOXKHO, T.K.
NP BBICOKOH TEMIIepaType ONTHYECKHE ITapaMeTphl CEIEKTHBHO-TIOTIIOMIAIONINX TMTOKPBITHA
TaKke OyIyT W3MEHSATBhCS, YTO NpuBeAeT K apyruMm 3HadeHus: R(4). Tloaromy Hamm ObLIO

NPUHSTO PEUICHUE CO31aTh MeTOMUKY u3Meperus & T) 10 KpUBBIM OCTHIBAHUSI.
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Ha nokpbITHX, KOTOpBhIE UMEIOT HAMMEHBIIINE 3HAYCHUS CTEIICHN YEPHOTHI U Hamboiee
BBICOKHE 3HAYCHUS HHTETPATHHOTO KOI(PPUIMEHTA MOTIOMECHUS, U3YUYCHBI TEIUIOPUINICCKUE
CBOICTBa IMOCJIC HATPEBa B BaKyyMe MPHU pa3HbIX Temieparypax. [locie HarpeBa B BakyyMme 10
Temmepatypsl Boie 650 °C pe3ko BO3PACTAET 3HAYCHHE CTENECHH YEPHOTH 0OPA3LOB OT 2,8 —
4,6 % no 14,3 — 27,7 % 3a cdet HeOOJIBIIIOTO HANBUICHHUS MaTepHalia HarpeBaTEIbHOTO 2JIEMEHTA
Ha MMOBEPXHOCTh CEJICKTUBHO MOTJIONIAIONIero NoKpeITUs. [Ipu Temneparypax HarpeBa o0pasios
~400°C MOBEPXHOCTh TOKPHITHI OcTaeTcsi 03 M3MEHEHUH, a 3HAYCHHSI TEIUIOBOTO M3JIYYCHUS &
st cuctembl T10, @ NiO : C Bospacrarot ot 2,0 — 4,6 % no 3,7 — 7,8 %. Ius cuctemsr TiO; :
CuO : C 3nauenue & Bo3pactaer oT 4,12 10 5,0 %.

HccenenoBanne KOMIIO3MIIMOHHBIX MOKPBITUN HA TEPMUYECKYIO CTOMKOCTH Ha BO3JyX€ B
uHTEepBasie Temmeparyp 250 + 25 °%C u 500 + 25 °C u YCTOMYMBOCTh K J€Trpajallud TpHU
BO3/ICHICTBUM OKPYXKAIOLIEH cpelibl MOKa3alio, YTo 00pa3ibl ¢ KOMIO3UIIMOHHBIMUA TOKPBITHSIMHI
HE TMOTpecKamuch W He paspymminch. OOpasusl  Bbeimepkanu 30  TEpMOIMKIIOB.
Kommo3unnonHoe mnokpeitue Ha ocHoBe 110, — NIiO Bbiepkaio TEpMOUMKIMPOBAHHUE Ha
BO3JlyX€ B HMHTEpBajie Temmeparyp 250 + 25 C, He usmenus IPA 3TOM CBOU CIIEKTPaJIbHO-
onruyeckue cBoricTBa. OcTanbHbIE 00pa3bl HE BBIACPKAIA TSPMOIMKIMPOBAHUS HA BO3IyXE U
W3MCHUJIIM CBOM CIIEKTPAILHO-ONTHYECKUE CBOMCTBA. [IOKPBITHS JerpaiupyrOT 3a CUeT
OKHCJICHUSI METAJUIMYECKON COCTABJISAIONIEN HA BO3AYXE MPU BBICOKOU Temieparype. [IpoeneHo
HCCJIEIOBAaHHE KOMITO3UIIMOHHBIX MOKPHITHI Ha TEPMUYECKYIO CTOMKOCTh B BaKYyMHOW Kamepe
B uHTepBaie temmneparyp 500 + 30 o°c pu Bakyyme 4 10 mopp. O0pa3iubl U3 HeprKaBeroIen
CTall C KOMITO3UIMOHHBIMH HOKphITHsAMH Ha ocHOBe 110, — NIiO u TiO, — CuO mokazanu
JIOCTaTOYHO BBICOKYIO CTa0MJIBHOCTh. 3HAUEHUSI MHTETPAIbHOr0 Kod(h(UIllMeHTa MOrIomeHus o
U CTENCHH YEPHOTHI & U3MEHWINCH He3HauuTeabHO. [locie Hanbutenus nokpeitue 110, — NiO
umerno 3HaueHuss o = 96,955 %, & = 3,48 %, ale = 27,861. Tlociie TEPMOIMKIUPOBAHUS B
Bakyyme a = 94,595 %, & = 3,5 %, ale = 27,0. TiO, — CuO mocsie HanbIJICHUS UMEITO 3HAYCHHS o
= 92,414%, & = 4,82 %, ale = 19,173. [locne TepmonukiupoBanus B Bakyyme a = 91,23 %, & =
511 %, ale = 17,85. HccrnenoBanusi 1O TEPMOIUKINPOBAHUIO KOMITO3HIIMOHHBIX MOKPBITHI
MOKa3ajf, YTO KEPMETHBIE MOKPBHITUS O0Naal0T CTAOMIBHBIMH CBOWCTBAMH TPU BBICOKUX
TEMIIEpaTypax B BaKyyMe€ U MOTYT OBITh UCIOJB30BaHbI B BHICOKOTEMIIEPATYPHBIX COTHEYHBIX
TeIJIONpUeMHUKaX. JIJsl TMOKPHITHS Ha OCHOBE KOMITO3HMIMOHHOTO Marepuana Ti0O; : CuO,
CHHTE3MPOBAHHOTO UIABICHHEM Ha BO3LYXE MPH CKOPOCTH OXIaKACHHs pacruiaBa ~10° — 10°
OC/e, cremens nerpajanuu B TeueHue | Mecsna HesHaunTenbHas. [IpH 5TOM CTEICHb YEPHOTHI
nokpeITHst u3MeHmwiacb ot 4,82% no 5,11%, 3HaueHWe WHTErpaibHOTO KO3 UIlMeHTa
MOTJIOUICHUS @ TTOKPBITUS MPAKTUYECKU HE U3MEHUIIOCH, 1T0Cie HanbuleHus a = 92,414%, uepes
1 mecan @ = 92,595 %. Koadounuent cenekruBHocTH aleé mensiercs ot 19,173 nmo 18,12.
[TokpeiTHe Ha OCHOBe KoMmmo3uioHHOro Mmarepuana 110, : NiO : C = 48 : 448 : 7,2,
CHUHTE3WPOBAHHOTO MJIABJICHHUEM Ha BO3yXE C MEPErPEBOM pacCIliiaBa MPH CKOPOCTU OXJIAKICHUS
pacruiaBa ~10° — 10° °Cre, me JIEerpaupyeT Ha BO3AYXE€ M COXpaHsSeT CBOM CHEKTPalbHO-
onTuyeckue cBoicTBa. [locne HambUIeHUs TOKPBITHE MMeNo 3HaueHus & = 3,48 %, a = 96,955 %,
ale = 27,861. Uepes 3 mecsna nmocine HambsiieHus & = 3,5 %, a = 96,332 %, ale = 27,521.
[ToKpBITHS, TTOTYYCHHBIE W3 KOMITO3UIIMOHHBIX MAaTEPHAJIOB, CHHTE3UPOBAHHBIX C IEPETPEBOM
paciuiaBa U OXJIAKJICHHBIX TIPU CKOPOCTH ~10° - 10° °C/e, obnaparor HAWJIYYIIUMHA CBOMCTBAMH
U COXPAHSIOT UX IPU BO3JACHCTBHH OKPYXKAIOIICH CPE/IbI C TCUCHHEM BpEMEHH.
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HccnenoBanbl (a3oBblii cocTaB koMmo3uiuoHHbIX mokpbiTHii TiO; — NIiO u TiO, — CuO
METOIOM PEHTTEHOBCKON NU(PAKTOMETPUH U MUKPOCTPYKTYPAa CKaHUPYIOIIUM 3JICKTPOHHBIM
MUKpocKornoM. [Ipu uccine0BaHuu Mbl HAOJIIOIAJIM U3MEHEHHE (a30BOI0 COCTaBa MOKPHITHS 32
CYET TOr0, YTO HAIMBUICHHE B YCIOBHSIX BBICOKOIO BaKyymMa M TEMIIEPATypbl HPUBOJUT K
B3aMMO/ICHCTBHIO HCIAPAECMOI0 MaTepHaa ¢ MOII0KKOA.

BBIBO/]

WcnpiTanus 1abopaTOpHBIX MAKETOB 3JEMEHTA BaKyyMHPOBAHHOIO TEIUIONPHUEMHHKA C
AIIOMUHUEBOM, CTCKJIISHHOM M W3 HEp)KaBEIOIIeHd CTald TPyOKaMH, Ha KOTOpPbIE HaHECCHBI
cenektuBHO Toromaromue mokpbitust 110, — CuO u TiO, — NIO mokasanu, 4To JIydIine
TEIUIOTEXHUYECKHE XapaKTePUCTUKH TIOJYYEeHbl HAa MaKeTe 3JCMEHTa BaKyyMHPOBAaHHOTO
TEIUIONPUEMHUKA, B KOTOPOM IIPU M3TOTOBJICHUH OblLiIa UCIIOJIb30BaHa TPYOKa U3 HEeprKaBeroIIeh
CTaJli C HAHECCHHBIM IOJICIIOEM AJTIOMHUHMS U CEJICKTHBHO IMOTJIOMIAIONIUM MOKpbITHEM 110, —
NiO.
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