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CTPYKTYPA U CBOHCTBA
MHOT OCJIOHHBIX KAPEUJIOXPOMOBBIX TIOKPBITUIA,
MOJYYAEMBIX METOJIOM MOCVD
13 TEXHUUYECKOI'O ITPOJAYKTA XOXK «BAPXOC»

C. A. Kpoxmans, T. H. 3yeBa, A. A. Cymas
Hucmumym guzuxu meepoo2o meaa, Mamepudios u mexnonozuti HHI] « XDTH »,
2. Xapoxos, Yepauna
[Toctynuna B pegaxuuio 28.03.2016

HcenenoBaHbl (hU3HKO-XMMHUECKHE CBOMCTBA W CTPYKTYpPHblE OCOOSHHOCTH KapOHIOXPOMOBBIX
MOKPBITUH, TOMyuaeMbIX M3 TeXHWdeckoro npoaykta XOX «bapxoc» B nnanazoHe Temrepatyp
400-550 °C mns pasHbiXx cxeM ocaxaenus mertomamMu MOCVD. TokaszaHo, YTO H3HOCOYCTOHYH-
BOCTb TTOKPBITHS, €r0 CTOHKOCTh K MiacTH4eckol AeopMauny ¥ MeKTPOXMMHYECKOMY pacTBOpe-
HHIO 3HAUMTEJILHO MPEBOCXOUAT CTOMKOCTL PACCMOTPEHHbBIX KOHCTPYKUHOHHBIX MaTepHasos.
Kawuessie cnosa: MOCVD, kapOHA0XpOMOBLIE TIOKPBITHS, CTPYKTYpPa MOKPLITHA, HAHOMHIACHTH-
poBaHHE, MEXAHUYECKHE M EKTPOXUMHYECKHE CBOHCTBA, KABUTALHOHHBIH H3HOC, H3JI0M TIOKPBI-
THS, PA3MEPBI CTPYKTYPHBIX INCMEHTOR,

CTPYKTYPA U BIACTUBOCTI
BATATOHIAPOBHUX KAPBIJOXPOMOBUX ITOKPUTTIB
OJEPXKYBAHUX METOJ1OM MOCVD
3 TEXHIYHOT O ITPOAYKTY XOP «BAPXOC»

C. O. Kpoxmauns, T. M. 3yeBa, A. A. Cyma
Jocnimxeno Gizuko-XiMiuHl BIACTHBOCTI i CTPYKTYPHI OCOONUBOCTI KAPOiAOXPOMOBUX MOKPUTTIR,
oflep)KyBaHHX 3 TexHiyHoro npoaykTy XOP «bapxoc» y amianazoni Temneparyp 400-550 °C s
pisHNX cxeM ocalxeHHs Metoxamu MOCVD. loka3aHo, 110 3HOCOCTIHKICTL MOKPHTTH, HOro
CTilKicTe 10 nmacTHyHOl Aedopmanii elekTpoXiMiYHOMY PO3UMHEHHIO 3HAYHO MepeBeplIYIOTh
CTIHKICTb PO3IMIAHYTUX KOHCTPYKUIHHNX MaTepiais.
Kmouosi ciioBa: MOCVD, kap0inoXpoMOBi MOKPUTTS, CTPYKTYpa MOKPHTTS, HAHOIHAEHTYBaHHS,
MeXaHiyHi [ eJeKTpOXiMiuHi BJACTHBOCTI. KaBiTalliiffHC 3HOWYBAHHS, 37aM RBOKPHTTA, pO3MipH
CTPYKTYPHHX €JIeMeHTIB.

STRUCTURE AND PROPERTIES
OF MULTILAYER CHROMIUM CARBIDE COATINGS
DEPOSITED BY MOCVD METHOD
FROM TECHNICAL PRODUCT HOZH «<BARKHOS»
S. A. Krokhmal’, T. N. Zueva, A. A. Sushchaya
The physicochemical properties and structural features of chromium carbide coatings derived from
technical product HOZh «Barkhos» in 400-550 °C temperature range for different schemes MOCVD
deposition. It is shown that the durability of the coating and its resistance to plastic deformation and
electrochemical dissolution is significantly superior durability of considered structural materials.
Keywords: MOCVD, chromium carbide coatings, structure, nanoindentation, mechanical and
electrochemical properties, cavitation wear, fracture coatings, dimensions of the structural elements.

ITpouecchl XUMHUECKOTO OCAXKACHUS U3 ra30-  Ha W3HEINSX CIIOXHON popmbl. MeToa ocoben-
poit asut (CVD) otnuuatorcs HaUOONbBWHM  HO 3QQeKTUBEH AN HAHECCHUS MOKPHITHI Ha
paccessHUeM YacTHI| 0CAXIAEMOTO MaTepyana, BHYTPEHHHE MOJOCTH, B YACTHOCTH, Ha BHY-
NO3TOMY 3TOT METOJl LIeJIECO00PA3HO NMPUMEHATL — TpeHHHE noBepxHocTH Tpyd. Menonb3oBanne
JUTS TTOJIYYEHUsl PABHOTOJILMHHBIX MOKPBITHH B KA4ECTBE NPEKYPCOPOB METAIOOPraHHYeCKIX
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COCIMHEHHH ANd XHMUUYECKOro OCAXNCACHUS U3
razoBoii ¢azsl (MOCVD) no3BosnisieT CHU3UTD
TeMMepaTyphbl MOJyueHUs: KapOWAOB TYromniaBs-
KWX METaJJIOB, 00J1afatolLHX BLICOKOH U3HOCO-
1 KOPPO3HOHHOM CTOHKOCTBHIO, K 1I0CTOUHCTBAM
CVD MeToa0B OCakJAEHHUS CIEAYET TaKKe
OTHECTH BBICOKYIO TUIOTHOCTHL MOKPBLITHH, CI1O-
COOHOCThL AMPPYHAUPOBATD B MOPHI U TPELMHBI,
orubdarb yrabl dmarogaps BbICOKOH MOABHXK-
HOCTH MapoB, BLICOKYIO aJre3ut0 U CKOPOCTh
OCaXAEHHUS, a TAKKe TMOKOCTL TEXHOIOTHH,
MO3BOJISIOIIEH B LIMPOKOM jIMana3oHe MEHATD
CKOPOCTb OCAXKI€HHS U YIIPABAATEL CTPYKTYPOH
¥ COCTABOM MOKPLITUH.

3alUTHBEIC TOKPBITHSA, MTONyYaeMble MpH
UCMONIb30BAHUU B KaluecTBE NpeKypcopa duc-
apeHOBBLIX COeAMHEHUH xpoMa, obnanatoT
BbICOKOW CTOHKOCTBIO B YCIIOBUAX BO3J€H-
CTBHS (PAKTOPOB, BHI3BIBAIOL[UX HHTCHCHBHbIHA
KOPPO3UOHHBIN U 3PO3HUOHHBLIA U3HOC U3EIIUI
[1-3]. Oanako WUpoKoe NPUMEHCHHE TAKUX TEX-
HOJIOTHii OrpaHUYHMBACTCS BLICOKOH CTOMMOCTBIO
WHAUBHYaTbHBIX OUC-APEHOBBLIX COEUHEHHH.
B cBA3M ¢ 3TUM Tpe/cTaBIgeT HHTEPEC Uccle-
JIOBAHWUE BO3MOXKHOCTH TMONYUYEHUS TTOKPBITHH
C MCIOJIb30BaHKEM OoJiee JIEEBOro TeEXHUYEC-
xoro npoaykra XOXK «bapxoc». BbilTycKaeMoro
NPOMBITLIIEHHBIM crtoco8oM. Ocolblil uHTEpEC
NpeACTaBAACT TOT (DAKT, UTO MOJAyyaeMble MpU
3TOM KapOUJOXPOMOBbBIC TTOKPBITUS HUMEKT
CHOUCTYIO CTPYKTYpY [4, 5]. Takue ciiouctele
MeTana-kepaMuUuecKe MOKPbITUS HAa OCHO-
Be xpoMa tuna Cr/CrC 1no ¢BOUM MeXaHH4ecC-
KHM 1 TPUOOJIOrHYeCKUM CBOMCTBAM 3aMETHO
NPEBOCXOMAT OJHOKOMIOHEHTHBIE NOKPBLITUS,
noJy4aeMble U3 OTAENbHbBIX KOMITOHEHTOB 3THX
cnoeB. [TpuunHON aHOMaNbLHO BbICOKOH CTOH-
KOCTH TaKWX MOKPBLITHH MOTYT SIBISITLCS Kak
0COOECHHOCTH WX CTPYKTYpPbl, TaK U pazMephl
CTPYKTYPHbIX 3JIEMEHTOB MOKPbITHS.

Ienbio HacTosLIEH paboThI ABIIETCS U3yUe-
HUE CBOWCTR NMOKPLITUH, NOJyyaeMblX MeToAa-
Mu MOCVD u3 TexHuueckoro npoiaykra XOX
«bapxoc» B pazNUyHBIX 3KCMEPUMEHTAIBHbIX
YCIIOBUSIX.

METOJIUKA DKCITEPUMEHTA

Jlnst mpoBeaEeHHUS 3KCTIEPUMEHTOB 110 OCaX-
AEHUIO KapOWAOXPOMOBBLIX TMOKPHLITHH
C HCMOJb30BAHHEM TMPOTOYHOIO peakTo-
pa ObIIO0 paccMOTpPEHO ABa BapHaHTa CXEMbI

npouecca — ¢ KBapLUEBOH peaKLHOHHOH KaMe-
poit (PK) u cTanbHoii. O6beMbl 06enx PK 6butu
MICHTUYHBI.

Jl1s npolieccoB ¢ KBapLEBoi kaMepoii (cxema
1) BHYTPHU peakLMOHHOHN KaMephl C KBAPLIEBOH
60KOBOM CTECHKON MoMeLlalyd JUCTAHLHOH-
HO W30JIMPOBAHHBIN OT €€ CTEHOK CTajLHOM
peakUHOHHBIH 00beM, nporpeBaeMbli BY
MH1YKLHOHHBIM HarpesoM (reHeparop BUHM4—
10 V4). Boa npekypcopa B peaKLHOHHbIH
00BbEM TIPOU3BOANIIH € TTOMOILLIO pacipeaenu-
TEJILHOIO comnia HEMOCPEACTBEHHO HAa MOBEPX-
HOCTb MOKPBIBAEMBIX 00Pa3LOB, 3aKPEMIEHHbIX
Ha BHYTPEHHUX CTEHKAX BTOr0 peaKiHOHHOTO
oobema. O0beEM KBApUEBOTO peakTopa CoCcTaB-
asn 2 1 (2000 cm'), a BCTpOGHHOIO CTalibHO-
ro peaklHoHHoro oosvema — 0,1 11 (100 cM?).
[Inowans BHyTpEHHEH NOBEPXHOCTH CTaNbLHO-
ro peakiMoHHoro oGbemMa cocrapisia 125 cM?,
a oTHoweHue S/V — 1,25, rae § — njoiuanb
BHYTPEHHEH MOBEPXHOCTH CTANLHOIO peakuu-
OHHOro 00BeMa (30HbI OcaxaeHus), a V' — ero
BHYTPEHHUI1 00beM.

PeryiupoBKy ckopoCTH OTBOJA IIPOAYKTOB
pacnajna 13 30Hbl OCaXKAEHHWS MPOBOAMIHU H3-
MEHEHHEM TMJIOUIaAu OTBEPCTHH B TOPILIEBBIX
KpbILIKAX peakUyHOHHOTro 00beMa. YBejauue-
HUE CKOPOCTH OTBOJA MPOAYKTOR pacrnaja u3
30Hbl OCAXKACHH AOCTHUraly 3a cUeT COOTHO-
meHus 00bLEMOB KBapUEBOr0 peaKLHOHHOTO
00beMa M cTaIbHON peaklMOHHONW KaMepbl.
H3menenue cootHowenus S/V ctanbHoit pe-
AKLMOHHOH KaMepbl OCYLIECTBISJIM CHHIKE-
HHEM €€ CeYeHUs NpH TOCTOSHHOMN ee BbicoTe
nyteM ee 3aMensl. CKOpPoCTh NOAAYU pea-
reHTa B XO/A€ 3KCMEPUMEHTOB U3MEHAIU OT
4,1 no 6.8 r/uac. JIoCTUrHYTBIE CKOPOCTH
OCaX/IEHUS MOKPBLITHS MPH 3TOM COCTaBIIU
0.5-3,5 mxM/mMuH. Temneparypy nosepxHoc-
TH OCaXAEHUA B XOJ€ Npoliecca OCaxAeHUs
noaaepxupanu B auanazone ot 400 go 550 °C.
KoHTponb TeMnepaTypbl OCYyHISCTBASAN 1O
napaMerpaM BY-reneparopa u npeaBaputeib-
HO MONYUYEHHBIM I'pajly *pOBOYHLIM KPHBBIM
Harpesa peakuoHHoro obrema. OTKauky ycra-
HOBKH OCYUIECTBIIIN (hOpBaAKYyMHBIM Haco-
com AB3-20. TlpeaBaputenbHoe pa3pexeHue
B o0beMe nmepea 0CaxAEHHEM COCTaBsNIO
5-8 [Ta.

[Tpu ocaxxaeHUU NOKPLITHH MO APYroit cxemMe
(cxeMa 2) ucnonb3oBaiy CTEHKY peaKUMOHHOH

KOITT KOUTT JSPE, 2016, 1. 1, Ne 2, vol. 1, No. 2

195



CTPYKTVPA H CROHCTBA MHOTOCIOHHBIX KAPBHAOXPOMORBIX ITOKPHITHI, ITOJIYYAEMBIX METOJOM MOCVD...

KaMepbl U3 Hepxagetowel crann 08X 18HIO0T.
B 30He Harpera noMellan MeAHbIH NOAT0XK-
KojepxKareib, 0o0ecneunBas €ro XopownH
TETUIOBOW KOHTAKT C HarpeBaemMot CTEHKOH me-
TaJUIMYecKoro kopnyca peakropa. Ilpu Takoi
CXEME Mpouecca cylecTBOBalNa BO3MOMKHOCTD
H3IMEPEHUS TeMIEpaTyphbl MOAT0MHKOIEpHKa-
TeJs B NpOLecce OCaKAEHUS MOKPBITHS C MO-
Mol TepMonapbl. [IpuauHnuansbHas cxema
yCTaHOBKH TNpHBe/eHa Ha puc. 1. CooTHowe-
HHE MI0AAM NOKpbIBAEMOH MOBEPXHOCTH (S)
K peakunoHHoMmy odwemy (V) — S/V moxer
CYLIECTBEHHO BJIMATL HA KHHETHKY Mpouecca
OCaX/IeHHUs, a TaKkoKe CTPYKTYPY H cOCTaB MOny-
4yaeMoro nokpwiTus [6, 7]. Jlns nByx onucaHHbIX
CXEM 3TO OTHOUIEHHE 3aMETHO OTIIMYAIIOCH U CO-
crapasio 1,9 u 0,2, coorBeTcTBEHHO. CpeaHue
CKOPOCTH TOJla4l peareHTa Npu 3TOM OblIH

=1

H

KOHTelHep MoAauH ¢ 103aTOPOM,
HCrapuTeb;

METaUIHYECKHH KopIyC peakTopa;
00pasLkl;

MEIHbIH MOATOKKOAEPKATEND,

unayxrop BY reneparopa

KOHTEHHED A/1S YIIABJIMBAHMA PEAreHTd
a30THas JIOBYILIKE;

KOHTeHHep uis cbopa NpoayKToB pacnaia;
dopBakyyMHbIHA Hacoc

SO XN AN

Puc. |. CxeMa 2 yCTAHOBKH A OCaXKACHUS KapOHI0oXpo-
MOBBIX OKpbITHH MeTogoM MOCVD n3 XOX «bapxoc»
¢ METAUTHYECKHM KOPTIyCOM peakTopa

npakTHYeCKU OAMHAKOBHI (4,7-6,8 u 4,1—
6,6 r/4ac, cooTBeTCTBeHHO). KOHCTpyKTHRHAS
0COOEHHOCTB NEPBOM CXEMb! MO3BOJIAA B TE-
YEHHC ONHOM-BYX MHHYT NocJie OKOHYaHUS
npouecca OCaXAEHUs U3BJIeYb 00pasiibl U3 pe-
AKLUHOHHOM 30HBI, B TO BPEMS KaK /U151 BTOPOH
cXeMbl 00pa3lbl MOXKHO ObIJIO U3BJI€YbL TOJIBLKO
110 UCTEUEHUH |.5—2 4acoB, Npu HTOM TeMIe-
paTypa MaCCHBHOIO MOJJIOKKOAEPIKATEIN S OCTa-
Bajach JOCTaTO'HO BLICOKOH 0 OJHOrO uaca.
B padore NpoBOAMIN CpaBHUTENILHBIA aHATN3
BJIMSIHHSL KOHCTPYKTHBHBIX OCOOEHHOCTEH ABYX
3KCIIEPUMEHTAIbHLEX YCTAHOBOK Ha CBOHCTBA
U CTPYKTYPY NMOTyuaemMbIx MOKPLITHH. [1pu 3TOM
UCCIIEA0BalM BIUAHUE MaTeprana NnoajomK Ha
(H3UKO-MEXaHUUECKHE CBONUCTBA MOKPBLITHH,
a TAaKKe UX DIEKTPOXUMHUECKUE CBOHCTRA U Ka-
BUTAllMOHHYIO CTOHKOCTL. st uccnenoranus
MEXaHHUYECKUX M OKCIIYaTAUMOHHBIX CBOMCTB
KapOUJI0XPOMOBBIX MOKPLITHH B 3aBUCUMOCTH
OT TEMTIEPaTYPbl OCAXCHUS U BIHSHHUS MaTepH-
ana noJUIOXKH Ha 3TH CBOUCTBA Mojady pearcH-
Ta MPOU3BOAMIM B Y3KOM 1ana3oHe ckopocTeit
(4,1-6,8 r/uac). yToObl 3TOT MapaMeTp npouecca
HE OKa3blBall 3aMETHOIO BJIMSAHHUS Ha CBOMCTBA
MOJIy4aeMbIX MOKPBITHH.

PE3VJIBTATBI DKCITEPUMEHTOB
H UX OBCYKAEHHE
OcaxieHre KapOUAOXPOMOBBIX MOKPLITHIA U3 ra-
30B0# hazpl XOK «bapxoc» MpoBoaMiIK Kak Ha
TIOJTOKKH U3 pa3sinyHbixX MaTtepuanos (Al, Cu,
Ni, Zr, Mo, MOHOKpucTaJIMuecKH# Si, cTanb
XBI. cranb 45, cTekno) npH OAHHAKOBLIX YCIIO-
BUSIX OCAXJICHUS, TaK W Ha NOAJIOWKH W3 CTalH
TNpY pasHbIX Temneparypax rpouecca. 11pn ocax-
JIEHHH Ha TIOAJIOKKH M3 CTaJIM HCTIOJIL30BAJIH JIBA
BapHaHTa CXeMbl OCA)KACHHS ONIHCAHHBIX BhILIE.
B pe3synbrare 5KCnepUMEHTOB ObUTH MOTy4eHb!
XPOMKapOH/THBIE MOKPBITHSI C TOJILWHOM MTOKPBITHS!
oT 10 10 70 mkM. TonuHa NOKPBITHS 3aBUCEIIA OT
BpeMEHH Npouecca OCak/IeHHs, CKOPOCTH 110Aa4YH
MpeKypcopa v TEMIEPATypbl MOATOXKKH.
CxopocTh pocTa MOKPBLITHS B UCCIIEAOBaH-
HOM JiHara3oHe TeMreparyp gocrurana 3.5 Mxm/
MHH W onpeaensiach GakTHUECKH CKOPOCTLIO
noABOJA MpPeKypcopa K NOBEPXHOCTH OCaxje-
HUsl H CKOPOCTLIO OTBOAA MPOAYKTOB pacraja
W3 30HbI peaKMH, KaKk 3TO BUAHO U3 Tadm. 1.
CTpyKTYpy KapOUAOXpPOMOBOIO NMOKPLITHA
BBISIBJISIA XHMUUECKUM TPABICHHEM € TIOMOLLLIO
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Tabnuua |
Ne
T ,°C V _ ,r/aac V. MKM/MHH ! MUH.
06p33ua bE. AU, De. oc,
458 500-530 4,7-52 1,0-1,4 22-23
459 550 4,7 0,6—1,1 22
460 500 6,8 2.5-3.5 20

peaktuBa MypakaMu. [TonyueHHbIEe B XOA€
CEPHH IKCMIEPUMEHTOB MOKPLITUS UMENH TOPH-
30HTaJIbHO-CIIOUCTYIO CTPYKTYPY (puc. 2—4).

Puc. 2. CTpyKTypa MOKPBITHA, MOJYYEHHAS B KBapLEBOM
peaxrope fipu 7 = 500 °C (06p. Ne 460) n BcTpoeHHOM
peaktope D30 MM

Xapakxrep CJIOMCTOCTH MTOKPHITHSA 3aBHUCE] OT
bayKTyaLuii CKopocTH nojiaduu npekypceopa. [pu
OCaXJIeHHUH TOKPBITUS TPEKYPCOp MojAaBaiu
KaK NOPUHOHHO, TaK U HEMPEPBIBHO, IPH 3TOM
CpenHsis CKOPOCTh MOJIauH MpeKypcopa 3a Bpems
OCaXCAeHUS OblNIa MPAKTUYECKU OJAMHAKOBOM.

Puc. 3. CTpyKTypa NOKPBITHA, IOy YEHHAS B CTANLHOM pe-
akrope 7. =490-500 °C (00p. Ne 426) 1 BcTpoeHHOM pe-
akTope D60 MM

Buinv mpoBeneHbl Mcce0BaHUA MeXa-
HUYECKUX W 3KCMJIyaTallHOHHLIX CBOWCTB
KapOUI0XPOMOBBIX MOKPBHITHH OCAXIAEHHBIX Ha
TIOIOKKH U3 Pa3JIMIHbIX MaTepHalloB.

Puc. 4. CTpykTypa TOKpBITHS, TIOJyUEHHAS B KBApLIEBOM
peakrope 7 =500 °C (06p. Ne 48)) 1 BCTpOEHHOM peakTo-
pe S45 mum

'mctorpaMmbl cpaBHEHHS TBEPAOCTH,
Moayis FOHra, oTHOCUTENBLHOW U3HOCOC-
TOUKOCTH U CTOMKOCTH K IJIACTHYECKOH
pedopMaLim, NoJYYeHHbIE O AaHHBIM HH-
JEHTUPOBaAHUsS HaHOoWHaeHTopom (G-200
nokasaHnbl Ha puc. 5. TTokpsITus ajis uccne-
JIOBAHHMH HAHOCHJIM HA MaTepHalbl, WIUPOKO
NPUMEHSAEMbIE B IPOMBILLIEHHOCTH. Crenyer
OTMETHTB, UTO NIPU OCAXKJEHUHN KapOUI0Xpo-
MOBOI'O MOKPBLITHS Ha MOJN0KKH U3 Mo, Si Mo-
HOKPUCTANIMUECKOrO U CTeKNa Hadoaanoch
CaMOIMNpPOH3BOJILHOE OTCIIOCHHE MOKPBITHS OT 110-
JUTOKKH TIPH TONMIMHAX NOpsaKa 3—SMKM ¢ 00-
pa3oBaHUEM M3OTHYTBIX YEWIYEK pazIHUHOTO
pa3mepa. Jlns monukpucTaninieckoro Mo-
nbnaeHa (o = 4,810 M/rpan) anunHa oTcno-
UBHIMXCA yemyek jocTturana [0—15 MM, ans
CTEKJ1a U MOHOKPHUCTANNIUUECKOrO KPEMHHUS
(@=6"10"7 M/rpan) nocie aneKTPOXHMHUECKO
MOJIUPOBKH — -3 MM. DTO NPOUCXOAUNO, 110~
BUAMMOMY, W3-3a Pa3iHUYHbIX KO3(PPULUHEHTOB
TEPMHUECKOI0 pacllMpPeHUs MaTepuana IMo-
JTOXKH H MOKPBITHSA, a TAKXKE W3-3a HAJIUUUA
B TAKHUX MOKPBITHAX BLICOKHX CIKHMAIOIIMX Ha-
npsokeHuit [8].
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Oco0blil HHTEpec celyac npeacTaBngeT co-
BMECTHMOCTb KapOUJOXPOMOBOIO MOKPITHS
1 NOANOKEK U3 LUpKoHUs. KapOugoxpomosble
NOKPBLITUSA, NONyYaeMble OCAXKACHHEM W3 ra-
30BoH ¢azst XOX «bapxoc» Ha noamoxkax
U3 UMPKOHMS, NMOKa3alu XOPOLIYI COBMECTH-
MOCTb. HMicTiBITaHUS METOJOM MHEHTHPOBAaHHS
B 'paHUUY pazjefia «TOKPBLITHEe—TI0AN0NKKa
nupamMuakd Bukkepca npu Harpyskax 0,5 H
u 1,0 H cBHAETENbCTBYIOT O BLICOKOH ajare-
3UU MOKPBITUA U UHpKOHUA. KoahpruuneHTs
JTUHEHHOTO TEPMUUYECKOTO PaCWIUPEHHUS

H, MNa TBepaOCTs NOAMOKKM U NOKPLITUA HA HEW
25

20 165
15

10

Cranb 45

E, Ma Mogyne KOHra noanoxek U MOKPbITUA Ha HUX

300 -
269 49

Silll

XBIr Crane 45

150'
100‘

OTHOCUTENBHAR U3HOCOCTOWKOCTE NOANONEK
Y NOKPLITUA HA HUX

n 7

R17

G N E xBrr

1

Crans 45

OTHOCUTENBHAA CTOMKOCTL
K MacTu4eckown aegopmMaumv NokpbITUv

D H3/E2102
9.5 H3/E2102

8,2

X8I Crans 45

Puc. 5. TucTOrpaMMEl MEXaHUYECKHX CBOWCTB KapOu-
JIOXPOMOBBIX MTOKPBITHIT H MaTEePHATOB MMOTOKEK

NOKPBITUS U UMPKOHHUSA paBHBI (6-6,6)*107°
1 (5,9-6,9)*10°¢, cOOTBETCTBEHHO.

dotorpadust AOPOKEK HHACHTUPOBAHUS NO-
nepeyHoro urmuda NOKPLITUS U MOATOKKH T0-
KazaHa Ha pHuc. 0.

Puc. 6. CxeMa WHOEHTHPOBAHHUS MOMEPEYHOro imuda
C MOKpBITHEM. PaccTosiHHe MEeXIy yKoJNaMH HHIACHTO-
pa — 3 MKM

Kak BUAHO 13 puc. 6, CIIOUCTYIO CTPYKTYPY
NOKPBITUS MOXKHO HabmrofaTh 6€3 HCMoNb30-
BaHWd TpaBUTeNeld. DTO CBUAETEILCTBYET
0 MepHOAMYECKOM CYIIECTBEHHOM W3MEHEHHH
MEXaHHUECKUX CBOMCTB MOKPBITHS 110 ETO TOJ-
LLIHHE, KOTOPOE MOMKET OBITh CIIEACTBHEM H3Me-
HEHHS KakK JIeMEHTHOTO, Tak U ()a30BOTO cOCTaBa
TMOKPBITHS.

[lpoBeaeHHbIE HCCeAOBAHUS BIEKTPOXH-
MHYECKHX CBOMCTB MaTepHaa KapOuI0XpOMOBBIX
MOKPBITHH COMOCTABNSAIN € AaHHBIMH 0 IIHPKO-
HHrO [9] — Marepuany, WWMPOKO NMPUMEHIEMO-
My B aTOMHOH npomsbiiieHHocTH. Ha puc. 7
MOKa3aHbl CPABHUTEIBHBIE JIEKTPOXUMHUUECKHE

ONeKTpOXMMUYECKOE PACTBOpeHe Zr
1 KapBULOXPOMOBOTO MOKPLITUA B PACTBOPE
0,1 N NaCl

—+— PyCr

5 o Zr

Puc. 7. CpﬂBHHTCHbe]C AJNEKTPOXUMHUYECKHE XapaKTe-
PUCTHKH KBPGHHOXPOMOBO]‘O IMOKPBITUA W Zr

198

KOOI XKPUIT ISPE, 2016, T. 1, Ne 2, vol. 1, No. 2



C. A. KPOXMALIL, T. H. 3YEBA, A, A, CVITIAA

XapaKkTepUCcTHKKN KapOUAOXPOMOBOTO MOKPBITHS
1 Zr. Kak BUAHO U3 rpad)MkoB, pacTBOpeHUE
Matepuana noKpbITUs B pACCMOTPEHHOM JiHa-
Na30He MIOTEHIMAIIOB 3AMETHO HUIKE. HEM Y Me-
TaNTUYECKOrO UPKOHHUS.

HexapakTepHblii X04 KpUBO# TOoka nis
MOKPBITUSI 00YCIOBAEH NpeAeNbHbIM 3HaUEHU-
€M TOKa, KOTOpPbII MOIKHO U3MEPHUTD C TTIOMOLIBH)
Henonbslyemoro norenuuoctara [1HU-50-1. Cre-
JI0BaTENbHO, MOIKHO NpEANQIararh, YTo peasib-
HO KOPpPO3MOHHbIE TOKH AJIA MMOTEHHHUAJIOB OT
«=0,5 B» 1o «+1 B» uMeroT euie MeHbliee 3Ha-
YeHHE, YEeM NTOKa3aHO Ha PUCYHKe.

KaBuTauHOHHBIE UCTILITAHUS U3HOCOCTOM-
KOCTH KapOUAOXPOMOBBIX MOKPBLITHH U cIl1aBa
ZrNb(2,5 %) npoBogunu Ha yctanoBke MBC-1,
pazpadotanHoi B HHI{ XOTH, npu oqunakoBbix
napaMeTpax ucnbiTaHud. KoHTposb U3HOCa
OCYLLECTBIISIIM FPAaBUMETPHYECKH C TOHUHOC-
Tbto J0 0,015 mr. JlaHHbIe UcTIbITAHUI Cllj1aBa
ZrNb(2,5 %) onybaukoBaHnbl B pabote [10].
Pesysbrarhl cpaBHUTENLHBIX KABUTALIHOHHBIX
UCTILITAaHUH TPUBEAEHB! Ha pHc. 8.

KaButaumoHHas cTOHKOCTh ABYX OTJIMYHBIX
MO CTPYKTYpPE MaTepHanoB MUPOJUTHYECKO-
ro KapOUA0XPOMOBOI0 NMOKPLITHA (Ha rpadu-
ke o6o3naueHHble, kak «PyCr I» u «PyCr 2»)
npeBbIaeT cToHKoCcTh cnaaBa ZrNb(2,5 %)
Oonee uem B 2 W 4 paza, COOTBETCTBEHHO. DTO
BIIOJIHE COOTBETCTBYET JAHHBLIM [0 OLEHKE
OTHOCHMTEJIBLHON U3HOCOCTOMKOCTH KapOUIOX-
POMOBOIO MOKPBLITUSI U MeTaJuItuyeckoro Zr,
NpUBEAEHHbIC HA THCTOrpaMMe puc. 5. MeTa-
qutorpadyeckue HecaeRoBaHuUs, MPOBEAEHHbBIE
HaMH paHee. CBUAETENLCTBYIOT O BBICOKOH aji-
re3MOHHOM MPOYHOCTH 3TUX MOKPBITUH K MO-
JJIOKKaM U3 Zr.

Jna xapOuaoXpOMOBBLIX MOKPHLITHH,
OCaXK/J1aeMbIX Ha CTaJIbHbIE TTOTOXKKH, TPOBO-
JUNU HCCAeIOBaHUS BAUSHUS TEMIIEPATYPHOIO

0,3

Am, MT KaBuTauMoHHLIN U3HOC
04 T o pycr1
| =212, 5Nb
I

Puc. 8. CpaBHUTENBHEBIE XapaKTEPHCTHKH KaBUTallHOH-
HBIX UCTIBITAHWHA KapOHIOXPOMOBOTO TIOKPBITHS W CTlia-
Ba ZrNb(2,5 %)

peKHMA U TEXHONOIHYECKOH CXeMbl OCaKIEHHS
(cxema | W cxema 2) Ha UX CTPYKTYpY, MEXaHHU-
YECKHE M IKCILTyaTallUOHHbIE CBOHCTBA .

[TapameTpbl npouecca ocaxaeHUS
npuBeleHbl B Tabnuuax 2 U 3. s uHaeHTH-
pOBaHHS W3rOTaBJIMBAJH MOMEPEUHbIE WAHDDI
MOKpBITUS ¢ 0Opa3zuoM. Jlng aToro pazpesanu
obpasell Ha ABE YacTH U U3 OJHOM M3roTaBIM-
BaJM UK, a Apyryro yacTb obpasla UCrosb-
30Basld AJ1s1 UCCEI0BAHHH Ha H3JIOM.

HccnenoBanns u3noMoB KapOHAOXPOMOBBIX
MOKPBITHI MPOBOAMIIH C MOMOILLIO PaCTPOBOIO
AIEKTPOHHOIO MUKpocKona JSM-7001.

CoOTHOWEHWE TMOBEPXHOCTH OCaKIe-
HUA K 00beMY 30HBI ocaxjaeHus — S/V
OKa3blBa€T 3aMETHOE BIMSIHHE Ha Mpouecc
OCaXKIeHUs MOKPBITUS U, OCODEHHO, HA €ro
3(¢EKTHBHOCTS.

PerynupoBaHue ce4eHUs OTBEPCTUH AJA
OTKa4YKH U3 ob6beMa peakUHOHHON 30HBI
1 W3MEHEHHME CKOPOCTH MOJayM MpeKypco-
pa B 30HY OCaXJAEHWs AaeT BO3MOXHOCTH

Tadnuua 2
Ocaxaenue 1o cxeme 1
Ne b oo | Vi v t gy |y | g | @B | HE
o0p. oc. r/uac | MKM/MHH | MUR. MKM P - cp. cp.
458 | 500-530 | 4,7-5,2 1,0-1,4 22-23 20-30 1,87 | 21,3 | 309 0,069 0,102
459 550 4.7 0,6-1,1 22 12-24 1,87 | 20,7 | 308 0,066 0,916
460 500 6,8 2,5-3.5 20 50-70 1,87 16,51 274 0,06 0.06
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Tabnuna 3
Ocaxaenue no cxeme 2
Ne o Voo . t h,
obp. T.°C r/uac | MKM/MHH | MHH. | MKM sV H, E, | HIE), (H“/Ez)cp
425 [ 510-530 | 53 1,0-1,5 15 16-22 | 0,18-0,2 | 18 239 | 0,075 0,105
426 | 490-500 | 6,3 1,0-2,0 25 30 0,18-0,2 | 19,1 | 272 0,070 0,088
484 | 470-480 | 43 0,7-1,1 22 24 0,18-0,2 | 16,8 | 2754 | 0,061 0,064
427 | 430-400 | 5,1 0,8-13 38 | 25-50 | 0,18-0,2 | 16,3 | 200 | 0,082 0,109
428 | 445-465 | 6,6 0,7 25 16-18 | 0,18-0,2 | 19 287 | 0,067 0,086
429 | 495465 | 4,1 0,5-1,0 12 12 0,18-0,2 | 19,3 | 297 0,065 | 0,0824

YIPAaBIEHUS CKOPOCTBIO POCTaA NOKPBITHS, TOJI-
UIMHAMM MOJIYHAaEMBIX CJIOEB U pasMepaMu Ux
CTPYKTYPHBIX 2JIEMEHTOB,

['ucTorpammsl, y100HbIE 1)1 CPaBHUTEIBHO-
ro aHaliM3a MeXaHH4YEeCKHUX U OKCTUTyaTalHOHHBIX
CBOMCTB MMOKPLITHH, Npe/ICTaRIEHb! HA pUC. 9 1
10. Pa3bpoc aaHHbIX U3MEPEHUH TBEPAOCTH H
moayns FOHra o0yc/ioBjieH CJIOMCTOR CTPYK-
Typoii kapOnjpoxpoMoBoro nokpwitusa. Ciena
B Ka&)XJIOH TPOHKe CTOIOHWKOB NPHUBEICHO 3HAUe-
HUE MAKCMMAaJILHOTO, a CripaBa — MHUHHUMAaJILHO-
IO 3HAUYEHUS BEJIMUUHBI 10 TONUIHMHE NOKPBITHS.

BenWyHHL OTHOCUTEILHOW HM3HOCOC-
TOWKOCTH M CTOMKOCTH K NIACTHYECKOM
JedhopMaliiy MaTepyaloB OLEHHBAJIH 10 3Have-
HUAM JIAHHBIX U3MEPEHU I TBEPIOCTH H MOIYIIS
Onra.

Ma " Omake
BCpes.

O MUH.

TaepaocTe (458—460)

DOvaze
B coes
Cirun

Ma

350
300
250
200
150
100

50

0 - et
500 °C

308

500 —530°C

550°C

Kak BuaHO U3 puc. 9, npu Temneparype ocax-
aeHus B paiione 500 °C TBepaocTbh U MOIY/b
FOHra NOKpBLITUS UMEIOT MUHUMaJIbLHBIE 3HAUE-
Hug 16,5 Tlau 274 I'Tla, cootBeTcTBeHHO. [1pn
YBEJIMUCHHUU TeMIIEpaTypbl ocaxaeHus ¢ 500
10 530 °C (Hen30TepMHUUECKUN PEeIKUM) TBEP-
J0CTh U MoayJib HOHra nokpbuITHS Bo3pacTaeT 10
21,31 Tlau 309 I'TTa. ITpu Temnepatype npouec-
ca 550 °C »TH BeIMUMHBI HAUHHAOT CHUKATLCSI
10 20,7 T'Tla n 308 I'Tla, cooTBeTcTBEHHO. Cne-
JlyeT OTMETHTL, YTO MpH elle SoNblIeM pocTe
TEMIIEPaTYPbl OCAKACHHUS POUCXOAUT H3MEHE-
HUE CTPYKTYpHI ocajika. McuesaeT cnouctocTs
U HAUWHAETCA POCT JAEHIPUTOB.

DKcrnayaTallHOHHBIE XapaKTEpPHUCTHKH
NOoNy4YaeMblX MOKPLITHH, 8 HMEHHO: M3HO-
COCTOHMKOCTb U CTOWKOCTb K MJACTHUECKOH
0O HE Maxc

BHE
OHE e

WUsnocTokocTe H/E (458--460)

0,097
0,08
0,07+
0,06+
0,05
0,04~
0,03
0,02+
0,01~

0 4

0,063 06

550 °C

500 °C

500 — 530 °C

H3/E2 maxc
@ HYE?
T HVE2 mun

CTOWKOCTR K ANAcTUYECKON AedopManuy (458—460)

014
012
0.1
0.08
0,06
0.04:
0,02

0,124

500°C 500 — 530 °C

Puc. 9. 'ncTorpaMMbl MEXaHHUECKHX H 3KCTUTyaTalHOHHbBIX CBOICTB KapOHIAOXPOMOBBIX MOKPBLITHIA,
TNoJyUeHHbIE BHYTPH KBApPLUEBOTrO pEakTopa

200

KOOI XKDUIT JSPE, 2016, 1. 1, Ne 2, vol. 1, No. 2



C. A. KPOXMALTB, T. H. 3VEBA, A, A. CVII[AA

aedpopMaluud 0Ka3ajHWChb HaWJIYYlWIUMHU
JUIS OCAX/IEHUd B JAMAala3oHe TeMIeparyp
500 — 530 °C (HEeU30TEpPMUUYECKHH peXXUM
C MOBBLILIEHUEM TEMIIEPATYPbI).

JlanHble M0 MEXAaHUUYECKHM CBOHCTBaM
KapOM10XpOMOBBIX MOKPBITHH. OCaX1aeMbIX
B AuarnazoHe temneparyp ot 400 o 530 °C no
cxeme 2 (puc. 1), npuseaensl Ha puc. 10. U3
rHCTOrpamMM BWJHO, YTO HAWBBICLIEH TBEPIOC-
Th10 U MoayieM KOHra obnagaroT NOKpPbITUS,
NOJIyd4EHHbIE B pEXHUME ocaxaeHus 495 —
465 °C — 19,3 T'Tla u 297 T'lla, cooTBeT-
cTBeHHO. CaMyr0 HU3KYIO TBEPAOCTb U MOAYb
KOHra MMerT MOKPLITHS, NOJYYEHHbIE B pe-
wume ocaxcaenus 430 — 400 °C — 16,3 I'Tla
u 200 I'lfa. coorBeTcTBEeHHO. [IpH ouenke
3KCINIYaTallMOHHBIX CBOMCTB 3TUX NOKPBITHH
0Ka3an0ch, YTO HAMIYYUIUM CONPOTHRIECHHEM
K U3HOCY U CTOMKOCTBIO K MJIACTHYECKOH aedop-
Maiuy obaagaroT NOKPLITHS, NOYUYEHHbIE B pe-
Kume ocaxaeHus 430 — 400 °C. Do cea3aHo
¢ TeM, 4To Moaynb HOHra E 3TUX MOKpBITHH
Hibke 6onee ueM Ha 30 %, B TO BpeMs Kak TBep-
noctb H Huske Becero Ha 15 %, yem y MOKpLITHH,
MOJIyUEHHBIX B AWana3oHe temneparyp 495 —
465 °C. C pu3nuecKoi TOUKH 3pEHUS 3TO NPUBO-
JIAT K TOMY, UTO MOKPBITHE NPH TPEHUH YIIPYTO
aeopMUpYyeTCs U MEHbIIE MOALAETCS U3HOCY
NpH JKECTKOM KOHTAKTE C APYTOH MOBEPXHOCTHIO
TpeHus. OgHaKo NMpPH ONTUMHU3ALHUU pexUMa
OCaXAEHUS, C TOUKH 3PEHUS SKCTUTYaTallHOHHBIX

am
L2

25 - Am

€ 3 8,5

0718 40 Jn 18513 !

<153 i
151 s 17 i
104 iy '
5- ;
07— - S - i
430 °C -» 400 °C

495 °C -» 465 °C
445°C — 465 °C 500°C — 530 °C

Ma Taeppocte

MMa Mogaynb FOHra NoKpbITUs an

i
430 °C — 400 °C

445 °C — 465 °C

495 °C — 465 °C
500 °C — 530 °C

CBOHCTB, CJIEAYET YUHTHIBATh aJr€3HOHHYIO
IIPOYHOCTB NNOKPBITHS! K NoANIOKKe. Tak U3BeCT-
HO, UTO HaWy4was aare3us KapOu10XpoMoBo-
o MOKPBITHS, MTOJYUaeMOT0 MPH OCAXIECHHUH W3
XOX «bapxoc» Ha MOUIOKKH U3 CTaJIH, JOCTH-
raeTcs 1pu temreparypax 475-500 °C, 1 3amer-
HO CHMXAETCs NPU 0ojiee HU3KHUX TeMneparypax
ocaxcaenus (400-425 °C) [11].

HcciepoBanus M3g0MOB MOKPLITHA MPH
OONbILIOM YyBEJMUEHUH NPOU3BOAMIN C MOMO-
LK PAacTPOBOrO 3JEKTPOHHOIO MUKPOCKONA
JSM-7001. B kauecTBe 06pa3LioB UCIOIBL30BAIH
OTBETHbIE UaCTH 00Pa3LOB, U3 KOTOPBIX MPHUTro-
TABIHBANN WAKGBI JJ11 UCCIIEAOBAHUS TTPODU-
711 HAHOTBEPAOCTH TOJYUYAEMBIX TIOKPBITHI MO
tonuHe. MccnenoBainu 1moKpuITHS, KOTOpbIE
OBbUIM MOJIyUEHbl 10 ABYM OINMCAHHBIM CXEMam
ocaxcieHusl MOKpeITHsi, DoTOrpaduu H3TOMOB
NMOKPBITHS MOKa3aHbl Ha puc. |1 u 12,

Kak mokazanu vccieloBaHUs, Xxapakrep
NOBEPXHOCTH U3JIOMA MOKPBITHS 3aBUCHUT HE
TOJILKO OT CTPYKTYpbI MaTepHaJa IMOKPbITHA, HO
Y OT HaIlpaBIeHUs [IPUITOKEHHBIX [T CO3IaHUs
M3710Ma CHIL.

T. e. B ABYX B3aMMHO NEPIEHAUKYTAPHbIX
TIOCKOCTSAX M3J10Ma OJHOIO M TOTO %€ y4yacT-
Ka MOKPBITUS MOBEPXHOCTb U3J10MA MOXKET
UMEThL pa3iMUHbIi BHA, KaK 3TO CleAYET U3
puc. 13.

Ha rpanuiie nOKpbITUs ¢ MOJJIOXKKONH 0Opa-
3yeTcs MepeXonHoi cnoi (puc. [4), cTpykTypa

GHiEmane
e

W3nococToukocTs HIE

01 ~ OHE Mtk

0.086
0,08
0,08+ 2

0,06~
0,04~

0,02

0 +— i
430 °C -»400°C

495 °C — 465 °C

445°C — 465°C 500 °C — 530 °C

O HE waxe,
aH'E

_OHE uaw

CTo#KOCTb K MNAcTUYeckor aedopManuy HE"

0127 B 0.106 j
(o)‘:)sé 0,083 0,082

i 0,063 0,066
0,067
0,04+
o,ozi

0+ ;
430°C 495°C — 465°C

500 °C -»530°C

» 400 °C
445°C — 465°C

Puc. 10. TucTorpaMMbl MEXaHHUECKUX W IKCTITYATALHOHHBIX CBOHCTB KapOUIA0XPOMOBBIX TTOKPBITHH,
MONTyYeHHbIE BHYTPU CTAJILHOTO peakTopa
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[Toxperrie, nonyuennoe npu 7 = 500-530 °C
(00p. Ne 458)

6
Ioxpertue, nomyuennoe npu 7 =550 °C
{06p. Ne 459)

Puc. 11. doTorpaduu H3n0MOB KapOHIOXPOMOBOTO MOKPLITHA, TTOIYHEHHOrO 110 cxeMe 1. JSM-7001, npu yrenu-

yenun 100,000

KOTOPOro OTJIMYAETCs OT CTPYKTYPbl OCHOBHOM
YacTH MOKPBITH. DTO CBA3AHO Kak C cocTa-
BOM ra3oBoH a3kl HaJl MOBEPXHOCTLIO pOCTa,
TaK U YyCTAHOBJIIEHHEM TEMIEPATYPHOro pe-
)KMMa MOJJIOKKH Ha HayalbHOMW CTaJWUHU Mpo-
necca ocaxaeHus, 00yci0oBIEHHOIO CUIILHOM
HAOTEPMHUYHOCTBLIO nUponuia XOX «bap-
xoc». TonmMHa Takoro cost Moria JOCTHraTh
3—4 MKM.

Jist ocaxaenus no cxeme | xapakrepeH donee
penbedHbl BUA w3noMa (puc. 11 v puc. 12). Ha
U3j10Max 3THX MOKpBLITHH Gonee YETKO BUIHBI
CTPYKTYPHBbIE 37IEMEHTHI MOKPLITHA. TeMnepary-
pa OCaXAEHHs M CBOHCTBA MOKPLITHIA 1O ABYM
cXeMaM OCaXKACHHs MpHUBeAEHbI B Tadnunax 4
U 5, COOTBETCTBEHHO. [TOCKOMBKY MOKPBITHS,
MONYUEHHBIE B MPOUECCE OCAKAEHUS UMEIOT
TOPU3OHTAJILHO-CIIOUCTYIO CTPYKTYPY, Mallblii

pazdpoc MEKIY MAKCHMAJIBHLIM H MHHHMAJTbHbIM
3HAYEHHEM TBEPAOCTH MOXKET CBHAETENLCTRO-
BATb O MANlOH TOJILIMHE CJTOEB MOKPLITHS.

Kak BuaHO u3 puc. 14, npu ninockoctu
M3]IOMa HOPMANBHOM K MOBEPXHOCTH POCTa
MOKPBITHS, CIIOUCTOCTb MTOKPLITHS HE BUAHA,
HO MpH U3MEHEHWH yrina go =45° oTyernu-
BO BH/HBI CJIOW W TTOACIIOH TAKOTO MOKPBITUS.
Hccenenosanus uinoma npu OonbuieM yBeu-
YEHHWH TIOKAa3allu, YTO pa3Mephbl CIOEB JIeKaT B
auanazone ot 140 go 170 M, a moacnoes — Ha
ypoBHe 20—40 uM. PparmMenT cryrneHei uznoma
MOKPBITHS NMPH OONIbLUEM YBETHUEHUH MOKa3aH
Ha puc. |5.

Koneunol uenpro HaHHBIX MCCAENOBaA-
HUH ABISIETCA MOJyYeHUE KapOUAOXpPOMOBBIX
NOKPBITHH (MaTepuana) ¢ Haunydllu-
MU 2KCTIyaTaUHOHHBIMHU (3AUIMTHBIMH)

202
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INokpeiThe, nonmyuennoe nipu 77 =430-400 °C (06p. Ne 427;
cxemMa 2)

Puc. 13. Bun uznoMa nepneHAHKYIApHO MOBEPXHOCTH
pOCTa KapOHIOXPOMOBOTO MOKPBITHS

TokperTHe, nonyyenHoe ipu 77, =445-465 °C (06p. Ne428;
cxema 2)

Puc. 14. Bux uznoma kapbuaoxpoMoBOTro NOKPBITHS MO
Pa3HBIMH YITIaMH K MOBEPXHOCTH POCTA.

Puc. 15. YBenuueHHbIl dparMeHT W3oMa KapOHaoXpo-
MOBOTO ITOKPBITHSA CO CTYNEHAMH H3NIOMa

CBOWCTBaMU, B HACTHOCTH U3HOCOCTOMKOCTHIO,
CTOHKOCTBIO K MJIACTUYECKOH JedopMaluu
W BBICOKOWH KOPPO3MOHHOW CTOHKOCTBIO K BO3-
Puc. 12. ®otorpaduu U3MOMOB KapSHIOXPOMORBOTO MO~ NEHCTBUIO PA3IMUHBIX aIPECCUBHBIX CPEJI.

KpbITHA, nonyyeHHoro no cxenme 2. JSM-7001 npu yse- HauBbicIIed OTHOCHTENbHON H3HOCOC-

sennn 100,000 TOMKOCTBIO COTNIACHO JIAHHBIX MPOBEAEHHBIX

IlokpeiTe, nonyuentoe nipn 7, =500-530 °C (06p. Ne 425;
cxeMa 2)
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Tabnuua 4

HccnenoBaHue CTPYKTYPHBIX 3IEMEHTOB NOKPBITHI, OJYYEHHBIX MO cXeme 1

No I L Moays Tosmm.
a . ’
o6p. T ,°C m:a (MHH.—MAaKC.), Teepa., ['Tla YOnra, I'Ma MoKp., Mpum.
HM MKM
y
460-1 | 500 40 31-48 16,5 (14,6-18,1) | 274 (259-295) | 20 MoBepX.
pocra
4602 | 500 38 30-45 16,5 (14,6-18,1) | 274 (259-295) | 20 Y
HOOJTONKH
458 | 500-530 | 30 20-40 21,3 (19.4-23,1) | 309 (282-323) | 25 C"Ej’g‘;”a
459 550 27 20-30 20,7 (17,2-23,3) | 308 (276-331) | 16 Cegif)‘;”a
Tabnuua 5
I/Iccneaonalme CprKTyprlX IJIEMEHTOB HOKpblTHﬁ, IMOJJYUCHHBIX IO CXeMe 2
L Tom.
Ne o L_, B TeepaocTb, Moaynb
obp. T.,°C H‘:' (MHH.—MAaKC.), I'Ma YOnra, Ma NOKp., IMpum.
HM MKM
427 | 430-400 | 44 34-59 16,3(15,3-17.6) | 200 (195-206) | 25-50 Cegii‘;“a
428 | 445465 | 43 39-53 19 (17-20,8) | 287 (238-322) | 16-18 Ceii’éz”a
429 | 495-465 | 38 2856 19,3 (17,6-22.2) | 297 (241-341) 12 Ceziiz”a
425 | 510-530 | 40 34-45 18 (17-18,5) | 239(235-245) | 16-22 Cezii:”a

L, - HM — CPEHHH pasmep CTPYKTYPHBIX SIEMCHTOB MOKPHITHS; L (MHH.—MAKC.), HM — MUHHMAbHbIH H MaK-
CHMaJIbHBIH pasMephl CTPYKTYPHBIX 3yeMeHToB; TeepaocTe, [Tla — cpegHee 3HaueHHE (MHHMUMYM—MaKCHMYM)

ucenenosanuit (puc. 9 u puc. 10) obnanaror
NOKPBITHS, TOJYYeHHBIC B HEU30TEPMUYEC-
KOM PEXHUME NMPH CHUKEHUU TEMINEPaTyphl
¢ 430 1o 400 °C (na rpaduxax o603HaYCHDI
430 — 400 °C) ¥ npu yBenU4EHHUH TEMTIEpA-
Typb! ocaxaeHus ¢ 500 — 530 °C o cxeme 2. a
Taroke — npu S00 — 530 u 550 °C mo cxeme 1.
JlaHHbIE TIpUBEAEHBl B MOpPAAKE yObIBAHUSA
OTHOCHUTEJILHON BEMMUYHHBI H3HOCOCTONKOCTH
TTOKPBITHS.

Kak u3BecTHO, yBeIM4YEHHUS H3HOCOCTOH-
KOCTH Marepuana MOXXHO AOCTHYb NOBBIILIAS
€ro TBEPAOCTb, JUOO 3a CUET CHUIKEHHUSA
moaynst FOHra atoro marepuana. Jlanuble
9KCMEPUMEHTOB CBUAETENBCTBYIOT O TOM,
4YTO NMPUYUHON yBENHUYEHUSN U3HOCOCTONKOC-
TH 00pa3LoB, MOJYYEHHBIX MPHU TeMMeEpa-
Type ocaxaeHus 430 — 400 °C, asnserca

UMEHHO 3HAUMTEILHOE CHIMXEHUH Moaynst FOHra
TaKUX NOKpbITHH. Takoe CHUIKEHHE MOAYIs
tOnra, no HameMy MHEHWIO, MOFJIO TIPOU30ii-
TH 3a cyeT ocnableHUs BHYTPEHHUX CKHMa-
IOLMX HaMpsHKEHUHW B MOKPBITUY, CBA3AHHOTO
CO CHIDKEHHUEM TeMIIepaTypbl OCaXKJIeHHUd, a
Takke ¢ ocobeHHOCTIMHU cxembl 2. llpu ee
pean3aluH TI0 TEXHHUYECKUM ITPUUHHAM, T10-
JUT0KKA ¢ OCAXK/ICHHBIM Ha HEE MOKPLITUEM J10-
CTaTOYHO ATUTEbHOE BpeMs HaxOAnIach MpH
TeMreparypax, OTM3KUM K TeMIleparypam
OCaXK/EHHS.

OTHOCHTENbHA U3HOCOCTOUKOCTH I10-
KpBITHH, MONYUYEHHBIX MPHU APYTHX TEM-
NepaTypHbIX peXHUMax OCaXACHUS, HECKOIbKO
HiKe, veM y HauOosee cTOMKUX (yKa3zaHHbIX
BBITIE), OIHAKO 3HAYMTENBHO PEBOCXOAUT U3-
HOCOCTOHKOCTBH HCXOHBIX MaTepHaioB (pHc. 5).
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C. A. KPOXMATL, T. H. 3VEBA, A. A. CVIIIAA

Pesynbrarsl OlleHKH OTHOCUTENILHOH CTOH-

KOCTH K IJ1aCTHYECKO# AepopMalluui MOKPLITHIA
B 3dBUCUMOCTH OT TemnepaTypﬂoro pe>1<uma
0CaX<JIEHUs MONHOCTHLIO COBIAAANOT C paHXKHU-
POBAHHUEM I10 UBHOCOCTOWKOCTH MOKPBLITHH
JJs pa3UYHBIX TEMNEPATYPHbBIX PEIKUMOB
OCaNCICHUS.

BbIBO/ bl

1.

Kap6uoxpoMoBbie OKPBITHS, OAYYdEMble
metogamu MOCVD, no cBOUM MeXaHH-
YECKHM W 3KCIITyaTalMOHHBIM CBOHCTBaM
CYLIECTBEHHO MPEBOCXOAAT MaTepHabl
MOJLTIONKEK.

KaBuTaunoHHas CTOMKOCTH K HW3HOCY
KapOUAOXpPOMOBLIX MOKPLITUH B 2—5 pa3
BbILIE, YEM Yy IIMPOKO HMCNOJbL3YEMO-
ro B aTOMHOH NpOMBIIIJIEHHOCTH CIl1aBa
Z12,5Nb 1 3aBUCHT OT pe)KUMa OCaKAEHHS
MOKPBITHS.

. CTOHKOCTB K 3/IEKTPOXHMHUECKOMY PacTBO-

pPEHHIO KapOHUIOXPOMOBOTO MOKPLITHS 3a-
METHO BbILIE CTOUKOCTH LHPKOHUS,
KapO110XpOMOBbBIE MOKPBITHS, N0JyUaeMble
metogaMu MOCVD, MoryTt OmITh Hc-
NONB30BAHMI 4118 3aLHTHI OT KOPPO3WOHHOTO
1 9PO3HOHHOTO W3HOCA IIMPKOHUS U crijlaBa
Zr2,5Nb.

Kap61a0XpoMOBbIE OKPBITHS, OCAXIAEMBIE
metozom MOCVD Ha noanoxkax u3 dosnee
M1aCTHYHBIX MATEPHAJIOB, AEMOHCTPUPYIOT
0o/ee BHICOKYIO H3HOCOCTOHKOCTD, UEM Ha
foJjiee KEeCTKUX MOAN0KKAX.

. CHmKeHue cooTHolieuus S/V ans peakuu-

OHHOM 30HHI MOBbILAET IQPEKTUBHOCTH
fnpouecca 0CaXAeHHs NOKPhITHS.
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