Pegepar

Broimycknas kBanudukaimonHas pabota coctouT u3 88 crpanun, 24
PUCYHKOB, 17 Tabmuil, 45 NCTOYHUKOB, | IPUIIOKEHUS HA AHTJIMICKOM SI3BIKE.

KiroueBble cioBa: yalbHbI MAarHETPOH, MJIAHAPHBIM MAarHETPOH, IPOOOU
Ha rpadutoBoM katone, DLC, anma3zomomoOHOE MOKpBHITHE, YIJIEPOJ], TOHKHE
IUIEHKH, TBEPJOCTb, MOAYJb YIPYroCTH, KOA(P(GUIUEHT TPEHUs, CHEKTPOCKOIUS
PaMaHOBCKOI'O PaCCEsHUS.

OOBEKTOM HUCCIIEOBAHMS SIBISIFOTCS YIJIEPOJHBIE MOKPBITHUS, OTYyYCHHBIE
C IOMOIIBK0 MATHETPOHHOM PACIBbUIATEIILHON CUCTEMBI, U UX CBOMCTBA.

Lens paboTel — uccienoBanue Biusgaus napametpoB MPC (konduryparms
MarHUTHOTO MOJsI, TUI MCTOYHMKA IUTaHUS), a TaKke pabodyero NaBiICHUs Ha
CBOWCTBA MJIEHOK yIJIEpoaa.

B 1npouecce wuccienoBaHus NPOBOAWINCH: ONPEAEICHUE TOJILIUHBI U
CKOPOCTH OCaXXJICHHsI YIJIEPOJHBIX MOKPBITUH, IIOJyYE€HHE ITOKPBITHI Ha TyalbHOU
n mranapao MPC, uccnenoBanue CBOMCTB ITOJYYEHHBIX IMOKPBITHN: TBEPIOCTb,
MOJlyJIb YOPYTOCTH U KO3(P(PUIMEHT TpeHUsi, ONpeAesieHUEe CTPYKTYPhl MOKPBITUI
METOJIOM pPAMaHOBCKOIO pACCESHUS, ONpENeieHue M pelieHue mnpodiemM
3a)KUTAHUS U TOAJEP KAHUS pa3psiia, ONMCAHUE MOJYyYEHHBIX PE3yIbTaTOB.

B pe3ynbrare uccie1oBaHus W3Y4€Hbl METOJIMKHU OCAXKJIEHUS YIIIEPOIHBIX
MOKPBITUM TPHU IOMOIIM IJJAHAPHOM M AYaIbHOW KOHCTPYKIIMM MArHEeTpOHa,
NOJIYYEHBI YTJIEPOAHBIE IMOKPBITHS C BBICOKUMU MEXAHWMYECKUMHU CBOMCTBaMH,
CpPaBHEHUE KOTOPBIX MPOU3BOAMUIOCH B 3aBUCHUMOCTH OT pEXHMa padOThI
MarHeTpoHa, KOH(HUrypallMi MarHUTHOM CHUCTEMbI, KOHCTPYKIMM W HCTOYHHKA
NUTaHUSI MarHETPOHaA.

OO6nacTh NPUMEHEHHUS: YIPOYHEHUE pa3JIMYHBIX JeTajeldl MEXaHU3MOB,
YBEJIIMYEHUE CpOKa  CIYXKObI  HCIOJNB3YyeMOTO  Marepuajia, yMEHBIICHHE

ko3 dunreHTa TpeHus: padoueii IMOBEPXHOCTH.
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BBenenue

Coznmanne wW3enuii C TOBBIIMIEHHBIM PECYpPCOM pabOTHI COMPSIKEHO CO
3HAQUUTENBHBIMU TPYyAHOCTSMU. [loslydeHHME HOBBIX MATEpHUANIOB: CIUJIABOB,
KOMIIO3UTOB M T.J. SBJSIETCS JOCTATOYHO CJIOXHBIM H  JOPOTOCTOSIIIAM
HalpaBJICHUEM UCCIIeIOBaHW. B Hacrosmiee BpeMs OCHOBHBIM CIIOCOOOM
YBEIMYECHHUS CpOKa CIYKObl pa3jaM4HbIX  JeTalied MEXaHW3MOB, a TaKKe,
HarpuMep, OMOMMITTIAHTOB SIBIIICTCS MOJM(PUKAIMKA MX TOBEPXHOCTH, KOTOpas
MOJKET OBITh OCYIIECTBIICHA Pa3IMYHBIMU criocodoamu [1].

Cpenu HUX JIUAUPYIONIEE TOJIOKEHUE 3aHUMAIOT Pa3JIMYHBIE METObI
OCaXJCHHSI TOHKOIUIEHOYHBIX MOKPBITUNA. MHOTHE U3 HUX SIBJISIFOTCS JTOCTATOYHO
XOpOILIO M3YYEHHBIMH, A CIEKTp, MOJYYaeMbIX C MX MOMOILIBIO IUIEHOK, BEChbMa
pa3zHooOpaseH. IIpu 3ToM nosiydaemble pe3yJbTaThl, HAIPUMED YBEINYEHUE CPOKA
CITyKOBbI U3JI€THUsI, MOTYT OBITh JIOCTATOYHO BHICOKHU.

OgHuM W3 MarepuanoB, TOHKHE IUIEHKA KOTOPOTO MOTYT OBITh
UCIIOJIb30BaHbl B 3TOM HaIpaBJIeHWH, sBsieTcs yriiepon [2]. Ilokpeitus Ha ero
OCHOBE 00J1aJ1al0T YHUKAJIbHBIMU CBOMCTBAMHU, KOTOPBIE XapaKTEPU3YIOTCS HU3KUM
ko3 unrieHTOM TpEHUs, BBICOKOM XUMHYECKOU CTOMKOCTBIO 51
U3HOCOCTOMKOCTBIO pabounx moBepxHoctel neranei [3]. Tak ke oHM oOagaroT
BBICOKOM TBEPIOCTbIO, HMEKT BBICOKYK) TEIUIONPOBOAHOCTh, XOPOIIMMHU
AIIEKTPOU3OJSLMOHHBIMU CBOMCTBAMU [3], OMOCOBMECTUMBI U XEMOCOBMECTUMBI
[4,5]. B cBs3u ¢ 3TUM MOSIBUIIOCH OOJBIIOE KOJUYECTBO METOIOB €TI0 OCAKIACHUS.
OmuuM Y3 HUX SBJISETCS pachblieHue TrpadUTOBBIX MHUIIEHEW B IUIa3Me
MAarHeTpOHHOTO pa3psAnaa.

Marnetponnsie pacnbumatensubie cuctembl (MPC) okazamnch BechMma
MEePCIIEKTUBHBIMU JJIsl HAHECEHUS YTJIEPOHBIX MOKPBITHMA, 00JaJal0IMINX HUZKUM
KO3(PUIIMEHTOM TPEHHS M JOCTAaTOYHO BBICOKOM TBepaOCThIO. OHHU CIIOCOOHBI
00eCIeyuTh JIOCTATOYHO BBICOKYIO CKOPOCTh OCXKICHUS, PaBHOMEPHOCTh U
MOJIHOE OTCYTCTBHE KarelbHOM ¢pakiuu. OJHAKO, CBOMCTBA OCaXKIAeMBIX C

noMmomipto MPC  mnéHOK CWIBHO 3aBUCAT OT  PEKUMOB  OCAXKJICHUS,
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AIIEKTPUYECKOTO MUTAHUS U KOH(PUTYypallMd MarHUTHOTO Mojs. B cBs3u ¢ 3TuM
BO3HUKJIA HEOOXOAMMOCTh  BBIMOJIHUTH  HCCIAEAOBAHUS 1O  BBISBICHUIO
0CcoOeHHOCTEeW padOThl MAarHeTpOHAa MPU paCHbUICHHHM TpadUTOBON MUIIEHH, a
TAaK)K€ OLICHUTh BIMSHHUE PEKHUMOB OCAXKJIEHUS HA CBOWCTBA YIJIIEPOJIHBIX
TTOKPBITHM.

B cB3M c 3TUM mesqib padoThl COCTOMT B HCCICAOBAHUM BIIHSHUSA
napametrpoB MPC (koH(urypaiuss MarHuTHOTO TOJIsA, TUIT UCTOYHUKA MUTAHUA), a
Tak)ke pabouero JaBjeHUs] HAa CBOMCTBA MJIEHOK YIiiepoa.

J11s 3TOr0 HEOOXOIUMO PEIIUTD CICTYIOIINE 3aJa4u:

1) ompenenuTh CKOPOCTh OCAXKICHUS VYIJICPOIHBIX TMOKPHITHH IPH
WCITOJIB30BAaHUU Pa3nn4HbIX TUIIOB MPC;

2) TONYYHTH SKCIEPUMEHTAIbHBIC O0pa3ibl IUIEHOK TPU Pa3IMIHBIX
pexumax pabotrst MPC;

3) wmccienoBaTh MEXaHUYECKHUE CBOWCTBAa IMOJNYYCHHBIX ITOKPBITHN:
TBEPJIOCTb, MOJIYJIb YIIPYTOCTH U KO3 (PUITUEHT TpeHUS,

4) wuccienoBaTh  CTPYKTYpy TOKPBITUH  MeronoM PamaHOBCKOM

CIEKTPOCKOTIHH.
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1 YraepoaHbie NOKPHITHS M CIOCOOBI MX MOJYyYeHUSA

1.1 YruiepoaHble NOKPBHITHS UX CBOMCTBA U CTPYKTYypa

VYriepoHOE TOKPBITHE — 3TO CTPYKTypa, COCTOSIIAas W3 KOMOWHAITUi
amMasHbIX (SP°) M rpaduTomomoGHbIX (SP°) cBs3eil. Takue IMOKPBHITHS OOBITHO
SIBIISIIOTCS aMOP(HBIMU, UTO TOBOPUT O HATHMYUHU OJMKHETO MOPSIIKA K OTCYTCTBUU
JTATBHETO ATOMAPHOTO TOPSIIKA B CTPYKTYPE TOKPHITHA.

Kak m3BecTHO, yriepoa MokeT o0pa3oBBIBATH MHOYKECTBO aJIJIOTPOITHBIX

(OpM H3-3a €ro BaJICHTHOCTH U MMEET TPU THopuamsarmu: sp°, sp° u sp* (puc.1.1).

sp3

Pucyrok 1.1 — daspl rubpuamsanuy yriaepoga: sp°, sp” u sp’ [6].

Haubonee uzBecTHhIE aiutoTpornHbie (GOpMbI yriepoja: aaMmas, rpaduT u
amopdubii yraepon (puc.l.2) [7-9]. Anma3z umeeT KyOUYECKYI0 KPUCTAJUTHYECKYIO
3

CTPYKTYPY C YEThIPEXKpPaTHO COEAWHEHHBIMH SP~ cBsizsimu (puc.1.2 a). I'padur
MMEET TeKCArOHATBHYI0 pEIIeTKy ¢ SP° CBS3SMH B IBYMEPHOH IUIOCKOCTH
CTPYKTYpPBbI, KOTOpPbIE COEIMHEHBbI MEXIy co0oil cinabbiMu cuiamu (puc.l.2 0).
. 3 on2 1
AMOpGHBIN yTIIepoa MOXET HUMETh JII0Oyr0 KoMOWHamuio SP°, SP° W Jaxe sp
cBs3ei B CTpykType (puc.l.2 B), ¢ BO3MOXHBIM Hamuuuem g0 60 % aTomoB

Bojgopona [10].
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distance 1.42 A

a 0 B
Pucynox 1.2 — Ctpyktypa yrieposa B anmase (a), rpadure (0) u amophHOM

yriaeposae (B). [7-9]

B 3aBucMMOCTH OT HaM4YHUs BOAOPOJIa B CTPYKTYpE, TUICHKU ACIAT Ha JIBE
OoupIue rpymsl [11]:
1) TlomydeHHbIC MPH MOMOINM TPadUTOBBIX MHINECHEH | cojaepkaiiue B
OCHOBHOM YTJIEPOJ] B CBOEU CTPYType, Ha3bIBa€Mble aMOP(PHBIM YIIIEPOIOM
(a-C) nm amopdubIM anmmazom (ta-C).
2) TlomyuyeHHble B pe3ysbTaTe PEeakiMyd BOJIOPOJA M YIJIEpoJa, Ha3bIBAEMbIC

THIPOT€HU3UPOBAHHBIM aMOp(HBIM yriepoaom (a-C:H).

3

9]
Ammvas

5

ta-C ta-C:H

a-C:H

Opranu4eckuit
TIOJIUMED

a-C

[TonukapOoH
I'pacur

2
sp

Oprannyeckuii ras

H

Pucynok 1.3 — ®a3oBas auarpamma, moka3bIBaoIas KIacCU(PUKALINIO
. 2 ond
YIIEPOAHBIX MOKPBITUHM B 3aBUCUMOCTH OT KOHLIEHTpALUU SP°, SP~ a3 u HaIu4usl

Botopoja [12].
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Copeprxanue BOJIOpOjia B TUICHKAX C BBICOKOUW KOHIIEHTpAIuei sz 151 Sp3
cBsizell odeHp HH3Koe. Ecmm sp® (asa sBisercss mpeoOniagaromiel, IUICHKH
SIBISIFOTCSL alIMA30MOZOOHBIMY, TOTHA KaK C MPEoOIafalomM COSIHHCHHEM Sp°
TJICHKY IO CBOMCTBAM MOX0H Ha rpadut (puc. 1.3).

CBoiicTBa YIJIEPOIHBIX TOKPHITHA MOXHO HM3MEHSTh B 3aBUCHUMOCTH OT
TpeOyemol (QyHKIIMOHATLHOCTH, JOOABISAS B CTPYKTYpy MHBIC MaTepHalbl TaKHe,
kak Si, N, atomsl metamia, F [13].

Pa3Hple MeTONMKH U PEXUMBI pabOThl 00OPYIOBaHUS TaK K€ IMO3BOJISIOT
MOJIy4aTh Pa3HbIE MO0 CBOWCTBAM YTJIEpOAHBIC TOKPHITHA. CTPYKTypa MOXKET OBITh
MIPOMEKYTOUYHON MEXKIy anMa3oM, IpauTOM U YTIIEBOJOPOAHBIM MOJIUMEPOM, C
pasIHYHBIME IPOIOPLUAMHE yriiepoxa sp°, Sp° u Bogopona. CpaBHEHHE OCHOBHBIX
CBOMCTB pPa3IUYHBIX aMOP(HBIX M KPUCTALIMYECKHX (OPM yIiIepoaa MOIKHO

yBuaeTh B Tabmuue 1.1 [11, 13-16].

Tabmuma 1.1 — CpaBHEHHE OCHOBHBIX CBOWMCTB pa3jiM4HbIX aMOpP(HBIX U

KpUCTaJUIMYECKUX (HopM yriepoa.

Crpykrypa
pyu P a-C, ta-C a-C:H Aama3s I'pagur
CBoiicTBa
sp, % 40-70 50 100 0
Kpacranmieckas Amop¢Has Amop¢Has Ky6uueckas I'excaronanbHas
pemieTka
Hnotocts, 3,1 12-23 3,52 2,3
T+CM
VY nenbHoE
COINPOTHBIICHUE, 3.10" <1 10 107
Om=cMm
30Ha ONTUYECKOU 25 11-17 55 0
BUAUMOCTH, 5B
686, ( [|a);
Monyfma 100 — 800 1000 — 1200 OUEHB Ma
YHPYTOCTH, npu (L a).
Tsepnocts, ['Tla 10 -80 2-10 100
Tep MoiTéHKOCTB’ > 700 > 200 >700 >700
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Kak Bumno u3 tabmumpsl 1.1, cBoiicTBa YIJIEPOJIHBIX MOKPBITUHA MOTYT
MEHSTHCS B 3aBUCHMOCTH OT KOHIIEHTparuy SP° (a3el. Takue MOKPHITHS 00Ma[aioT
HECKOJIbBKUMHM  YHHMKAJIbHBIMU CBOMCTBaMU. (OCOOEHHO Ba)KHBIMHU SIBJISIIOTCS
MEXaHMYECKME CBOMCTBA, TAKHE KAaK BBICOKAs TBEPAOCTb, BBICOKMM MOAYJIb
yIPYroCTH, HU3KUH KO3(pPUUMEHT TpeHus M HU3KUi u3Hoc. bmaronmapst coeit
amMop(HOU CTPYKType, YIIEpOJAHOE MOKPHITHE HE UMEET IPaHULl MEX]Y 3apHaMH,
YTO MO3BOJIAET €My OBITh OYEHB IUIAJIKUM MaTepuasioM. Kpome Toro yriepoaHsie
HOKPBITHS XUMUYECKU HHTEPTHBI, OMOCOBMECTHUMEBI U XeMocoBMecTHMBI [17,18].

Hamnume Bcex I3TUX  CBOMCTB  JI€NAET  YTJIIEPOAHBIE  IOKPBITHSA
IIPUBJICKATEIBHBIMIA JUII MHOTHX HAIPAaBICHUM MW JAeT IIUPOKHM CIEKTP

NPUMEHCHHUH B Pa3HbIX 00JIACTAX MpoMbIieHHOCTH (Tab:. 1.2) [11,19].

Tabmuma 1.2 — ITlpumeHeHue yriaepoAHBIX MOKPHITHUM B 3aBUCUMOCTH OT HX

CBOICTB.

. Cnoco0bl
CaoiicTBa Ipniaoxenus
HCNOJIb30BAHUSA

[Ipo3padHocTh B BUIUMOM
cBeTe U uH(ppakpacHbIN OrnTuyeckue MOKPHITUS
nuana3oH. OnTUYecKuid
nuanasoH: 1—4 »B.

[IpoTHBOOIMKOBEIE, OTpAKAIOIINE U
M3HOCOCTOMKNE MOKPBITHS [
UH(PaKpacHOH ONTUKH.

XuMu4ecKasi UHEPTHOCTD

XUMHUYECKH UHEPTHBIE 3ammTa oT KOPpO3UU MarHUTHBIX
110 OTHOILEHHIO K <

MOKPBITHUS, TIOKPBITHS HOcHuTelnel nHpopMaIuy,
KHCJIOTaM, MIeJ0YaM U

UMIUIAaHTaHTOB OMOMeTUIIMHCKAs COBMECTUMOCTD U
OpPraHUYeCKUM
0€30I1aCHOCTb.
PacTBOPHUTEIISIM.
Belicokas TBEpIOCTS, H3HococToiikue
H = 5 — 80 I'Tla, Hu3kuit ITOKPBITHS, TOKPBITUS MarsuTHbIE )KECTKUE AUCKH,
KO3 PHUIHUEHT TPEHUS: UMIUIaHTAHTOB, MarHUTHbIE JICHTbI, OpUTBEHHBIE
<0,01-0,7 CMa304HbBIE TIOKPBITHSL. ne3Bus (MOIINIMITHUK, IIECTEPHHN).
I'mapkocTs B Ouens ToHKHE MOKpbITHA | Hanelnenns Ha MarHUTHBIE
HaHoOpa3Mepax, HU3Kas <5HM HOCHUTEIH.
IEPOXOBATOCTb.
[Inpoxuii criex
P P W3oasammonnbie
NIEKTPUUECKUX u
o MOKPBITUS JSILIMOHHOE HaIbIJICHUE.
conporuBieHmi = 107 — OKp ’ SOTHIHOHHO® chue
1 UDIIEKTPUYECKHE.

107" Om/cm A p

Huzkas pusnextpuyeckas

[TokperTHs ¢ Manon
KOHcTaHTa < 4

IMHUCCUEN
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1.2 Cnoco0bI mosty4eHusl yriaepoaHbIX NOKPHITHH

YrnepoaHpie TIEHKA MOTYT OBITh TMOJYYCHBI M3 TBEPIOTO yriepojaa WId
YIIICBOJIOPOIHBIX Ta30B, TAKMX KaK METaH, alleTHJIeH U OCH30J, W, KaK MpaBuJo,
npoiiecchl 00pa3oBaHUsI MPOTEKAIOT B BaKyyMHON Kamepe. B 3aBucumoctu ot
UCTOYHHUKA yTIIepoaa HAHECCHNE YTICPOIHBIX TTOKPHITHIA MOXXHO OTHECTH K OJTHOMN
U3 JIBYX CIEAYIOIINX KaTeropuii [14]:

1. Xumumyeckoe razodasnoe ocaxiaenue (CVD - Chemical Vapor
Deposition).

MeTon XHUMHUYECKOTO OC@XIEHUS TOKPBITUH W3 Ta30BOM (as3pl, mpH
KOTOPOM TOJJIOKKA MOMEIIAeTcss B KaMepy u npu temmeparype 950 — 1100 °C.
["a3bl pearupyroT ¥ HAaHOCST TOHKUU CIION MaTepuaia Ha TOBEPXHOCTh MOJIOKKH.
HenocraTku 3TOr0 MeTo/na B TOM, YTO MPUMEHSIOTCS OYEHBb TOPOTHE XUMUYECKUE
pearenTsl (TiCly, NH3) u HY)XHO MpPOU3BOJUTH MOCTOSHHBIN TOYHBIA KOHTPOJIb
peakimii B pabouerr kamepe [13]. Kak mnpaBmio, XMMHYCCKUMH METOJaMH
MOJTy4aloT yTIIePOJHbIE TIOKPHITUS B COEIMHEHUH ¢ Bogopoaom a-C:H.

2. ®wusnueckue metoanbl (PVD — Physical Vapor Deposition).

[Iporiecc o0Oo3HayaeT TpyIy METOJOB HAmNbUICHHS B BaKyyme, MpH
KOTOPOM TIOKDPBITHE MOJTYy4YaeTCs MyTEéM HCIAapeHUss aTOMOB MUIIEHU U JOCTABKU
UX Ha TMOMJIOXKY dYepe3 ra3oByio (azy [13]. duszmueckumu MeTOgAMH MOKHO
nmoJTy4ath Kak anmasornomoOHwie ta-C, tak m amopdubie a-C TuleHKH yriepona.
®uznyeckre METOJbl 10 CPaBHEHUIO C XHUMHUYECKHUMH SIBISIOTCS  OoJee
0e30MacHbIMM, JEUIEBBIMU U O€30TXOAHBIMH, MOATOMY Jainee Oojiee moapoOHO

OoynyT paccmoTperbl PVD MeTo1bl TTOJTy4eHUsI TOHKOTJICHOUHBIX TTOKPBITHIA.
1.3 ®Pusuyeckue MeToaAbI

N3 ¢pusnyeckux (PVD) meTonoB HaHeceHUs YIJIEPOAHBIX IJIEHOK MOKHO

BBIACIIUTD:

« JlazepHoe ucnapenue (a0Jsims):

19



HcnapeHre MUIIIEHH OCYLIECTBISAETCA MO JEHCTBUEM JIA3epHOTO Jy4ya Ipu
narernn 10° — 107 ITa. JIIuTeIpHOCTD HMITYIIbCA a3 JICKUT B AUATIA30HE OT
1 mxc 10 1 dc (puc. 1.4). YriaepoaHbie TOKPBITHUS, TOJTyUYESHHBIE TaHHBIM METOJIOM,
o0JaaroT XOpomMMH XapakTepuctukamu. Hampumep, B pabore [20] momydeno
MOKPBITHUE Ha TOBEPXHOCTH HMIUIAHTAHTAa € TBepHocThio okono 35 TITla.
[IpeumyiiecTBa MeTOJA: MOJYYEHHE MOKPBITHI CIOXKHBIX COCTUHEHUMN, BbICOKAsS
YUCTOTA TMOKPBITUI (MHUHUMYM mpumMeceil). Hemocrarku Meroaa: CIIOXHOCTb

pealn3alnu, HCPABHOMCPHOCTD 110 TOJIIINHC.

JepxKaTelb
ra3 (Harpesares)

MOJUIOXKKA

A \._ MJIa3MEHHBIH
T — daken

nasep JINH3a S / )
A MHUIIECHb

/ & K TypOOMOJIEKYIIpHOMY
Hacocy

Pucynok 1.4 — [IpuHIKIT KMITYJIBCHOTO JIA3€PHOI0 OCaKIeHUs MaTepuaios [21].

* BakyyMHO-IyroBoe ncnapeHue:

IIpomecc mpoucxoautT B Bakyyme npu gasmenmn 10° — 107 Ila.
CxemaTnuHO MeTOA mpezacTasiieH Ha puc. 1.5. IIporecc MoXKHO peann3oBaTh Kak
IIPU TIOCTOSIHHOM TOKE, TaK M NPH UMIYJbCHOM ¢ yacTtoTor 1-50 kl'1. /[aHHBIM
METOJIOM TOJIyYarOT YIJIEPOIHBIE IUIEHKH C JIYYIIHMMH CBOKWCTBAMM 10 CPABHEHHIO
C IPyTMMHU METOAaMH. TBEpAOCTh TaKUX MOKPHITUN MOkeT nocturath 70-80 I'Tla,
kak B pabore [22]. [IpeumymiecTBa MeTonaa: BBICOKAs CKOPOCTb OCaXICHHS,
OTHOCHUTENbHAsI TMPOCTOTAa TEXHUYECKOW peanu3anuu, d3(QexTuBHAs HOHHAas

OYMCTKA U3JICJIUH TIEpE] HAaHECEHUEM NOKpbITUH. HemocraTku MeToa: Haaudue B
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CTPYKTYpE MOKPBITUII MHUKPOKAMNEIbHON MeTalIM4eckoi (as3bl, OTHOCHUTEIHHO

BBICOKHE TEMITEPATYPbI OCAKIACHUS IMOKPBITHUMN.

ITOLIIOZKKA
i)

I ﬁ IiHOH
| __rpaduroBas

TIOIKUT e
MHUIIEHb

+ 20-50B

Pucynok 1.5 — CxeMa BakyyMHO-AYTOBOI'O OCaKJIE€HUSI MaTEPUATIOB.

* MarseTpoHHOE pacIbUICHUE:

MarnetpoHnHsblie pacnbuiuTeabHbie cucteMbl (MPC) oTHOCSATCS K crucTeMam
pacnbUIeHUs JUOAHOTO THUIA, B KOTOPBIX MAaTE€pHUall PACHbUISIETCS 3a CUeT
OOMOapAMPOBKH MOBEPXHOCTH MHUILIEHW MOHAMHU paboyero raza, o0pa3yronmmMucs
B IJJa3Me aHOMaJbHO Tieromiero paspsga [23]. Tlporecc MOHHOTO pPACHbLICHHUS
(puc. 1.6) npoucxoaut nipu nasienusix 0,05 — 1 Ila. B kadectBe pabounx ra3os
ucronb3yroT Ar, Ny, O, CH, OcHoBHBIC BUABI TOKPBITHN: TTOJHBIA CHEKTP
METAIMYECKUX  TOKPBITHH, KEPAMUYECKHE  MOKPBITHSA, HAHOKOMIIO3UTHI,
YTJIEPOAHBIE TOKPBITHS.

OcHoBHbIMH 351eMeHTaMu MPC SBIIOTCS MarHWTHasi CUCTEMA, MUILIEHb-
Katol U aHoj (puc. 1.6). 3anuThIBaHME CHUCTEMbI MPOU3BOJIUTCS OT MCTOYHHKA
noctosHHoro (DC) unu umnynscHoro (AC) Toka ¢ ompeneneHHON 4acTOoTOH U
Kod((PUITMEHTOM 3amoHEHUsT UMITyJibca. PachbuieHHEe TMOBEPXHOCTH MUIIICHU
MPOUCXOJUT MEXKAY MECTaMH BXOJa U BBIXOJA CUJIOBBIX JTMHUNA MarHUTHOTO IOJIS.
N3-3a 3TOr0 OHa wWMeeT BUJ 3aMKHYTOM JOPOXKKH, TE€OMETPHUI0 KOTOPOU
onpeaessitoT (POPMOH MOJFOCOB MATHUTHON CUCTEMBI.
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NMOKPBITHE

JIMHHH MATHHTHOIO 0
noJist

®

T
r

Maruursl

Pucynox 1.6 — [IpuHIHIT MarHETPOHHOTO HAHECCHUS TIOKPBITHH [24].

[Ipyn 3akuranuu paspsja, MEPBbIA BIEKTPOH MOMAJAET B MArHUTHYIO
JOBYIIKY, 00pa30BaHHYIO CKPEIICHHBIMH 3JIEKTPUUYECKUM M MATHUTHBIM TOJISIMU.
OJIEKTPOH HAYMHAET JBUTATHCS MO LMKJIOWJE, MPOU3BOIS aKThl MOHM3ALMHU ra3a.
BceneactBue yero monsl pabodero raza O0omMOapAMPYIOT MOBEPXHOCTh MUIICHH,
OCYLIECTBIISII €r0 PACHBLICHUE, A 3JEKTPOHBI, NOKWHYBUIME KATOJ, YCKOPSIOTCS
NEPHEHANKYJIIPHO €My DJJEKTPUYECKMM II0JEM, TMONAJalT Ha aHod |
3axBaTbIBalOTCA WM. [lpuyem, yBenuuuBas IUIOTHOCTb HMOHHOTO TOKa, MOXXHO
YBEIUYHUTh CKOPOCTHb pACIBUIEHUS MHILEHH, YTO HANpPSIMYK CBSI3aHO C
JOKaJIN3alKeH TUIa3Mbl y pacblIsIEMON TOBEPXHOCTH.

[IpeumyiiecTBaMu JaHHOTO METOJA SIBJISIOTCS: TUIOTHAs MUKPO- (HAHO-)
KpUCTaJUIMYECKasi CTPYKTypa IOKPBITHM HpPH IOJHOM OTCYTCTBHM KalleJIbHON
(a3bl; BO3MOXHOCTh HAHECEHHUS TIOKPBITHI Ha TEPMOYYBCTBUTEIbHBIE MaTEpUAIIbI
OpU HU3KUX TEMIEpaTypax; JOCTaTOYHO BBICOKAs CKOPOCTb OCaKICHUS.

HCI[OCT&TKI’IZ OTHOCHUTEJIbHAS CI0KHOCTh TEXHHYCSCKOM peain3anun MeToaa IIpu
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MOJIYYCHUN  PEAKTUBHBIX (WM KEPAMUYECKHX) TMOKPHITHH — mpobieMa
«HMCUE3AIONIETO aHO/1a»; OTHOCUTEIHLHO BBICOKASI CTOUMOCTh 000PYIOBAHUS.

Bcenen o6wrunoii mmanapuoit MPC Oblnia co3nana ayajibHasi MarHeTpoOHHas
pactbuTenbHas cucteMa (JAMPC). JlyaneHbiii marhetpon (puc. 1.7) — nBa
MarHeTpoHa, AJEKTPUUECKU H30JMPOBAHHBIE APYT OT JIPYra, U YCTAHOBJICHHBIE B
oO1ieM kopmyce. MarHeTpoHbl MOTYT UMETh KaK OJMHAKOBBIC, TAK U Pa3JIMYHbIC
MHIIIEHNA U MOTYT PAacnojaraTbCs Kak B OJHOM IUIOCKOCTH, TAK U MOJ YIJIOM JIPYT K
apyry [25].

Coznanne JIMPC — nonbITKa peminTh OpoOJIeMbl U YCTPAHUTh HEAOCTATKH
MPC [26]. OcCHOBHBIMH TIPEUMYIIIECTBAMH HCIIOIB30BaHus AyaibHOi MPC nepen
ucnoias3oBanueM MPC sBastoTcs:

® VyBEIMYEHUE CKOPOCTHM HaINbUICHUS IUICHOK (OJiarogapsi yBEIWYEHUIO
CKOPOCTH MOHM3AIIMM aTOMOB paboyero raza U MOBTOPSIONIEMYCS MPOIECCY
«HANBUICHUE + OUUIICHUEY);

e Oombuias 3HepreTudeckas 3pHEeKTUBHOCTD N0 OTHOIIEeHHI0 K MPC;

® perieHue MPoOJIeMbl «MCUYE3AIOIET0» aHOA;

® OTCYTCTBHUE OIIACHOCTH 3arpsi3HEHUs] MNPOJYKTAaMHU pACIHbUICHUS CTEHOK
KaMephbl U ITOKPBITHH;

® OTCYTCTBHC OITACHOCTH BOSHHMKHOBCHUA HpO60€B.

3

Pucynok 1.7 — Cxema JIMPC [25]: 1 — oOmimii kopmyc; 2 — IuTaHapHbIe
MAarHeTpPOHbI; 3 — MUIIIEHb; 4 — MAarHUTOIIPOBO/T; 5 — MarHUTHI; 6 — U3OJIATOPHI; 7 —

LIyHT.
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JlyallbHO€ MArHETPOHHOE pACMbUICHUE OCYIIECTBISETCA CIABOCHHBIMU
MarseTpoHaMu, Kotopsie nuratorcas CH ummnynscamu. Yaie BCEro UCHOIb3YIOTCS
CXeMa MUTAaHUS AyaJbHBIX CPEIHEYACTOTHBIX MAarHETPOHOB OJHUM HMCTOYHHKOM
nuTanus. [lutaHne Ha MarHeTpoHbI mojaeTcs B mpotuBodazy CU mMmyTbCHBIM
OMIOJISIPHBIM HAMPSHKECHUEM CHHYCOUIATBHON WM OJM3KON K IPSMOYTOJIBHOM,
dbopme.

[Ipu pabore nyanbHoit MPC mepBblii MOMyNEepuoa OAWH MAarHeTPOH
paboTaeT kaTo/ioM, a Jpyroi aHoaoM. Btopoit monynepuon — Hao6opot. B oauH
MOJYNEPUO]] MHUIIEHb, SBJISIIONMIASICS KaTOJOM, OUHINAETCS OT H3JIMIIHETO
nudnekTpuka. Kpome Toro, BTOpUYHbIE 3JEKTPOHBI, BHIOUTHIE U3 MUIIIEHU-KATOA,
YCKOPSIIOTCSI KO BTOPOMY MarHeTpoHYy, MUIIIEHb KOTOPOTO SBJISETCS aHOJIOM. ODTH
AIIEKTPOHBI HEUTPATTU3YIOT MOJOKUTEIBHBIN 3apsi/] Ha TOBEPXHOCTU IUAJICKTPUKA,
YTO MpEAOTBpAIIACT MOsABJICHUE MpoOoeB. Takum 00pa3oM, MHUIIIEHH MarHETPOHOB
MOOYEPETHO TIepe3apsHKAlOTCs M OUMINAIOTCS, OJ1aroiaps YeMy Ha X MOBEPXHOCTH
HE MOXET BBIPACTU TOJICTBIM CIIOM AWAJIEKTpuKa. Takum oOpa3oM, pemiaercs
po0JieMa «HcUe3aromero» anoaa [27].

OnHolt u3 0COOEHHOCTEH AyallbHOM MAarHeTPOHHOW CHCTEMBI SBIISETCS
BO3MOXXHOCTh H3MEHEHHUS TIOJIIPHOCTEH JIF0OOro W3 MarHeTpoHoB [25]. OT1o
MPUBOJIUT K HW3MEHCHHMIO KOH(UTYpallud MAarHUTHOTO TIOJIS, CO371aBacMOTO

MarHetpoHamu (puc. 1.8).

S N § Bx VS NI v S NB [N S NI

Pucynok 1.8 — «3amkHyTas» MarHuTHas cuctema (a) 1 «3epKajlbHash» MarHUTHas

cucrema (6).
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B cnywsae ecnu kou¢urypamus marHuTHOM cuctembl (MC) sBisieTcs
«3epkaibHO» (puc. 1.8 a), TO ecTb MNOJAPHOCTh MArHETPOHOB OJHMHAKOBA,
IIPOUCXOUT OTTAJIKMBAHWE MATHUTHBIX IIOJIEM OT LIEHTpajIbHOW ocu. Benencreue
TOr0 HWOHBl HAYWHAIOT JBUTAThCA B HAIPaBICHUM MAarHUTHBIX MOJEH, |
PACIIOJIOKEHUE IUIA3Mbl IPUHUMACT «3E€pKalbHBI» Xapakrtep. Eciau momspHOCTH
OJTHOTO W3 MarHeTpoHOB NPOTHUBOIIOJIOKHA Apyromy (puc. 1.8 6), mpoucxoaut
CTATHMBAaHWE MArHUTHBIX TIOJICW K IEHTpainbHOU ocu. [IpoumcxomuT obOpazoBaHme
JOTIOJIHUTENBHOW MarHUTHOM JIOBYIIKH. PacrionokeHue 1mia3smsl B JAHHOM CIIy4ae
NPUHUMAET «3aMKHYTBI» Xapakrep. OTO MNPUBOAUT K  IOBBIIIEHHOMY
BO3JICCTBHIO MOHOB Ha MOMJIOXKKY, HO TOJIBKO B TOM CIIy4ae, €CJIH IMOIJIOXKKA
HAXOJUTCS HA JJOCTATOYHOM PACCTOSIHUM OT MarHETPOHHOM CHUCTEMBI.

Hcnonb3oBaHre pa3HbIX CUCTEM U pexxuMoB padoTel MPC nipu nostyueHuu
00pa30B MOXKET MPUBECTU K U3MEHEHUIO CTPYKTYPbI OKPBITHS U, KaK CJIEJICTBUE,

K I3MEHCHHUIO CBOMCTB 00pa3Iia.
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2 Onucanme IKCNEPUMEHTAIBLHOT0 000PY/10BAHMSI M METOAUK
HUCCJICOBAHUA CBOMCTB MOKPbLITHI

2.1 Onucanmue IKCIEPUMEHTAJTBHOI'O OﬁOpyI[OBaHI/IH H METOAUKH

HaHEeCCHUSA HOKprTI/Iﬁ

PaboTta ocymiecTBisinach Ha BaKyyMHOW YCTaHOBKE, CXeMa KOTOpOH,

IpeacTaBiieHa Ha puc. 2.1.

BAKYYM

-l

Pucynok 2.1 — Cxema BakyyMHOM yCTaHOBKHU: 1 — mpuOop 11 U3MEpPEHUs
nasieHus B kamepe «Micro-1on»; 2 — HOHHBIN HCTOYHHUK; 3 — CHCTEMa OTKAYKH
KaMephblI J10 BBICOKOT0 BaKyyma; 4 — IjlaHapHbIA MarHETPOH C YIJIEpPOAHON
MHUILIEHBIO; 5 — IUIAHAPHBIA MATHETPOH C TATAHOBBIM KaTOAOM; 6 — OJIOKKA,

3aKperUIeHHAst Ha BpalaroeMcs cTonuke; Ar — pabouunit ra3 aprox.

VYcraHoBKa BKIIIOYAET B ceOsl:
e TypOOMOJIEKYJISIPHBINA HACOC;
® [UIACTUHYATO-POTOPHBINA HACOC;
e Bakyymmerp «Micro-lony;
® pacxoJoMmep rasa;
® KJIallaH BaKyyMHBIU JJI HAIyCKa aTMOC(hepHI;

e 1mKkad ympaBieHUS.
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Ha mepBoM Tane Kamepa OTKauMBanach 10 BHICOKOro Bakyyma 1.107 ITa,
HaIyCcKajcsi pabounii ra3 Al U MPOW3BOAWIACH YHCTKA TUTAHOBOHW MOMJIOKKHU
WOHHBIM HMCTOYHUKOM ([l yJajeHus OKUCIA U 3arpsi3HEHUN C TOBEPXHOCTH) B
teuenne 30 MUHYT npu paboumux mapamerpax moHHoro ucrounuka: U = 3000 B,
I = 0,25 A. [lanee HaHOCWJICS TOACION T1 IUTaHAPHBIM MaruHeTpoHoMm (puc. 2.2)

toauHon npumMepHo 100-150 HM a1t yaydimeHus: aare3ud OCHOBHOTO MOKPBITHSL.

Pucynok 2.2 — [InanapHseiii MmaraeTpoH: 1 — Hammyck pabouero rasa; 2 — ¢uaners; 3
— IUAJIEKTpUYEcKas MpoKyaaka; 4 — METHBIA KOPILYC; 5 — MUILIEHB; 6 — BOJSHOE
OXJIQXJIEHHUE; 7 — MArHUTHAs CUCTEMA.

B koHIE HAHOCWUIOCH YIJIEPOAHOE TMOKPBITHE TOJNIMMHOA ~ | MKM
IJIaHAPHBIM MarHeTpoHOM (puc. 2.2) WM JyalbHBIM MarHeTPOHOM (CIABOCHHBIC
wianapaeie). [abaputHble pasmepsl MumieHn coctaBimsim 90x8 mm. Ilpu
HAHECEHUM MOKPBHITUN IJIAHAPHBIM MarHeTpOHOM ObUIO BBIOpAHO TPU pEKUMA
NUTaHUs MarHeTpoHa: moctostHubIi Tok (DC), nmnyabcublit Tok (AC) 1 k' u 100

K[ 11.
2.2 3MepeHne TOJIIUHBI NOKPBITUS

JIns u3MepeHusi TOJIIUHBI TOKPBITHE ucmosb3oBaics «Calotesty (puc.
2.3). JlaHHBIN METO/ IMHUPOKO UCIOJIB3YETCs I aHAIN3a TTOKPBHITUN TOJIIIUHON OT
0,1 mo 50 mxM. Metoj mapoBoro MCTUpaHusi OBICTP W TOYEH IJISl ONpPEACIICHUS

TOJIIIMHBI KaK OJHOCIOWHBIX, TAK U MHOTOCJIOMHBIX TOKPBITHIA [28].
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Pucynox 2.3 — [Ipubop ams onpeaeneHus Touabl mokpbituid «Calotesty [29].

[Ilap W3BECTHOTO AMaMETpa OMYCKAETCS Ha MOBEPXHOCTH HCCIEIyEMOTO
oOpa3iia ¢ BBIOpaHHOW Harpy3koil. PoTop pgBurarens coemvHEH C BaJoOM
KajoTecTepa, Ha KOTOPOM CHAENaHbl Masbl U Tepelavyd BpalICHUs IIapy U3
HEprKaBEIOIIEeH cTay ¢ abpa3uBHOM mactoi [29]. Bpamenue mapa ¢ HAaHECCHHBIM
Ha HEro a0pa3WBHBIM BEIICCTBOM MPHBOJUT K OOpa30BaHUIO Ha TIOIOXKKE

cepudeckoit BeleMkH — nutuda (puc. 2.4).

BIXOVYO[ |

k-

Pucynok 2.4 — Pacyer TOIIMHBI TOKPBITHS Tpy oMoy nutida [29].

OnTuyeckuil aHaInu3 MPOCKIHUHU Ha INNIOCKOCTDH IMOJYYHUBIICTOCS HIJII/I(l)a Ha

INOKPBITUHX U MATPULC IMO3BOJIACT OIPCACIINTL TOJIIHWHY IMOKPBITUA I10 (1)OpMy.HC

[29]:

d =%(\/4Rb2—82 —\/4Rb2—A2) (1)
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2.3 N3mepeHue TBepIAOCTH MOKPbITHIA

JUist vM3MepeHus TBEPAOCTH W MOJIYJS YOPYrOCTU TOKPBITUA MOTYT
UCIIOJIb30BaThCS pa3lindyHble MeToabl: bpunemns, Poxeemra m Bukkepca [30].
[IpuMeHeHuEe pa3IMYHBIX METOJ0OB M3MEPEHHM TBEPJOCTH  OOYCIIOBICHO
MEXaHUYECKMMHU CBOMCTBAMHU MOBEPXHOCTH U KOHCTPYKTHUBHO-TEXHOJIOTHYECKUMU
0COOCHHOCTSIMH U3/IETIHI.

B nmanno# pabore ucnonb3oBasics meron Bukkepca (puc. 2.5). OH ocHOBaH
Ha BJABJIMBaHUU MOJI HATPY3KOH P B HCHBITYEeMbI METallll HAKOHEYHUKA B BUJIC
anMasHou mupamunsl [31]. Benmuumna nHarpy3ku P 3aBUCHUT OT MEXaHHMYECKHX
CBOMCTB U TOJIIUHBI UCIBITYEMOIO METANIA: YEM TOHBIIIE UCIBITYEMbII METAILI,
TEM MEHbIIIE Harpy3ka; 4eM OoJibIlle TBEPJIOCTh MeTajia, TeM OOJblle Harpys3ka.
Bennunna Harpy3ku HaxoauTcs B mpeaenax 5 — 12 kr. [IpoaomKuTenbHOCTh
BBIJICPKKHU 11O/ HATPY3KOM 1711 YepHBIX MeTauioB 10 — 15 cek, ays nBeTHbIX 30 +

2 CeK.

Pucynok 2.5 — Metoa Bukkepca [32].

Benuunna tBepnocTu nmo Bukkepey HV onpenensiercs mo gpopmyae [33]:

HY :E chz
F| vum

: (2)

rne P — Harpyska; F — mmomane ormeuatka. nu MoxkHO m3MepuTh mo dopmyrse

(puc. 1.4):
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=
HRV:k-F, (3)

FHCI(—- pa3MCpHasd KOHCTAHTa, P - YCWIINC BOAaBJIIMBAHUA, D - JAuaroHallb

OTIICHATKa.

D

Pucynok 2.6 — Meton Bukkepca aist popmysst (3) [32].

Jlist u3MepeHus TBEpJAOCTH B paboOTe HCHOJIB3YeTCS HaHOTBEPAOMED
dbupmer CSEM, xoTopseiii paboraer ciemyromuM oOpa3oMm [34]: Mo KaTyImikam,
HAXOJISAIIUMCS B MATHUTHOM T10JI€ TIOCTOSTHHOTO Maruuta (puc. 2.7), IpomycKaeTcs
COOTBETCTBYIOIIUNA MMITYJIbC TOKA, B PE3yJIbTaTE€ YETO CO3/AETCS DJICKTPUUYECKOE
1oJie, KOTOPO€ JaBUT HA WHICHTOP C ajIMa3HbIM HAKOHCYHHKOM. HHAeHTOp
OITyCKaeTCsl B TOUKY MOBEPXHOCTHU o0Opaslia, ¢ 3aJaHHOI 3apaHee Harpy3kou. OH
BO3BpAIIlA€TCA B CBOE MCXOJHOE TOJOXKEHHUE IMOCJIEe TOTO Kak Harpy3ka Ha HEro
JOCTHTIa CBOETO MAaKCHMaJIbHOTO 3HA4YEHWsS, a HaIpaBJICHUE TOKA KaTyIIEK
MOMEHSJIOCh B TIPOTHUBOIIOJIOKHYIO CTOPOHY. [[71s1 mpoliecca MHIGHTAUU JTOJKHO
BBITIOJHATHCSL ~ YCJIOBHME — TEPHNEHAMKYISPHOTO  pacloyiokeHus  oOpasia
OTHOCUTEJIBHO HHAEHTOpa. Ecim 3TO ycioBHe HE BBHINOJHEHO, TO Ha OJHOM W3
E€MKOCTHBIX JIaTYMKOB BO3HMKAET CUTHAJ, KOTOPBIM 3ampemaer MpoIecce
uHACHTalMU. B 5ToM ciydae HeoOX0IuMO 3aHOBO MEPEYCTAHOBHUTH MCCIIETyEeMbIi

obpas3err.
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Karymka

MaruauTabi YKpan

EmkocTHbIii cencop

~
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Canduposoe KobuO AMa3HbII HAKOHEMHHK

Pucynok 2.7 — Cxema HanotBepaomepa «Nano Hardness Testery. [34]

O6paboTka  AKCHEPUMEHTAIBHBIX  JAHHBIX  OCYILIECTBIISIETCA MO
pe3yibTaTaM U3MEpEeHUN He MeHee 3 OTIeYaTKOB, MOJYYCHHBIX MPU OJMHAKOBBIX
YCIIOBHSIX IKCIIEPUMEHTA ISl YMEHBIIICHUS ITOTPEITHOCTH H3MEPECHHUSI.

[Ipexxme, YeM WHACHTOP HAYMHACT OIYCKAaThCs Ha TIOBEPXHOCTH
MaTepuaa, 3aJaeTcsi Harpy3ka, ¢ KOTopoi oH Oyner aaBuTh Ha oOpasen. [locne
TOTO KaK BEJIMYMHA HArpy3Kd JOCTUTAET MAKCHUMAJIBHOTO 3HAYCHHWsSI, WHICHTOP
HAYMHAET pasrpykaThCs, TO €CTh HArpys3ka, JACHCTBYIOIAs HA HEro, MOCTENEHHO
CBOJIUTCS K HYJIIO, @ OH CaM BO3BPAIIAETCS B CBOE UCXOAHOE TIOJIOKEHHE.

TBepnocts Bukkepca omnpeaensieTcss MaKCUMaJIbHOW HArpy3koh Ppay,
paszieJIcHHOH Ha IUTOIAAb KOHTAKTA Mocie pa3rpysku [34]:

P

nmax

H =—m™
“ A *9.81 *)
2.4 U3mepenne ko3ppuHeHTa TPEHNUsI MOKPbITHI

Jist u3mepenust kosdduiMeHTa TpeHUs Marepuaiga HCIOJIb30BaJCH
BBICOKOTEMITEpaTypHbIii  TpubomeTp [35] — mnpubOop, KOTOpPBIH OCHOBaH Ha
NPUHIUIIE TPEHHWsI WHICHTOpPA O TMOBEpXHOCTH — «Pin on disky (puc. 2.8).
WunenTop ynupaeTcss B TEH30JaTYMK, KOTOPbIA OTKaIMOpoBaH. TeH304aTuuK —

npubop, KOTOpBIM TpeoldpasyeT NPHUKIAABIBAEMYIO K HEMy Harpy3sky B
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anekrpudeckuil Tok. C TeHzogarunka nHpopmanus nepeaaércst B KOMIbIOTED, T

IIPU TOMOIIH CTIEHUATBHONU TPOrpaMMBbl OTOOPAXKAETCSI HA MOHUTOPE.

obPA3ENl T

Pucynok 2.8 — [pornecc HaHecenus Tpeka [35].

BeicokoTremneparypHblii  TpUOOMETp  COCTOUT U3 CJIEAYIOLIMX
ayieMeHTOB [35]:
1. lepxaTenb MHIEHTOPA;
. 3aIIUTHBIN KOXKYX;
. HarpeBareins;

. Bpamaromuiicst crou;

2
3
4
5. Pyudka nepemenieHus qepxartens;
6. dukcaTop B y3J€ IEPEMEILCHHUS IePKATENS;
7. TeH300aTUYHK;

8

. I'pys.

Ha pucynke 2.8 nzo0paxEéHn mporecc UcclieIoBaHUs W3HOCOCTOMKOCTH Ha
BBICOKOTEMIIEpaTypHOM Tpubomerpe. OOpasen, KOTOpPbII HUMEET IMJIOCKYIO
MOBEPXHOCTh, 3aKpEIUIAeTCS Ha BpamaromemMcs ctoie. [IpoBoautcsi HacTpoiika
nepkarens. YcranaBimuBaeTcs Tpy3. [locne 3amycka mpubopa oOpaser] HaunHaeT

BpalaTbCs. Ha nero nanocutcs TPCK.
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2.5 HccaenoBanme CTPYKTYPbl NOKPBITHIA

CTpyKkTypy MOKpBITHM MOHO HCCIEIOBAaTh TAKUMU METOJaMU Kak
penatrenodazoBenii  ananuz (PDA), wundpakpacnas (MK) cmektpockomust wu
paMaHOBCKas criekTpockonus. Tak kak mero POA sBiIsIeTCS] HE YyBCTBUTEIbHBIM
K amop(dHBIM cTpyKTypam [36], it uccieoBaHus YIJIEPOJHbIX MOKPHITUN ObLiIa
BbIOpaHa paMaHOBCKas CHEKTPOCKONMs. /[aHHBII MeTOJ IMO3BOJSET ONpPEACIIUThH
Hammure TpaduToBOil SP° M anmMasHoOil SP° (a3 B YIIEPOAHBIX MOKPHITHSIX M
KJIaCCU(PUITUPOBATH UX.

Cytp Meroma 3akirodaercs B OONydeHHH  o0pasna  IyYKOM
MOHOXPOMaTHUYECKOTO CBETa, KOTOPBIA paccenBaeTcs Ha HeM. OCHOBHasi 4acTh
pPAcCEesTHHOTO U3ITyYEeHHs Ha 00pa3Le UMEET TaKylo ke 4acTOTY, YTO U Y UCXOJTHOTO
u3nydeHus. Takoil mpouecc HasbiBaeTcs PaneeBckum paccesauem (99,999 %).
OcTtanpHasi 4acTh PacCeSHHOTO H3JyuyeHHus (paMaHOBCKas) OyleT MMETh TaKyro
4acTOTy, KOTOpasi CMEUIEHAa OTHOCHUTEJIbHO YacTOThl BO30YXIAIOUIEr0 H3IyYEHUs
nazepa (0.0001 9%). Jlyum, modydeHHBIE IIOCJIE paccesHus, COOMpAIOTCS C
MOMOILBIO JIMH3bl W TPOIYCKAIOTCS uepe3 CBETO(MUIBTP, KOTOPBIA OTIEISAET
pENeeBCKOE M3IYyYEHUE OT pPaMaHOBCKOTrOo. OTHENEeHHbIE pPaMaHOBCKHE Jy4d
YCUJIMBAIOTCA W TONAJal0T Ha JETEKTOp, KOTOpble (UKCUPYET UX U IepeaaeT
JTAHHBIE HA KOMITBIOTED.

N3mepenre paMaHOBCKMX CIEKTPOB MPOU3BOAMIIOCH Ha KoMIuiekce Centaur
U HR, wumMmermeM B CBOEM COCTAaBE CKAHMPYIOIIMM 30HIOBBIM  MHKPOCKOI,
KOH(pOKaJIbHBIN MHUKPOCKOII/CIIEKTPOMETP C JIBOMHOWU TUCIIEPCHEN,

KOH(OKAJIbHBIN JIa3epHBIH  MHUKPOCKON M ONTHYECKUH TMPSIMOW MHUKPOCKOM

(puc. 2.9).
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Pucynox 2.9 — Buemnuii Bua ycranosku Centaur U HR [37]: 1 — ckanupyroiee
ocHoBanue Ratis; 2 — ckanupyromas roioska Certus; 3 — z-oaBuxKa s
oObekTHBa VECtUS; 4 — BUIeOKaMepa; 5 — ONTHYECKUI MUKPOCKOT; 6 —
KOHTpPOJUIEP; 7 — ONTUKO-MEXaHUYECKUI MOJyJIb; 8 — CHEKTPOMETp; 9 —

IIEPUCKONUYECKAS] CUCTEMA COIPSKEHHS C MUKPOCKONIOM; 10 — ONTHYECKHI CTOJL.

['maBHO¥ oTAMUUTENBLHON 0COOEHHOCTHIO Centaur sIBJISIETCS BO3MOXKHOCTD
M3MEPEHUs PAMaHOBCKUX CIEKTPOB BOJIW3M JIMHUU BO30YyxJeHus g0 20 cM™, u
BBICOKMM crekTpaibHbiM paspemienneM 0.01 HM. Bce umeromuecss Ha pbIHKE
AHAJIOTH HMMEIOT BO3MOXXHOCTh u3MepeHus: crnektpoB 100-200 e B CHILY
KJIACCUYECKOM KOHCTPYKTUBHOW OCOOCHHOCTH, CBSI3AHHOW C TIPUMEHEHHEM
KpPaeBbIX PEXKEKTOPHBIX (UIBTPOB, YTO M OTPAaHUYMBAET HX BO3MOXKHOCTH.
Monoxpomarop B Centaur HMEET YHHKAIbHYIO ONTHYECKYID CXEMY,
YCTPAHSIIONIYI0 3TOT HEJOCTaTOK ©€3 WCIHOJIb30BaHUSI KpaeBbIX (DUIBTPOB.
Hcnonb30BaHWEe [aHHOTO MOHOXpPOMATOpa IO3BOJSIET PErUCTPUPOBATH Kak

CTOKCOBBI, TaK M aHTUCTOKCOBBI JINHUU. [37]
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3 HccaenoBanme CBOWCTB  MOJYYEHHBIX MOKPBITHIA;
00bSICHEHUS Pe3yJIbTAaTOB

3.1 [IpobJema BO3BHUKHOBeHHsI MP000si HA rpa¢UTOBOM KaTo/e

IIpn wucnonp3oBanuu 1uiaHapHoii MPC sl HaHeceHHs YIJIEpOAHBIX
HNOKPBITHI BO3HMKIIA mpobiema oOpazoBaHus npodoeB. He cmorps Ha TO, 4TO
pacnbUIeHHe TPaQUTOBOM MUIIEHH MPOUCXOTUT B Cpelie MHEPTHOro raza Ar , Ha
NOBEPXHOCTU MHIIEHH CTaJl BO3HHMKATh JUAJIEKTpUUecKuil cioi (puc. 3.1),

HaJIM4KUe KOTOPOro MPUBOAUT K 00pa30BaHUIO MPOOOEB U Pa3pyIICHUIO MUIIICHH.

a o

Pucynok 3.1 — I'paguroBast Mmutiens: a — mianapuast MPC; 6 — nyansnast MPC.

CrpykrypHbIi aHanu3 PaMaHOBCKMM METOAOM MOKa3aJl HAJIAYNE
coequHeHus yriaepojga ¢ Bogopoaom (C:H) B obmactu oOGpa3oBaHHS HApOCTOB
(puc. 3.2). BunHo, 4To 1151 yucToi MuIIeHU (0€3 ClIosl TUAJIEKTPUKA) XapaKTEPHO
nanuane mkoB G (graphite) co casurom 1550 cm™ u D (disorder defects) co
cmBuroM 1320 cm™’, mpu SToM uHTeHCHBHOCT G mmka Oombmre, dem D.
CrnemoBaTelibHO, MOXHO  KJacCU(PUIIMPOBATh  BEIIECTBO  MUIIEHH  Kak
koMMepueckuii rpadut [38]. Jlamee nmpu ABMKEHUU OT YUCTOTO YIACTKA K YUACTKY
C HauOoJblIeld KOHUEHTpalmuen audiekTpuka (puc. 3.2 «5») BHIHO, 4YTO

HMHTCHCUBHOCTb W HIMPHHA ITMKOB BO3PACTACT. 910 IMPHUBOAUT K CIIMAHHIO ITMKOB U
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-1
00pa30BaHMUIO OAHOTO IIEJIOTO CO cIBUTOM 1545 cM™, U MO3BOJISIET yTBEPKAATh,

UCXOJIs U3 UCTOYHMKA [38], 9TO B COEIMHEHHH C YTIEPOIOM COJIEPKUTCS BOJIOPO/I.
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Pucynok 3.2 — CTpyKTypHBIN aHAJIN3 MUILIEHU METOAOM PamaHa npu ABMKEHUN

MydJKa Jla3epa OT YMCTOr0 y4acTKa JI0 MMKa HapocTa AudjiekTpuka (5).

Uctounuku nutepaTypbl JUisi OOBSICHEHUS] TPUPOJbI JAHHOTO SIBICHUS
HAaWTH HE YIAJI0Ch. MOXHO IIPEIoararb, 4YTo NOBEPXHOCTh YIJIEPOAHON MUIIEHU
B  IMIpollecC€  paClbUICHHs  B3aUMOJEHCTBYET C  HMOHAMHM  BOJOPOJA,
00pa30BaBIIMMHKCS B pe3yJIbTaTe KOHTAKTa TUIa3Mbl U MAPOB BOJIbI, OCTABIIUXCS B
paGoueii kamepe. B pesynabrare, Ha TOBEPXHOCTH MHUILEHU oOpa3yercs
coeauHenue yriepoaa ¢ Bogopoaom (C:H), koTtopoe sBisieTCs TUDIESKTPUKOM U
NPUBOJUT HAKOIUICHUIO TIOJIOKUTEIBHOIO  3aps/ia Ha MOBEPXHOCTH U
BO3HUKHOBEHUIO MPOOOSI.

Pemnte nannyro mpoOsemy yAanoch ucnosib3oBaHueMm nyanbHod MPC,
KOTOpass B TIpollecce paboThl HEUTpaNM3yeT TOJOXKHUTEIbHBIN 3aps] Ha
MOBEPXHOCTH MHUIICHH 3a CYET IOOYEPEIHOI0 pACHbUICHUS U MPOUCXOIUT
CaMOOYMIIEHUE OT CJIOSl AMDJIEKTpUKA, Jenasl MPOILECC HAHECEHUS YIJIEPOIHbBIX

IUIEHOK 00Jiee CTAOUJIbHBIM.
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3.2 UccaenoBanue CKOPOCTH OCAKACHUS MOKPBITHI

Ha mnepBom »sTame wuccienoBajgach CKOPOCTh OCAXKIEHUS TOKPBITUH B
3aBUCHUMOCTH OT pabouero pgaBienus B wuHrepBanax 0,1 Ila — 0,25 TIla.
CpaBHHUBAJIUCH <«3EpKalbHAs» M «3aMKHYTas»» MATrHUTHBIE CUCTEMBI JyajlbHOIO
MarHeTpoHa (puc. 3.3 @), U PEKUMBI IMOCTOSIHHOTO M HMITYJILCHOTO TOKa C
gactoramu 1 k['m m 100 k['m ¢ koapdrmenTom 3amonHeHuss ummyiasca 80% mis
IUIaHapHOro MarHeTpoHa (puc. 3.3 6). OrpaHudeHue IO MOIIHOCTU Ui BCEX

PEKUMOB COCTABISIIO 2,5 KBT.

55— —=—DC
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504 —e— 3amk. MC —a— AC 100 &My
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0,55 -]
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Pucynok 3.3 — 3aBUCHMOCTb CKOPOCTH OCaKJICHHSI YIIIEPOIHBIX MOKPBITHI OT

pabouero aaBiieHus B kamepe miis: a — AyanbHoit MPC; 6 — nnanapuoit MPC.

Ha rpaduke BuaHO, uto ckopocth ocaxacuus mist JJMPC (puc. 3.3 a)
BO3pacTaeT ¢ pocToM pabodero MaBieHUS B KamMepe M HHUKaK HE 3aBUCUT OT
KOH(UTypali MarHUTHOM CUCTEMBI. JTO CBSI3aHO C TEM, YTO 00IIIee KOJIMUECTBO
YacTHI], JOCTUTAIOIIMX TOJJOXKKH, HE MeHseTcs. CKOpPOCTb OCaXKICHHS st
manapaoii MPC (puc 3.3 6) B pexumax DC u AC 100 k['1 *MEIOT MUHUMYMBI
npu 0,16 Tla, a nngs AC 1 k' 3aBUCUMOCTh CKOPOCTH HMMEET BO3pACTAOIINN
xapakTep. Takoe IMOBeIEHUE CKOPOCTEH MOXHO OOBSCHUTH M3MCHCHHEM TOKa
paspsiza, Tak Kak OT HETO HANpsIMyH0 3aBUCHT KOJUYECTBO MOHOB OCAKIAEMOTO

BCIICCTBA. C POCTOM TOKaA pa3psada BO3paCTacT U CKOPOCTb OCAXKICHUA HOKpI)ITI/Iﬁ

[23].
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Hcxons U3 MOMyYeHHBIX PE3YyIbTaTOB, MOKHO YTBEPXKIATh, YTO AyalIbHAsS
MPC paGotaer Haubomnee ctabuiapHO TO cpaBHeHHUIO ¢ riaHapHoit MPC. Kpome
Toro ckopoctu ocaxaeHuss JIMPC HamHOro BbIllE, YeM Yy HIAHAPHOTO

MarHeTpoHa.
3.3 UccaenoBanue TBePAOCTH M MOAYJISA YIIPYTOCTH MOKPBITHIA

TBepnocts (puc. 3.4 a) u monynb ynpyroctu (puc. 3.4 6) MOJy4EHHBIX
oOpasnoB uccienoBainch Ha HaHoTBepaomepe NANO Hardness Tester [34]
¢upmer CSEM. MakcumanbHas Harpyska Ha HWHAEHTOp coctaBimsuia 10 mH.
['myOvHa TPOHUKHOBEHHS HWHAEHTOpAa B MOKpbITHE paBHO 10% OT TONIIMHEI
TOKPBITHS. [[71s1 yMeHbIeHHs OITMOKH H3MEPEHNUs, KKl 00pa3el] moiBepraics

06pa6OTK€ HE MEHee 5 pa3, B pC3YyJIbTAaTC YCI'O0 BBICHHUTHLIBAJIOCH CPCAHCC 3HAUYCHUC

TBEPJIOCTH.
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Pucynok 3.4 — 3aBucUMOCTH TBEPAOCTH (@) U MOAYJISL yIPYTrOCTH (6) yraepoIHbIX

MOKPBITUNA OT paboyero JaBJICHUS.

N3 rpadukoB BuaHO, urto TBepAocThb H u Momyns ympyroctu E
YMEHBILIAIOTCA C POCTOM pabodero AaBJICHHS, YTO MOKHO CBS3aTh C POCTOM
CKOPOCTH OCXICHUS TMOKPBITHH. DTO MNPUBOAUT K HM3MEHEHHIO CTPYKTYpHI
YIJIEPOAHOTO MOKPHITUS U TpadUTU3ALMUK MOBEPXHOCTU. TBEPIOCTh M MOIYJb
YIOPYTOCTH JAaHHBIX NOKPBITUH 3HAYUTEILHO MEHbIIE. AHAIIOTMYHBIE PE3YJIbTaThl

ObUTM TIOJTy4eHBI B padore [15].
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Ecnu cpaBHMTH CBOMCTBa MeXAy KOH(UTypanmusiMu MarHETPOHOB, TO
BUJIHO, 4TO Ha nayanbHOM MPC monmydeHbl Hambosiee TBEpIbIE W yIPYTHE
MOKpBITUS MO cpaBHEHUIO ¢ 1aHapHoit MPC. Kpome Ttoro, mnoxpeiTus,
MOJlyYEHHBIE HA <«3EPKAJIbHOI» MAarHUTHOM CHUCTEME, HMEIOT HauOOJIBIIYIO
TBEpAOCTh. [l0-BUIMMOMY, 3TO CBSI3aHO C PAa3IMYMEM HAIMPABICHHOCTH IOTOKA
OCaXJaeMbIX dYacTull. B mporecce ocaxaeHuss MaHHBbIA (AKTOpP OKa3bIBACT
BO3JICHICTBHE HA OPUEHTALIMIO0 ATOMOB B CTPYKTYpPE IMOKPBITHS.

Camoe TBep/i0e MOKPBITHE OBLIO MOJYYeHO NpH moMouu AayainsHoit MPC
Ha «3epkanbHON» MarHuTtHOU cucteme (H ~ 20 I'Tla, E ~ 170 I'Tla) npu 0,1 Ila.
[Ipu ucnonp3oannu mwianapuoit MPC nanbonee tBepaoe mokpeitue (H ~ 12 I'Tla,

E ~ 160 I'TTa) 6su10 monyuyeno B pexkume AC 100 kIt mpu 0,16 Ila.
3.4 UccnenoBanue ko3¢ duiuenTa TpeHnsi MOKPbITHI

Koaddumment TpeHHs MOKPHITHH  WCCIEIOBAJCSd TPH  ITOMOIIH
BBICOKOTEeMIIepaTypHoro  Tpubomerpa [35]. OOpaszenr 3akperuisieTcss Ha
Bpataromemcsa crose. [ IpoBoauTcs HacTporika IepKaTens ¢ MIAPUKOM auaMeTpa 2
MM Tak, 4TOOBI MIAPWK MPU BPAIICHWH CTOJAa TOYHO TIOMamail Ha oOpasel.
3amaroTcsi HEoOXOIUMBIE TIapaMeTpbl B OKHE TMPOTpamMMbl  yIpaBJICHUS
TpuOOMETpOM: cuiia Harpykenust 5 H, nuneitHas ckopocTth 2,5 cm/c, 000pOTHI
6000 (~ 75 metpoB). IIpoBoauTCs TECT, B X0/Ie KOTOPOTO B 00pa3Iie eaaeTcs TPEeK

U onpeaesieTcss kKodpuuueHT Tperus (puc. 3.5).
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Pucynok 3.5 — 3aBucumocts ko3 PUIIEeHTa TPEHUS TOBEPXHOCTH YTIAECPOTHOTO

MOKPBITUS OT paboyero aBiacHUSI.

Kax BugHO U3 pucyHka 3.5, yriaepoHbie TOKPBITUS B JTIOOOM U3 PEKUMOB
3HAYUTEIBHO MOHMIKAIOT KOA((UIMEHT TpeHus NoioKku. Haunbomnee ckoib3kue
MOKPBITUSL TOJYYUIIUCh TMPU UCIOIb30BAaHUM AYaJIbHOTO MAarHeTpoHa Ha
3aMKHYTOM MarHuTHOM cucteme (~ 0,05). 3HaueHus KodpduUIUeHTa TPEHUS IS
OCTaJIbHBIX PEXUMOB B cpeaHeM pasz0Opocanwl B mpenenax 0,1 — 0,2. Otnuuue
KOO (PUIIMEHTOB TpeHUs: TOKPHITUH, TMOJy4YeHHbIX Ha TutanapHoii MPC wu
«3epkanbHOi» MC IyadlbHOTO MarHeTpoHa OT «3aMKHYTON» MArHUTHOW CUCTEMBI,
CKOpEE BCErO, CBS3aHO C PA3IMYHON OPUEHTAIMEN aTOMOB YIJIEPOJA B MOKPBITUH.
OnpeneneHHoON 3aBUCUMOCTH M3MEHEHUS Kod(UIlMeHTa TPEHUs: OT JaBJICHUS U
JIPYTUX MEXAHMYECKUX CBOWMCTB MOKPBITUH BBISIBIEHO HE Obulo. TeM He MeHee,

MOJIYYCHHBIC TTIOKPBHITHUSI MOYKHO XapaKTepU30BaTh KaK aHTU(PUKIIMOHHBIE.
3.5 CTpyKTypHBIE HCC/IeI0BAHUS MOKPBITHII MeTo0M Pamana

OmnpenencHue CTPYKTYPhI TOJYYEHHBIX MMOKPBITHHA TPOU3BOJWIOCH Ha
ycranoBke Centaur U HR [37]. JlnuHa BONHBI Jiazepa, KOTOPBIM OOJIyYaUCh
oOpasupl, 532 HM. Bpems nHakomneHuss ummyinbca 3 MuHYTHL. OOpaboTka

MNOJYYCHHBIX JaHHBIX IIPOU3BOJMIIACH IIYTEM Pa3jIoKCHUA CIICKTpa Ha IBC
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rayccoBbl komnoHeHThl G (graphite) u D (disorder defects), koTopbie HaxonaTCs B

o6mactsax 1530 — 1580 cm™ i 1340 — 1470 cm™ cooTBeTcTBeHHO (pHC. 3.6).
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Pucynoxk 3.6 — CrieKTpbl paMaHOBCKOT'O pacCEsiHUS YIJIEPOAHBIX MOKPBITUI IS

nyaiabHo MPC (a, 6) u mutanapaoit MPC (s, 2, 0).
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CpaBHHBas TIOJIYYCHHBIC PE3yJbTAThl ¢ paboToi [38] MOKHO yTBEpKIaTh,
YTO TIPU WCTHOJB30BAHUM MArHETPOHHBIX PACIBUIMTEIBHBIX CHUCTEM MOKHO
HOJIyYUTh HOKPBITHS aMopdHoro yriepoaa (a-C).

Tak >xe Obumm BbrumcieHbl oTHomeHus ID/IG (puc. 3.7). Uem Ommxke
3HaYeHHe IAHHOTO OTHOLICHHS K 1, TeM MeHbIIe CcOCTaBisuoreil Sp° (assl B

IOKPBITHH, CJIEI0BATEIIBHO, OHO OoJiee rpaduTonomsooHo [38].

—a— DC
—— AC 100 Kru
—a— AC1«kly
T —v— 3amk. MC
0,95 4 —e— 3epk. MC

1,00
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0,85

ID/IG
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P, MNa
Pucynok. 3.7 — 3aBucumocts otHornenuii ID/IG ot pabouero naBieHusI.

[Tonyyennbie 3HaueHusi cootHomenud ID/IG xopomo coderarorcs co
3HAYEHUSAMM TBEPIOCTH YIVIEPOAHBIX NOKPBITUHA. BHIIHO, 4TO camble MaJIeHbKUE
3HaueHus: |ID/IG cooTBeTcTBYIOT pabovMM AaBJICHUSM, MPH KOTOPBIX IOJYYCHBI
HauOoJsiee TBepable MOKpbITUSA. CrenoBarenbHO, Hauboyiee TBEPAbIE MOKPBITUS

coepKaT GOMBIIYI0 KOHIICHTPAIIHIO SP°.
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3akJII04YeHue

B xone uccinenoBaHusi ObUTM M3YYEHBI METOJUKHA OCAXICHHS YIIIEPOAHBIX
NOKPBITUA TNpPH IOMOIIM IUIAHAPHOTO MArHETpOHAa C  MCIOJIBb30BaHUEM
MOCTOSIHHOT'O TOKa U UMITYJIbCHOTO Toka ¢ yactotamu | kl'm u 100 kI'm, a Takxke
QyaJlbHOIO MAarHeTpoHa C «3aMKHYTOH» M «3€pKaJbHON» KOH(PUTYpauusMU
MAarHAuTHOW CUCTEMBI. BbUIO BBISIBIIEHO, UTO MPH MCIIOJIb30BaHMU IiaHapHoii MPC
yrepoaHas MUIIEHb B MPOIECCE PaOOThl OKPHIBACTCS TUANIEKTPUUECKUM CIIOEM,
KOTOpBIA MPHUBOJUT K BO3HUKHOBEHHUIO 3JEKTPUUYECKUX NpoOoeB. PamaHOBCKas
CHEKTPOCKOMHS ITOTO CJIOS MOKa3ajia, YTo OH siBIsieTcs: coequHenneM Tuma CiH.
CkopocTh ero o00pa3oBaHMsl 3aBUCUT OT TUIA MCTOYHMKAa nuTaHus. OHa
YMEHBILIAETCS IPU YBEJIMUYEHUU 4acTOThl pabouero HampspkeHus. Vcnonb3oBaHue
JAIMPC no3BoJII€T YCTPAHUTB 3TOT HEXKENAaTeIbHbIN 3(PPEKT.

N3mepenne CKOpoCTH OCaXACHMs IUIEHOK yriepojaa nokasano, uyro JMPC
o0nafaloT 3HAUUTENbHO OoJiee BBICOKMMH €€ 3HadeHMsIMH. MakcumanbHas
ckopocTh Obuia 3apukcupoBana Ha JIMPC 5 mxm/gac. OHa Bo3pacTaer ¢ pocToM
JaBieHUs (B MCCIEAYEeMOM JMana3oHe) W HEe 3aBUCUT OT KOH(UIypaluu
MarHuTHo cuctemsbl. [ manapHoii MPC nHaOmrogaroTcsi MUHUMYMBI (TIpU
nasnenuu 0,16 I1a). 910 cBA3aHO ¢ OCOOEHHOCTSIMHU MPOBEACHUS SKCIIEPUMEHTA U
aHOMaJbHBIM TaJ€HUEM TOKa pas3psga u3-3a O00pa30BaHHUA HAa MHILEHU
JIUdJIeKTpUdeckoro ciosi. Haubosnbinee 3HaueHue nis mianapHoit MPC coctaBuiio
0,7 MKkM/4ac.

HccnegoBanue TBEPAOCTH W MOAYJS YHOPYTOCTH MOJYYEHHBIX MOKPBITHI
MOKa3aJId, YTO UX 3HAYEHHUS YMEHbILIAIOTCS C POCTOM JIABJIEHHUSA. DTO CBA3AHO C
YMEHbIIICHHEM SP°-(ba3bl B MOKPHITHH, YTO YOEAMTENHHO MOKA3aHO C MOMOIIBIO
PaMaHOBCKOW CHEKTPOCKONMMHU. DTO MPUBOAUT K rpaduTU3ALMKU MOBEPXHOCTH U
YXYALIEHUI0 MEXaHW4YecKuX cBOicTB. Hambomnee TBepioe MOKpBITHE, MOIYyYEHO
npu nmomoru ayaiabHo MPC Ha «3epkanbHOW» MarHuTHoW cuctembl (H ~ 20
['Tla, E ~ 170 I'Tla) mpu 0,1 Tla. OHOo oOnagaeT HaUMEHBIIUM COOTHOLIEHUEM

ID/1G, a, cieqoBaTeNnbHO, HAUOOIBIIMM ConepKanueM SP -(hassl. 10 BHAY CIEKTpa
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BCE UCCJIETOBAaHHbBIE TTOKPBITHS MOYKHO OTHECTHU K Kiaccy amopdHOro yrieposa (a-
C).

Bce mnonyudeHHble TUIEHKM HMMEIOT JOCTATOYHO HU3KUN KOA(DPUIIMEHT
Tpenus. Hanmenpime ero 3HaueHust ObUIM 3a(pUKCHPOBAHBI MPU HCIIOIH30BAHUU
JyaJlbHOTO0 MAarHeTpoHa C 3aMKHYTOM MarHuTHou cuctemou (~ 0,05). 3Hauenus
ko3 dunreHTa TpeHUs I OCTAIBHBIX PEXUMOB JexaT B auamnazone 0,1 — 0,2,
YTO SBISETCS TUIIMYHBIM TSI YTICPOAHBIX MIIEHOK.

Takum oOpa3oM, MOXXHO YTBEpXkAaTh, YTO, CBOWCTBA YIJIEPOAHBIX
NOKPBITHI 3aBUCAT Kak oT Tuna MPC, Tak u ot pabGouero naenenusi. Hanbomnee
tBepabie ieHkn (~18-20 I'Tla) ¢ ko3 dunmenrom Tpenus ~ 0,05 ObUTH TOTYUCHBI
¢ nomouipio ayanbHoit MPC ¢ «3aMKHYThIM» T0JIeM B Auana3oHe aasieHuit 0,1 —
0,2 TTa. UXx MOXHO HCIOJB30BaTh B KAYECTBE 3aLIUTHBIX AHTU(PPUKLIUOHHBIX

ITOKPBITUH.
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Introduction

The problem of the surfaces modification of various machines details,
mechanisms and bioimplants is the most important in this days [1]. This is related
to the fact that the cost of materials with a high working life is sufficiently high.
The available technological processes for improving details are energy intense, so
there is a need to create new technologies that would improve the properties of the
surface of the workpiece more efficiently. Because of that, the methods for the
surface modification related to the different precipitation hardening coatings
became widespread. The one of these types of coating is a carbon-based coatings.

As is known, such coatings have unique properties which are characterized
by a low friction, a high wear resistance and a chemical resistance of working
surfaces. Also, the carbon coatings have a high hardness, a high thermal
conductivity, good electrical insulating properties, are bio- and hemo- compatible
[2,3]. Because of this, many methods of the carbon coatings deposition were
created. The one of these methods is the sputtering of graphite target in the
magnetron plasma.

The magnetron sputtering systems (MSS) have been very perspective for
the deposition of carbon coatings. They are able to provide a sufficiently high
coating deposition rate and an uniformity in the total absence of a drop fraction.
Due to this it became necessary to perform the systematic studies to identify the

capacity of these systems to produce the high-quality carbon coatings.
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1 Structure and properties of DLC coatings

Diamond-like carbon (DLC) is a metastable form of amorphous carbon
materials that displays some of unique structure and properties of diamond and

graphite.
1.1 Structure of DLC coatings

As is well known, carbon can form many allotropes due to its valence and

has three hybridizations: sp®, sp? and sp* shown in Fig. 1.1 [4].

&

sp3

Figure 1.1 — The sp®, sp?, sp* hybridised bonding [4].

The best known are diamond, graphite and amorphous carbon which
correspond to the structures as shown in Fig. 1.2 [5,6]. Diamond has a cubic crystal
structure with a fourfold sp® covalent bond structure. In the sp® configuration, as
in diamond, a carbon atom’s four valence electrons will arrange themselves in
three dimensional spaces to get as far apart as possible, which make a strong ¢
bond to an adjacent atom, giving diamond its great strength. Graphite has a
hexagonal lattice structure with sp?-bonded two-dimensional planes
interconnected by weak forces (Fig. 1.2 b). In the three-fold coordinated sp®
configuration as in graphite, three of the four valence electrons enter trigonally
directed sp” orbitals, which form ¢ bonds in a plane. The fourth electron of the sp”
atom lies in a pr orbital, which lies normal to the ¢ bonding plane. This & orbital
forms a weaker m bond with a & orbital on one or more neighboring atoms. In the

sp’ configuration, two of the four valence electrons enter o orbitals, each forming
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an o bond directed along the £x-axis, and the other two electrons enter pm
orbital in the yand z directions. Usually, an amorphous carbon can have any

mixture of sp®, sp?, and even sp* sites, with the possible presence of up to 60 at.%
hydrogen [7].

Interlayer
distance 3.35 A \

{_c—cbond
distance 142 A

@) (b) (©)

Figure 1.2 — Carbon structure in (a) diamond, (b) graphite and (c) amorphous
diamond-like carbon [5,6].

DLC, as one kind of amorphous carbon material, has no long range order
just short and medium range order. It contains mainly sp* and sp® both types of
bonding with sp®-bonded graphite-like clusters embedded in an amorphous sp*-
bonded carbon matrix and clearly it is harder and more brittle if the sp®/sp® ratio is
high [8].

Sp 3 Diamond-like

Figure 1.3 — Ternary phase diagram for various DLC coatings with respect to sp,

sp? and hydrogen contents [9].
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In general, amorphous carbon is often abbreviated to a-C for general
amorphous carbon, a-C:H for hydrogenated amorphous carbon, or to ta-C for
tetrahedral amorphous carbon which has the maximum sp® content. According to
the sp®/sp® ratio, various forms of DLC can be shown in Fig. 1.3 [9].

It is shown that the hydrogenated forms of amorphous carbon can be
classified into four types: polymer-like a-C:H (PLCH), diamond-like a-C:H
(DLCH), hydrogenated tetrahedral amorphous carbon (ta-C:H), and graphite-like
a-C:H (GLCH) with the H content of 40-60 at.%, 20-40 at.%, 25-30 at.% and less
than 20 at.%, respectively [10] in Fig. 1.3.

The main effect of H in a-C:H is to change its C-C network by converting
C=C groups into sp® bonded CH-CH groups rather than to increase the ratio of C-C
bonds compared to a-C of similar sp® content. Therefore, most sp® sites are
hydrogen terminated which can cause the coatings with the highest sp* content are
soft and low-density, like PLCH [9]. DLCH coatings with intermediate H content,
although they have lower overall sp* content compared to PLCH, have more C-C
sp® bonds so that the density is very high. Ta-C:H coatings in many literatures are
defined as a class of DLCH. Actually ta-C:Hs are really a different category of a-
C:H coatings at a fixed H content of 25-30 at.% due to the highest sp® content (up
to 70%) and higher density (up to 2.4 g/cm®) [10]. For GLCH coatings sp* bonding
dominates at low H content. Sp sites exist in a-C:H as rings as well as chains. In
addition the sp? cluster size is decreased, with increasing H content, and the band
gap is increased [7].

As can be seen the structure of amorphous carbon plays an important role

in the properties itself.
1.2 Properties of DLC coatings

DLC is intermediate between diamond and graphite. The properties of DLC
resemble, but do not duplicate those of natural diamond. Typical properties of the

various forms of DLC are compared to diamond and graphite in Table 1.1 [9].
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Table 1.1 — Comparison of major properties of amorphous carbons with diamond,
graphite, ta-C and polyethylene [9].

sp® (%) H(at. %)  Density (g/cm®)  Gap(eV)  Hardness (GPa)

Diamond 100 0 3.515 55 100
Graphite 0 0 2.267 0
ta-C 80-88 0 31 2.5 80
a-C:H hard 40 30-40 1.6-2.2 1.1-1.7 10-20
a-C:H soft 60 40-50 1.2-1.6 1.7-4 <10
ta-C:H 70 30 2.4 2.0-25 50
Polyethylene 100 67 0.92 6 0.01

DLC is intermediate between diamond and graphite. The properties of DLC
resemble, but do not duplicate those of natural diamond. Typical properties of the
various forms of DLC are compared to diamond and graphite in Table 1.1 [9].

As Table 1.1 shows, the properties of DLC coatings can vary with tailoring
sp® content according to the different demand: soft films to hard films, semimetal
to insulator, and so on. DLC coating can possess some extreme properties similar
to diamond, especially excellent mechanical properties such as high hardness, high
elastic modulus and chemical inertness. Additionally it has low friction coefficient
and low wear. Owing to its amorphous structure, DLC has no grain boundaries,
which allows it to be the smoother material. Besides of these properties, there are
the other excellent properties, for example, high electrical resistance and a high
optical transparency. The index of refraction is dependent on the concentration of
bound hydrogen and not total hydrogen content in the film [11]. As is well known,
the growth temperature of diamond as a coating material is high. By contrast, DLC
coating can be deposited at the room temperature and has rather low costs.

Furthermore, DLC coatings are not only chemically inert, but also
biocompatible and haemocompatible [12]. Comparing with diamond, these
advantages and outstanding properties make DLC coatings attractive for many

applications and give DLC its wide range of applications noted below.
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2 Applications of DLC coatings

As described in chapter 1, there is such a wide variety of different DLC
coatings due to different structures so that they can have the different physical and
chemical properties, which implies that DLC coatings are nowadays being used in
various fields of industry. Firstly DLC coatings for the medical application will be
discussed, because DLC coatings deposited in this work are mainly applied in the
artificial hip joints of the biomedical field. Then the use in other fields will follow,
for example, automotive, aerospace, electromagnetics, as well as optics and

acoustics.
2.1 Biomedical applications

Diamond-like carbon (DLC), known as amorphous carbon, is a class of
materials with excellent mechanical, tribological and biological properties, which

makes them particularly attractive for biomedical applications, as shown in Fig.

A\ I o~
2 Acetabular Cup
Polyethylene Liner
Femoral Head
Neck

™ Stem

. ‘IH (e) Picture from Morphopedics
Figure 2.1 — DLC coated products (a) Stent (b) Left ventricular assist device heart
pump (c) artificial joint (d) Ankle joint [13] (e) Hip Joint.

1) Bio- and haemo-compatibility.
As is known, when one material is implanted into the human
body, it has to be biocompatible. So the implant of DLC coating used in

biomedical applications has to withstand the corrosive environment and not cause
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any adverse effects on attached cells. Additionally, the biocompatibility of DLC
can be improved from the viewpoint of its atomic structure (by varying the sp*/sp®
ratio of carbon) and composition (by introduction of hetero-atoms such as Si, F, Ca
and P to DLC) [14]. The haemo-compatible nature of DLC coating, not only its
biocompatible property, is also reported in ref. [3], which makes DLC coatings
available to be used for implants in direct contact with blood, for example
artificial heart valves, blood pumps and stents. What’s more, due to DLC’s
outstanding tribological properties, it is also widely used to reduce wear in the load
bearing joints instead of  the ultra-high molecular weight polyethylene
(UHMWPE).

2) Blood contacting applications.

If one implant is in contact with blood directly, a key issue is to prevent
thrombus formation which depends on the surface of the implant [13]. Due to the
good haemo-compatibility and excellent tribological behavior of DLC coatings,
several papers report in vitro that it may be a better coating for cardiovascular
purposes because of the ability to suppress thrombus [3]. In order to adjust the
surface chemical behavior of DLC, the different elements are introduced into the
DLC coatings, e.g. Si-DLC [15], Ti-DLC [16] and Cr-DLC [17]. These elements
must also be biocompatible.

3) Load bearing joints.

DLC coating because of its low wear and low friction coefficient is used in
load bearing joints.

In the wear of DLC coated joint balls sliding against UHMWPE using pin-
on-disk setup, the liquid lubricant used in tribological test has a crucial effect on
the friction and wear values. With distilled water as a lubricant, the wear of
UHMWPE can be reduced by a factor of five or six, even by a factor of 10-100 in
1 wt. % NaCl water [18]. That’s because the DLC is able to form a transfer layer
on the softer counterpart when sliding in distilled water to protect it from wear. By
contrast, when the simulated body fluid or diluted calf serum is used in tribological

test, there is no significant difference in the wear of the UHMWPE between the
57



coated and the uncoated samples [19]. The different proteins like biomolecules
(especially phospholipids, glycoproteins, alboumin and hyaluronic acid), which are
adsorbed on the surface of articulation, strongly influence the tribological
behavior in the joints [20]. There is no transfer layer formed on the UHMWPE
when sliding against DLC in biological media so that the UHMWPE wear could
not be lowered. Moreover, the lubricant is also playing a key role in the type of

wear particles produced.
2.2 Mechanical applications

Due to high hardness, low friction coefficient and good wear resistance,
hard coatings, especially diamond-like carbon are widely applied in different

mechanical applications reported in many literatures [21-23].

Figure 2.2 — DLC coated products (a) End mill (b) Step drill (c) Engine piston (d)
Gears (e) Engine tappets [24].

For example there are cutting tools as a protective coating, and automotive
industry, bearings, gears, piston-rings and pins and other components, as shown in
Fig. 2.2 [24].
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2.3 Electromagnetic application

DLC coating is used as the protective layer in magnetic hard-disk drives
due to its extremely smooth, continuous and chemically inert properties [25]. As is
well known, the read/write head consists of many layers of thin films. Data are
stored in a magnetic layer of Co-Cr-Pt alloy thin film [26]. A protective layer of
DLC coating is applied over the Co layer, as shown in Fig. 2.3.

~ Lubricant

CARBON OVERCOAT

Magnetic Laver

Cr underlaver

Substrate

Figure 2.3 — Hard disk architecture [25].

One protective layer with ultra-smooth surface is required for smaller
magnetic spacing as the storage density is increasing at a very rapid rate.
Meanwhile, DLC coatings are also very attractive for field emission or doping

applications.
2.4 Optical applications

Due to their IR transparency, DLC films can also be utilized in optical
applications, such as the optical storage media as protective layers like in magnetic
storage, and IR optics at a wavelength of 8-13 um made of Ge, ZnS, ZnSe [28].
DLC coated IRST Dome shows significant pitting (Fig. 2.4) [27].
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Figure 2.4 — DLC coated IRST Dome [27].

In addition, DLCs are applied not only as protective optical coatings, but
also as fabrication of optical components because DLCs are easily patterned by

etching in oxygen plasmas [28].
2.5. Acoustical applications

High ratio of elastic modulus to mass density of DLC coating has also
attracted much attention for the acoustical applications [30] using high acoustic
wave velocity, e.g. speaker diaphragm and surface acoustic wave devices, as

shown in Fig. 2.5.

Figure 2.5 — Coaxial speaker (DLC-coated titanium centre cap) [29].

The DLC film with much superior elasticity and high surface propagating
velocity can improve the characteristics of the conventional surface acoustic wave
(SAW).
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