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BN BREAHRILIEAKL /25, 21 TH DC-RF-PECVD % AWV T N/C
SRR T 50%E TIRIMTEZZ ENME SN TNWDHA0, L L7ed b ARD B-CaNg M
R A RS CTIED T Z &L, WICERERMT 22 L THEME T2 2 &
DRE SN TNBHO, Z 1T DLC B @ spdsp2 it & ey, BEOIRME L - THADT 3
MBIZEZEZHBILTND,

EBRERNT L5202 Y v MIDLCHIZERB/FHEZIMTE2 22 ThH5H,DLC
BRI 4 vy FREEIOIWZ OBR[IICITHEEY Th 2530, EREZIRNT 52 & T
BEO FRAPRE N TN HED-EY), ERIFI DLC BANEEMEZ A L, OMMEREME I
NTWRIE, Z O@ERITESEE R OMIEM & L ToF LWISHEB ffe & 72 5,

AW HiIL, DLC IR & 2 OFFA OEEER - BERERrME A< KV & PERE DLC #ik
EERT2MAEGD 2 L, Z0HI2iE, DLC BEOMEE & EARNBEMsRE, 7= &
ZITMEE Y v TR EOMBREMDVLENH D, Z O DLC oOfE L, WIEHIEIZLE->T
RELEDLSTL D, 22T, AETEHSHHOEREEFHEORZ L DLC KA, 77 X<
CVD 2 AWTIER L, EREH I L 2MEOE(, OB L 2MBAVEFE DK
BERHNIT D, HONIRREMH - T, 5 6 T TEFRAM DLC BEDEEE - BEFERTNIC
T DELEEITH,

ZOEOHAE LTE, R&MIC DLC oz, W5k, KOEMSBH LR ~7edh L
BUEVESENHED 5T D DLC BEDREHE(IZ SV TR 5, WICARRFZE TR+ 5~
T (CeHe)x FH A & LTz, DLC BEORLEFIEIC DN TR ~D, BFEH A% DLC pES
WEATHZ LT, BERGAENERD 3 EHEOELRRN DLC HA/FR L. DLC Eho
BEEGAENELD 2 LICLD, BEEE, 55 spd & sp2 OFERNRED L S ICENT D
XA, T~ oot XPS (XHOLE 793 0t) . BREEN A~ Tz, 7/ 1~
Ty —TZid DLC HOME, Yo 742 HE L. DLC i E & & ORI o B%
IR OLMNZ LT,

TOEFREARIIBACKIET A D WITRRIE KR EDRFE Y —ADRIA, % U T A
PA DN
o
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2.2 DLC EnEE

=Rt EAIZK 2.1 12787 sps, sp2, spl D 3 DDOFEAIRIEEZ Y . ZHHDHE
WHEORANRETH D, £, TEALT 7 AELAEET D, sp3tElL, 4 vEUN
BETHY | IKFED 4 >OMBEFBZENLH 4 T EZ MW sp3BUBEICEFEEL, £ D
BRI LR 0 i G TR DN TV D, MW o G E2 R4 1 Y& Fifitld, 556V
DKV FE Y v T 2L WEOR TR O30 7 B 5K @ OJR -5
B, BMxEE (SR)., R/OBIZRERE, R ROETF. R—ABEIE L2,

sp2HEiEIX. 777 74 MEETADOME DI H, 3 >DfhEF 3 D o fEA T
EEHBEEER LTS (P77 20), 4> HOMMEF Iz HUE T, o A L BETH D,
rHUEIT, BEET 2 1 o5 WTERDOR T EFH VG TS, 777 2T L— M A
YRF¥yuT 0 OEBEKTHY, BHEKERTHD, I—RrORLDBREL LT, K7,
FEXERTHEEEZBROTCWD =R T /) F2—7, Ceoo. 77— L UBbDI, ZDOKRHEFR
RRIZEARY S 7= U lEL2 LTHY, V97 =00 omiiE, Ssatt, RBEAFRML
Ty BT LB O ITOR TN D,

sp i OHEEIE, 4 DOMETD 5 EH 2 0N x WA o fE L, Mo 2 DOME i
v z TS AT 5@, ZOMEIT—MICRERRZ EMEIN LT ELT 7 ATHY | K
MMRZ TR BT DR T OWGE AR A L. MECRET 2 X 0 AR Budn,

DLC 513, sp?. sp3fiA & ORMT EL T 7 AH—R L ThDHTD, F O, HHME
FOMMEEEEOREIL, YA YTV RETTT7 74 FOPBOMBER>, ZHh X b DLC
WL, M, P, e EimtE, RN Ry o T EORHEE R T 5, ZOFF
PEZAEN L, RFY 0 Ry BREEMT « A7 BEHgh, A FERE, v( 7rx L
7 ha A =0T N A(MEMs)7s EOFGER S L TR fibitL 5 & LTwhH, 2R L
X AR RED 0370 RL FEELRILKE, HDWEh—R 2 =5y N &l
F1nd. KELHEPAETLEMEENTES, K21ICDLCREY A VYEV R, VT 7
7 A ORI A R T O,

22T =R D sp3fE. sp2isd & KED T ERMNKZRT@D, sp3 XA ¥E L
FHIEE, MERROTERNE L, 777 74 bRI—ARALFHEMNIEST D, R~
F L (CH)n KU 7EF L (CHn FDORIKFER Y ~—FRIE, THAMINLET S,
KFAEG D22 sp3ifh & % < B a-C 1L, MM (K (tetrahedral) 7E/L 7 7 A 51— > (ta
C)&FEL I, sp3ifitc o —F—(TIAFET D, KEMGEFF -7 DLC BUETELT7 7
2RO CHAEFIEL LTHET D70 a-C:H Rt S, = RS, FRomEE (a-
C:H ! DLC) ZfiiET %,
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diamond

graphite

amorphous

Fig. 2.1 Bonding configurations of carbon sp3, sp2, sp! structure.

Table 2.1  Comparison of major properties for DLC film, diamond and graphite®
Properties DLC film Diamond Graphite
Density (g/cm?) 1.0~3.0 3.51 2.25
Resistance (Q + cm) 109 ~ 101 1016 107
Thermal conductivity
0.2 6~20 0.4~2.1
(W/m-K)
a=0.2456
Lattice parameter (nm) — a=0.3567
¢=0,6708
Young’s modulus (GPa) 200~800 1150 —
Vickers hardness (kgf/mm?2) | 1000~4000 10000 —

sputtered a-C(:H)

glassy carbon
graphitic C

2

ta-C

Sp3 Diamond-like

ta-C:H

\\ HC polymers
\

P

\

3

sp

7\ nofilms

Fig. 2.2 Ternary diagram of bonding in amorphous carbon-hydrogen alloys@4.
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2.3 DLC En&iEH ik

] DLC 1%, Aisenberg & Charbot@)|Z LV oA 4 B —biEZ - THESLNIZ, A
B — MEOZEELEBOWBIL, PN RE RN BERMN TREI ST N D,
BRI ISR R DR E L CIT, IRFE L KFED B — LADOFERR T 2L F—703 % 100eV
WK SN TS Z EICLY sp3ff e EEIND, Tk LT CVD ITbFE 7 ek R
Lo TspdtE B ELESIE D, b RV DLC BOAREFIFIT, T 2720 0IR &7z 100eV
DIRFEZANF—FLFEZRMOH L, RS2 THD,

2.3.1 AAF 2 E—.106

A F 2 O DIEEROA A2 ) — AL, TTAN ARy BV T LB T T T 7 A
hZ =%y KRBT TNS, Kaufman A 42 Y —R(E, AZ DL I 7RRILKET A%
TRV TL AN, FDALF =2 AT ZABETIRSES, £ 42—l
DRFIE, 2L DA A ALSNTORWFREORL FRARFSZ L Th D,

2.3.2 HEBRAF L E—21D

MMRAOEFEE LTUE, A= x A F—%ar ha—)L Ui A & o FE o CThlpd
ORI THD, FNEAREIC L ONEERIRA 40— AEWMSIB) Th 5, Rilix
FTAF L, TTT AN NDAF = AT L ~10V D/NS A F =R F
—ERoLOERY T, FNH%E 5 ~ 40 kV F THRE A 7 4 L ¥ — & il S
Do ZDT A F—E, PHERIFIRY BRE | FFED e/m W E B o7z A A 2R HF, A4
VE—AF —a RS L o THENT, L X TEAD A F U R LX — [ OHIR St
108 torr MHEZE FIZE L2 EMTITUUR LT ta-C M & i3 5,

MSIB OFF#i, BRETIHA AV FEEFOT ALY~ ha— L TED I LT, I
TRF—HR A Z HERR L. 4ﬁy@%:y%m~WLTP—ff%5*kf%5 RSV
i 2 B— K3 0.001A7s BV T & & EEOMERE N L. EEBERAZ N EThH
D,

2.3.3 ANRXwF YL TEY

ANy Z Y 7E, DLC BEa i sg Sk Lz TE( 7t A ThHs, mb il
EIX de, rf EE T Ar 7' Av 284 S8, IRFEEME T2 12 W TIRFEA A 2l 285,
IRFBINIANR Yy BHFERRNWT IR b ARy ZY o IRfEbNAD, ~ 7Ry MIF—
T NOBAILENI, BT EANSNAL FVEHIEFHARTREZESTHIET, 79X
~ DA FALEEW ES® D, IR Fr AR A AR S— R A 2 RS sp3 s
DIGAET L O WHERZ B L TRGEBIER S, TR T T4 F DR R —
ROEARIZRE LTV D, B, B A T RAEM2 5 e CA A X —%
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N2 — LT 2 ENTESL, arCHIE, ST AL LT Ar & —f&ICKkE, &HDH0ERIEK
FRH A ANDRUCTI ANy ZETIER SN D, Flo, aCNx TNV -BFE T T X+
B ZLICLVEREND,

AF L E—LANZY TR, Ar A F L E— LB T 77 A4 NF—Fy NI LD
—RFAEEO T, 2R T A E— DT IER ORI R 3 — F U REE 2 L,
sp3EEER M E L2 LN TED, ZOHEE, A4 =07 X NREIBAD)., 5
WIAZF T =T 4 T EMHENTWD, ANy B U TR e MR R RIET, A
—VT TR, IR EFDOZBEREN O EENICE Eb D, £, RAESRE LR
FRSCIREEIRATE T, 77 A= f ¥ — FAEET2 ha—LT57 LRTE5,
ANy B TORRBIL, AF L E—L3E LR UL 52, PHERAISHT 5 A 4 AR+ D
FIED IR W= | O ELZFF -7 DLCHEAFD Z L WZ L Th 5,

2.8.4 BY—F7—2r@

NV —RT =7 DT — 7%, @BEH/NSR =R A NTA 7 BWE, 71— RREID
BRI EL LI RET D, 2T 108 emd S VI ENA A UVBEERFo T T A
TRNAF—FEYHTZ N TCE D, Y — F7— 7 EEOBR R, (KB, mERER
BT D, ZORY = RT7 =213 RAETRISET AR AND Z L0120 | BGRlgiko =
—T AT WRAREE I DT MEM Bl —T ¢ L TEE L L TR bR TV, mE X
FET 2 o ORIT, EFRET T Y A4 V2GS ETEET D,

BV — RARy MI/PEL 1~10 pum G, 106-108 A /em & IEFICEWEBIRBE 2R - C
WD, FOARy MIERIBES Va2 Lo TSN, 2T 7 X< 2B T 5 &
IR E2ED T, Z Ok i3, BT 4 L —TEDWNEETZ LR TX,
BiT-DA A 3% 30 %05 100 %ETEFCZ07 I Av i ER ElCiikRses 2 2ok
M. taC LA IERLT 2 2 &3 TX 5, =D 51T FCVA(filtered cathodic vacuum arc) & K
XA, FOFRHEIE, DR VRN R T — SR E R o T2 A A AR O T T v B A
5 ENTE, 1nm/s &V I IEWEEIEE 2R,

2.3.5 wav—f—ﬁ%@uww

ArF O X5V Ax ko~ L—F—3IEFIZE, BROZX L F— L 2L T 0
T, MElZE0OFERBEIGE, N T 7 AEFEVHTIENRTCED, ZOTT7 AT,
ERDOFMA~ER TN, ZOA A OFEFH TR /LX—F, MSIBRXA Y — 7 —27 DA
T F—E B PUTWT, ZFOFHEH X LF =T, F—F v NARy foL—H
— DT R — | L TED, MSIBX FCVAEERIC L 9 icta-CIEEEV L, =0
BT A o = L X — R 5, PLD O8I, M2 R o T2 L~V O %E ¢
AR EA D IR R E T OMBIORIEZ(ED DI L TW 2,

19



2.3.6 PCVD®D

e L~L T HILARZEE HRIE, o PCVD T, ZHUZ = 0OEME mhnEbdi:

HREMN of EEZRESED, 7T AVHFTEAA L L VBEFOBIED F R KENTZDE
fRUT < WCIRFA A BT — AR AET D, ZOEEMEMIEITEMRICKT L CIEER
FZFFO, 1272F v =R L COFETFRE & A A U IIEMIIZED FoTWD, £
DY —ABIIFAA—RE LTE 729, BRIZE— 7 of BEICHELWOED/NA 7 ARFH
S

V—ABIIEERMSEIGE LCE 120, FORBOVEICHE S of BEIX, OO EMR
D—AFHETHTOND, ZOX I, BHRE QS 7 AXEMROmEIC A L TEL
T 5, DEOVFOBMIL, NERBRBEFOD, L0 K& AL T ABENRAEL, KE
WHOBMRICH L TABLE L RS, ZHICEVADY—RABEIL, EA 42 &S sps
A EEDIDICNERR L N— KA N EET D,

BEELETHOT T AV TE, Y—RABOf ho 7V Zick-ThiEsh, LvEneE
BETDT T AL, 7T RAvHIKRD Y 2 — LB LTt Sh s, DLC ERE I
T, V79 AT TCEDRETEBETCREIVTEDIRETHD, ZNICEY, A FDT T
NOEEEEKRIETEZENTED, 50 mTorr DIHEETZE A A4 v OFEBALRRIZIT )
10 %IZ Ui E 7wy, ZE, BEERENE | A 42BNy — A %10 D R ERIE Y %
Lz, TRAX—ERKIMNLTHD, LTER-T, KB —RA 4 =2 X —%1557

W2, EEEEE NS THOLERDY  ZOEDIEITE L TEHEE TEREEIT O
WRH D, AR CTHA L7z DLC Bk U RN DLC O AMRIL, Z @ of -PCDV k%
Az,
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2.4 DLC BEoi: ARl

DLC MBIAREEEE, MiiEL, FIRPE, RO PR SERZREN D E700kD
YTy IS E S TIRIE TOME RER 720, BT, ©@BN6T7 T 2F v 7 #ii
5 FE TOREPKEEE, R#EES L TEMMES 2 WIEMEI RS BEAIATRbIL T D,

2.4.1 BHBEEHRHLCY

BRI SN D 720100%, iR b AA, K2 X b M, EEEOMEEY
U TITHXEND D, BUEM M E LT, B#7 7T, "AT Y 7H2— EA b
YU LT L BREMERR T vy 7 NER E~ORRAEREA TS, T, EETIhEREE
FTCHEREND Z EBLNOT, RN CHEA S 2B, SR 3 L TR
IEAREED BV DLC-Si EH ST\ b, £z 507 U 7 2 —213Kk%E 7 ) —D DLC
B FEDLILTWD, ZOKFETZ Y —DLC BEOBEMEM L LT, ZVte—LE/ LT
— I (Glycerol-mono-oleate) /N4 5 & | S LIZEBEAZK T IE2MENAHINTWD,

2.4.2 MBI

DLC BEDAKEBLICE T HENTZ T A B O—FetE ) BKEAEIZITE S DLC
BEREH SN TS, 4%, 7Y —R L CHRFEMICENTZRAKEGRVBHIE I TS
@Y, RO S MNL, ANEETHEIT 25 Th 203, SUSHAMHER L TV kRER Tl
BEFEDIAEDE Lino72h3, DLC RAEHRT 5 Z &I kv BRI L 2EmORNEAT A
PP Z S A, MR L7260, AERBRIEMAXE A N R T RO AT, R
FRICE-TT7 L yF U 7B, BT EEZ LT, DLC BIC L viE Sk,

2.4.3 &% TE

422212 DLC D &M T HA~DIS APl A47R$, &8, DLC BEOFiEtE, M, (K
BREARH L TEPOEDNLTWD, £, IESRHO @B ES S Z LT, B
AN BT A I ASFTREIZ 72 - 72, CD, DVD 72 7 « 2 7 ldim &M 213, F
1B DEALTZ DLC BREAS7RAE STV D69,

THIZ B 2RI LT GIHIME Lo R A MIA AR 7 IaeMTRE LT,
FERES LTV 5H 60,
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2.4.4 EBTFH&S

DLC D @R 2R U7 A B — D IRERIL, T CICEMMEIS N TWD 6D, BT —
7' VTR vV % —|Z % DLC AABEAER A STz, BRI, M & W D D
N RT 4 A7 DFERIRE LT D, 7 BERICEDREN DN E NS Z &
M, EERRUEEER OIS LB ST D,

2.4.5 B EBE

DLC 0 A3 7 ¥, L2 FUH UC. 80EHA PET & R L0 MBE~D S 135
L SN TNAH6Y, DLC BEA PRI 5 = 212k 0 | SMEA 55 LT Bk, Mk
AT L. BB OMESLE DI 2 LSS, 72, DLC BIZE L kROAETHS
T, AEE AT LS, BT, IR Z R L ADE TN B D, A Ay R,
VL, 2T R, AT —T A ~OEERRA SN TS,

2.4.6 ZDfh

DLC FEDMmtEEFENE, TS, Rtk & Lo, BIREMRERNG X —Y BilfEt, 71 %
—, BBl N, BEAANYI, 98, G757 T=AT v b XA AMER
MG, WO FECIEHER I TS,

2.3 1213 DLC BEEM OIS HREHM Z 7R, Kam 3L TR, £ O OIBERHAE S-SV THF
FeEa{T-> TN,
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Table 2.2 DLC films applications for machining tools.

Machining Work materials Applications

Bending aluminum, solder plating, lead frame, terminal
phosphor bronze

Spinning aluminum aluminum can, spray can

Drawing aluminum, cupper photo conductive drum,

radiator pipe

Deep drawing

aluminum

aluminum case

Shearing

aluminum, phosphor bronze,

silver-cupper-nickel alloy

stencil, parts, contact

materials

Powder metallurgy

alumina, ferrite, super hard

alloy

ceramics throwaway chips

Molding

glass, plastics

aspheric lens - CD - DVD

Relay contact
micro probe

layer insulation film

Electric properties

insulation

low permittivity

Chemical stability

demold
corrosion resistance

permeation resistance

Objective applications

infrared protection film

optical film

Photonics
infrared transparency
refraction index ~ 2.0
smooth

Mechanical parts
slide menbers
die tool
stopper for hot water
wafer arm
hard disc
magnetic head

Sliding

high hardness
low friction coefficient

DLC properties
and applications

Accorstic

smoothness

high elasticity

tool for aluminum
liner of PET bottle
medical equipments
(pace maker, stent)

speaker horn

Fig 2.3 DLC films application map
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2.5 DLC EDOEAE(G

DLC WS Fs >N TR E D | kSBSL B3I L T\ 5, 2 DLC ks,
ERIFICL S TRELEDY | POWETIEED L5 et a il o7 7V r—va v
MLZSZDLLWIASEL TWSREERHTEE, NAY TIRZONHEICZHS>NT
VDI2840 &5 EWNEIE H Y 40, AARTEH NEDO D#EBI451) C IDLC O L+
DRE - FHIEAT ORI 2E] 2o =7 PR EY | BUEEFEER R S ED
—o L LT =R BT 2 ERRIEE] BSHED LT D,

DLC & SFET 27201204 - fiE SN TE AL,

(1) R XM EREE (XRR: X-ray reflection)

2 KFEE - WENMBEEEL T (ERDA:! Elastic Recoil Detection Analysis)

3 sp¥sp2 It : X N EF 0t (XPS: X-ray Photoelectron Spectroscopy)

W s X AU oA e (NEXAFS: Near Edge X-ray Absorption Fine
Structure)
(4) BB : E T~ 7 a7+ 7 A% — (EPMA: Electron Probe Micro Analyzer)
T ARLX— R0 X #o8r (EDX: Energy Dispersive X-ray spectrometry)
g —iER o (GDOES: Glow Discharge Optical Emission
Spectroscopy)
7~ . (Raman spectrometry)

(5) A Y KR 2 ik £

(6) TR . =Y T A= —

(n  WE:F /AT

(8) MEERENE « R—n A5 4 27

9) [fidaey e

(10)  ERFrE

(11 HERE s
Th D,

2.3 1TIF 2012 FOSFAEERT, ZOMATIEL, sp¥sp? DIF(ELLE, KEGHE
TS TND,

IORERICED E. AEFERT S DLC IR TypelV Oh7 IY —E72 5,
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Table 2.3 Classification of DLC films into five categories

Type | Name sp3/(sp2+ sp?) % Hydrogen content Remarks
(atom, %)
I ta-C 50 =< sp3=<90 H=<5 A type of DLC
11 ta-C:H 50 =< sp3 =< 100 5<H <50 A type of DLC
111 a-C H=<5 A type of DLC
JAY a-C:H 20 < sp3 <50 5<H<50 A type of DLC
Vv 0=<sp3=<20 (0=<H=<5) Other film I
Graphite-like
VI (50 =<H =<170) Other film II

5 =<H @ sp3<20
Polymer-like
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2.6 DLC BEDREEMANT

2.6.1 DLC [RORIESE

2.6.1.1 BRALKFEHRIZL % DLC &

480> DLC BiE, &fb Lz R (CeHo)Z / — R 7 A & LTHV, PCVD ¥ THEARIC
L7, XA A= —F7 ¢ o e X A H B rf-PCVD(radio frequency
plasma chemical vapor deposition) 2£E (X 2.4 &) vz, BETFT ¥ 3~ o
Fr T =7 4 o VEBEMAV-R2)IC, RF EREAMOF172Z L0k, 7T A @ER
TEDLLHBESNTND, 2.5 11T, IEEMENOMMSE 2777, % 2.4 13% D PCVD %
B OBRERASE DR Z =T,

PR AR, EEEERER A & LT T~ 7 (WC-9 wt.% Co &4 JIS V30 FEFHY) 10 A,
Tt XPS fHiC Y v =7 7 —1 M, HEFRREIT T AR 2 iz~
v Uz, 22T, BRI E UCERICHIET v 72 A TS, R, B
21T 2 BA, U EZNT 2 O TRBRICEROFER 200 K 5 DLC L v v Ak 4
AL, M2.612, ZEEENBLTEREEEREDOTEE L /R8T,

Bty F&niztk, v 3—N% 3X103 Pa £ CHZER| % 75:??0 T2 DBV,
TR AEEANL, B 0.05 Pa, RF A% 13.56 MHz, RF %7/ 0.25 kW T
N A F AL DEBRREDOR L N—RA L &2 5 B{ToTz, R N— FAL MET
B, TN AT AZIED, e EROBEEZW LS00 BEERE L, PHE

(C-Si {LEY) 1. HMDSO (hexamethyldisiloxane CeéHi80Siz ~FH A F /L L &4
) HAEEANL, £/0.3Pa, RF &/ 0.5kW DT 2577 A~vELITV, K
R w72, #hunh, [k~ B (CeHe) %, vAT7n—ary hn—7 2 H0TE
Z2IFAIN A~ 15 scem (standard[25 °C, 1 atm] ce/minute) 3EA L, RF &7 0.5 kW, %
IR 50 °CT 60 DRI A 1T o 7=,
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Table 2.4 Equipment configurations of rf-PCVD.

Equipment RF generator | Power source | Vacuum system | Turbo molecular
pump
Manufacture | Machining JEOL KASHIYAMA Osaka vacuum
Network
Model EH-MNO3A JRF-3000 KRS-1301 TG800FVWP
Fig. 2.4 Apparatus of rf-PCVD prepared for DLC films
| Ground electrode | MEC
{1 |
RF power Substrate L~ 4_
source — Y
| Electrode | Vacuum
gauge

Matching
box

ol

Vacuum pump

Fig. 2.5 Schematic diagram of the rf-PCVD deposition equipment
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Fig. 2.6 Inside of rf~PCVD chamber (left side) and the specimens mounted on the work
holder (right side)

2.6.1.2 Z=ERHM DLC K

ZHRIWIMDLC I (Z 22 51E NDLC iR & R T5) %A, & 15 scem D[~
B (CeHe) & A 99.99 %D EF N A & RIRFIZSUSFNISEA LT, £710.3Pa, RF &
71 0.5 kW, RifFIRA 50 °CT 60 7rHZ&E 21T 72, HMDSO 7 {2 & 2 g DRk = ¢
D7t AL, EF DLC R E RIS TH D, BRI DLC KL, BRI ADFRETZHR
N2/(CeHe + N2) %, 0.66(% it & 30sccm), 0.8(F F & 60scem), 0.87(% Fijit & 100scecm)
Bk, EREAROERD 3FHEAOEFRINMDLC A &R LT,
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2.6.2 fRTIE

2.6.2.1 DLC RO

A X 72 HE I DLC D EF# & A 213, EPMA (Electron Probe Micro Analyzer #
Fi X #oit JXA-8100) TRIE 21T~ 7=, LSO THR S 73H11E EDS (Energy
Dispersive X-ray Spectrometry =/L¥—43808 X #0414 AW-CGRIE L7, EDS i1,
BEREPERICBE L2 & S ICRAETORME XA L F—70 Si FEERTELN =2
X —SHARHETHRE LT, O AX— L BENSYE EBRT 2 cREBEL
HMES S, EDS 1T, M= X —HiHEZHETEDL0, RRHIZ OxELIH T2
ENRTED, ZHUIxt LT EPMA I3, FrfE X & o tibidh & PRI 2 Biiddh 2 F Tt
S D70, EEOHMAUITEMEZ R 2 0 NT EDS LY b En, 228 bnED
MR, A P EOBEWIEETH Y AKRFEITRE TE R, B oirikdE oflE St
1T, F 2.5 R8T,

Table 2.5 Measurement conditions of EPMA and EDS

Detector Model Voltage Current
EPMA JXA-8100 10 kV 50 nA
EDS JEOL EX-2300 15 kV 2.6 nA
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2.6.2.2 DLC EDOREERET

X HE 4T T DLC BEOHE SaEERENT 21T - 72, ErEEE L, 222 (RITN-Ultimalll) % {# f
Uiz BIETEIL, EME L FTERH DM, AEIO LS 2EEI, SHTEREL THND
B, AW T TIE TR L7z, XEEROBEEBHIE 40 kV/40 mA, A Y >~ b 0.2
mm, FH1, H2. AFAY v MMEL, 20 —»10~90 £ A7 v 7 0.052 ETHRIEZ1T -
77

WEIOES Tl e &, ARNKO—HPMETORFE2 RS SE TR LT —2 Ko7
D, X —lnlbsd, ZOBRREZ TR ENS, ZOT v UHELDE & AT
DIREHDZE (T~ 7 M) IWEOBBIZFFEOEE L5 2 Lt BHAJ Lo L —F—
Z A L. BGELE% 400 ~ 4000 cm £ THO A7 MAFRRET D 2 LICL Y, WEHREEA
M CE D, ZHETvUaNELE S, TV aITIRFEENTIC L < fHbh, 1584 cm!
WCE—2 BNEND 757 74 MEEERT G2 R Kifa(defect) sk & — 27 T8 5 D 3
Y RERHEN D 1350 em 1 B — 7, BLN1333em 1 iZF A Y E Y FEEEZRTE—2 0D
2 1)

Al 7 < AIFEIZE. Reinshaw inVia Reflex #l5 < ki d AV, L—V—E
532 nm CHIEZT-7-, BoONEE—271EID N FE GV ROBEAEE—7 Lig-> T
De DRV E, GV FOWIBSEEEZITO 120, BFOD RN FE—27, G AV FE—7
% FHE L LT Lorentzian B CTH—T 7 ¢ w7 4 T E{TH 7@, SBE D N R, G
N NBERRPZFNLDOE—7 7 MNP LREZOEGIRE, (XA YT FHEIE sps, 7
T 7 7 A M sp2, FERERE) AHET L7Z, M 2.7 1213FEFE 100 scem EA L-EER
MDLCHED Z~ 43D T A RRAF v T —F ZRT,

] D band peak ‘ﬁ. G band peak
5000 — ! Ej!/
E 000 — i_ CZ=N bond peak
2 3 /
3 B |

B i
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Fig. 2.7 Raman spectrum of NDLC film (nitrogen: 100 sccm) from 100 cm™ to 4000 cm'?
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XPS (X-ray Photoelectron Spectroscopy, EOL JPS-9010TR)IX. ¥ > 7 /VFEKHIZ X #ix
BRH L, TN L > TELANEFORNX—FHETHZ & T F o7 NVOMHKHE &

BAIREE DT D2 ENTES, KNBFO-RNLX—I, E=hv—Ep (EglITEFD
AT INLF )N ZANF—2EODT, Xk ALF—hy B —EThHIL, o
TRNF—ERERDDZENTE D,

XPS idkFE, ~V AL EOREOHE, KOFOEFREN DN, Gz rL¥—
DE—71F, MOILEE DB L > T, mmr e F—l, H5WIHET LT —M~F I
A7 b D, RBEBTEPEOmER (M nm) OEINLHTL 2720, BEmEm oM
AT L TERW, DTV TIINREICA AN ED L IRDONTNE L B
ST =P L T DFHMITERENLETH S,

HWEX, Vo773 F—=chr 71ty hL, 108 Pa fEEDHHEZE R A F THIE
e, TAVFTAHERE 90 EIZRETDH, =XAF—F ¢ T L— a3 ZiE, Cu 2Pse
(fEA=RNF—932.67eV) & Au 4frz (f5G= ¥ —83.98eV)Z{EH L7z, Cls TDOF
Y=Ly a3 B To71%. Cls & NIs DAY T Lk 1eV DIMREETY A R A
v L7z, K28i21%, 02005 1100 eV E TV A KAF ¥ U LInT —Z 2R T, 2074
RAX ¥ T —Hnb, Cls DE—27 13 285 eV £l Nlsid 400 eV (I THD Z & 235y
Mo, £ ZT, 0.1eVDONFERET 282 ~289 eV, 395~403eV M CHr—AF v %17o
776

14000
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a, 12000 |
7] \
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Fig. 2.8 XPS wide scan data for NDLC film (nitrogen: 100 sccm)
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2.6.2.3 DLC ROMIRH R

DLC K& UM% DLC BEORERIL, U 2 B EORUE L2z 4 AR Y vy
— (SM-09010, JEOL) T ki i #ff 5= L . FE-SEM(Field Emission Scanning Electron
Microscope, JSM7001F, JEOL) Tz L CHIE L7z, £ AR Y ¥y —TlE, MNEE
£ 5KV, A A Ef 120 pA TT = oA F 2 BE UEROWm 28 L=, BE4 2 X0 1E
WICHET 572 DLC I > U = R OEWE RS 7282 L5 RINEFETHE L,
Ty Zary T A NG TEEZRE L,

YUary =7y — ECTHE L DLC A USRI DLC o R < 1%, AFM GE
BT 0 — 7 PEEE. SII# Nanocute) AW THIE L7z, RIESMEL, T L i—FK
& 1200 um., FOEE Spum. SFRIER 40 N/m. HIREH K 459 kHz TRIEMEE % 5 pm
ANTREZI T, K 2.9 1X, EFMEL 100 scem HA L TER L7, ZEF N DLC
o> Fm AFM {4 %~

Fig. 2.9 Typical AFM image of NDLC surface prepared from CéHs and nitrogen 100 sccm

FEMLOREFE 1Y, AR OFE LS TR NL o, JETOEANERIBBIZED 1/10 LLTF
THETEDFT /AT 2 =Tl SN 56, FlZITEEOBEEMN 1um &9 5 &, T
DOHEAE SN 0.1 pum LIN T & | BEEEEIC SRR S ORI L7280, v17abtuh
— A TIHAE TE e\, WFEEIL, £ I2 X o THMEETE U EE O R miE 2 i KA
TEISTEMEER VDR, F 7 A 25 2 —F, Tl —E AR S # A2 R CIEOBE S
LY v 7 REFT 5,

B 2.10 i%, eIk IE A X A YEL REF (N—ayFETF) ICLHHEKRE
OIFREOBIEREZ R34, £/, ¥ 211 103 3—2 By FJE I L DA lE—REE AR S
B AR, 2,10 TRT X D0, BEMES he I3EASAHE O F BN Az L0 |
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h.=h—h, 2.1

THRED, ZZThsid, BRAIRETOREENMZFKT, 2D hs T, unload Hh#kD
AL S TH D EMEINE & EFTIRRE e 19,

hg = N 2.2
¢ — €& X E ( ' )
THRED, 22T, NIEWE, e DEITS—a by FEFDOEE 0.75 LD,
B mia As 13, [T ORMERNRIZIRE KA TRDOOND,
A, = 24.56h2 + f,(h,) (2.3)

22T, fohFET ORI LY RSN DMIEIETH S, 2.1, 2.2). 2.3)%Lio
T onld,

N
oy = A_ (2.4‘)
S

TRDOOHND,

Surface profile after
load removal
Indenter

—-4—

Initial surface
h,

!
|
h | Surface profile
J hg C I under load
........................... T
|

Fig. 2.10 Schematic of the cross section of the indenter penetration
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Fig. 2.11 Schematic of the normal force versus indenter penetration depth

bt S 1x, B L HEOMIMEY o 7R B kAU I R s D,

2
S= = X E.A (2.5)

MDY o 7R Beld, WoBRAE - TRE 2,

1

T[a=v) a-wy
E T E

E,

(2.6)

DT BREETOYCTE, v w3 ERER, #E ETORT Y Uk Th S,
FIA T T = a v OBRKAEY 5 mN & LTHE—ESHRERD, 2o o
K&l >TH DLC DY o 73R, S &3 RH7=,

By — AR, HFE (/IR O E R (mm2) DE AL E > TWE, /A 7 v
Z—HEEPa) b By I — AHEE DB T, N— 2 &y FIEF & By I — AEF IR O BIR
ARYS

A, 2396
= =0.9065 (2.7)

2p _ =
A, 2643

DHENKRED, TTTAIFE Y I —RETFOERZIE, Adld\—a by FEFOEEMm
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HETho,
HIMRE gn 13 9.8 m/s272D T, B v b — AflE~D#HE T

Hy = 22 %A 0.0924 2.8
= —-=0U. X .
v g X A, ap (2.8)

2T, Bvidv b — Rl onld T A T — R AR,
By —REENL T A T MEEA~OEHIL, 2.8 5

o, = 10.82 X Hy (2.9)
LD, ZOHWBRIT, FIEFORE L ORGSR D TV D IO ER TR0,

2.6.2.4 DLCEOEXRIZEE

DLC I, KOZ=EFRIFI DLC RoRmM AN OESMEEOWNEEIT -7, BERMEEEH]
EREEIZITEESUAIES:  HirestaUP  (=2E{k% MCP-MT450), #IEH# 1-1%MJZ URS
T —7 (+H@AME 6mm, -ARAE 11mm) M L7z, 7 2 EHk RiZZk4E L7 DLC B,
M OEZIFNDLC REmICHAE 7 r— 72 LY T, 10 BIOEILEOFEZKRD =,
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2.6.3 fEHTRER

2.6.3.1 DLC EDMR

72 2.6 |Z DLC e N RIRM DLC IR Dk FE# & EF EE EPMA THE L7=7 — % &/R
T, ZORRICE Y, ERIFMFE R 30,60, 100 scem THESH 72 DLC O ERZS A EIE
FNFN 54,73 KT 10.Tmass% &, ERMENL RDIFEERINNELEM L, £
NENDOERFMFEE TELNT-EEZRM DLC MOEZEAFEIT 5.4, 7.3 KT 10.7
mass% THH72, Ram XL Tlk, ZOERBH ORI DLCIEEL, #DOEXRFHBZEE
W2 - TEFIFH Ns4DLC, N7sDLC, N10.7/DLC & i1 5.

Table 2.6 Carbon and nitrogen contents in the DLLC and NDLC films measured by

EPMA
N2 sccm N2/(CéHe + Na2) C mass% N mass%
0 0 100 ND
30 0.66 94.7 5.4
60 0.8 91.0 7.3
100 0.87 87.7 10.7

2.6.3.2 DLC ED#iE

X#EHTD 7T 7 74 Lo 20 OE— 27 AEIZO02EPTHET 26.4°THY , XA YEL R
DOE—7 AEIIQIDEPTIT 43°TH 223, SO X BREHTOFKE R TIE, DLC &Y > 74
RCIZBWTREREOE— 7 XA 502 h- 12, Ziud, DLC R OZEFRFM DLC k&
LT ENT 7 AR THLZ EEFRLTNA,

T 1350 cm 1 O D Ny RKE—27 1584 cm1 @D G /X2 RE— 27 Z VT4
BonizT~r 7 N —# % Lorentz B4z AW T oEE L7/ R 21X 2.12 ()~ (d)
{RT, R2ATIDIEREBOD N RE—27 RGNy RE—7 omfglt Idlg KOG ¥
— 7RV arERT, 1dlg A RKEWVITE DLC BOMRERMENENT L A2Rd, O
ENOHMNDLIIT, BEEAAND Z LI Lo TIVIgERREL RD I ENSMhoT, £
o  GANV RE—=7 RV v a v EREAEDEINT 2120 - TE Mz >~ b LT,

Table 2.7 Ia/Ig ratios and G band peaks of DLC and NDLC films measured by Raman

spectroscopy
DLC DLC N54DLC | N73sDLC | Nio7DLC
1d/1g 0.90 1.32 1.54 1.91
G peak cm'? 1550 1556 1560 1562
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Fig. 2.12 (a) Raman spectrum of DLC film on silicon substrate

8000

G band peak

6000

4000

Count

2000

0 1 1 'I 1 1 1
800 1000 1200 1400 1600 1800 2000

Raman Shift cm™

Fig. 2.12 (b) Raman spectrum of N54DLC film on silicon substrate
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Fig. 2.12 (¢) Raman spectrum of N73DLC film on silicon substrate
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Fig. 2.12 (d) Raman spectrum of N10.7DLC film on silicon substrate
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2.13 X, DLC o Cls {1 XPS F 2 — 2% ¥ 5 — & 2,57, DLC R OEHE
WA DLC D XPS D S 37 MIHOWT O LITE L HTED @ Gelius Z51E, sp3
BV sp2 Dfifr = R/AF—E, Fh ¥ 285.3eV.284.5eV TH D &5 LT 540U,
F 7~ Ronning ZW|Z L 2 & sp3fi S IcEHRZ N LEFEA L2546 p-N) DA = R L X —T
285.6 eV, EHEN 2l A L7 HEGp=N)DOHE =R /LF—(1286.8eV £ 725, £ I TH
2.13 1%, Gelius 7 — % % 5tlZ Voigt FA¥E i » CUP 0 217~ 7=,

F 7=, FHRIRN DLC RO A, Gelius K2 Of Ronning D LA 545 5 407= sps, sp2. sp?-
N B sp3=N O —72 5 —Z{E 4 >, Voigt B A - T 4 SO 08 LT,
2.14 (@KL Tb)IE, 1 #i N7sDLC i E Nio7DLC EDF rn— A% ¥ 7 — Z & E
bal ROV TS

2.151%, Cls ©'— 2 T DLC I T N7.sDLC B2 & NiosDLC KD+ r— A% % 57
—ZEBERNTHE WK THD, Z0TTT7hb, BERBIFMSNDE Cls E— 7 HET X
NX—[NZ 7 LTS Z &N aholz, F72812IE, WEMBf S sp3 E'— 2 & sp?
v — 7 OmEMRE L EZ R T, EHRRM DLC EDE 4 sp2 & sp3, sp3-N KU sp3=N @ 4 -5
DTG THBEES LT D72 EFRUN DLC PO sp3 O EfHIRE T sp3, sp3-N KT spi=N
DOEFRRE 2 5O 8l E Ao, 2o ORI R LY EF S5 AN T &
sp3/sp2 X 4.5 i 2.3 L LTz,

Table 2.8 sp3/sp? ratios of DLC and NDLC films

XPS DLC Ns54DLC | N73DLC | Nio7sDLC
sp3/sp? 4.5 -* 3.1 2.3
*REA ]

2.16 (¥, DLC [ R O Z RN DLC 4> 7@ N1s (it o —A ¥ v v 57— %
BT, ZOXNLND K HIZ, DLC B N1s O B — 7 B3 L/ nad, ZRE DLC
JEIT T RCEE 1s OFEAE— 7 BHER STz, FEFFM DLC E © Nls £ —27 DO —
TT 4T TR, B BERNTE A, 397.3eV DEFR 1s B — 7 60Tk L
T, 225 HE 7.3 mass %8 LTV 10.7 mass %DZEZTMN DLC IO v — 7 (&1L, Z1
Fiv 399.3eV, 399.4eV & FmITRAF—AIZr I A7 MLTE, Nls B2 OETRL
XM I N7 ML, N-sp3C(399.7eV), N-sp2C (400.5eV)6D, Cyanides (C=N
—HFEA. 398.9eVE) XD C-NfEEDOWHMIL-TAEL S EEZBND,
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Fig. 2.13 Fitting curves of the sp? structure and sp3 structure at Cls: DLC film
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Fig. 2.14 (a) Fitting curves of sp3, sp2, sp3-N and sp2=N peaks : N73DLC film.
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Fig. 2.14 (b) Fitting curves of sp3, sp2, sp3-N and sp2=N peaks : N107DLC film
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Fig. 2.15 XPS spectra narrow scan data at C1ls : DLC, N7.3DLC and N107DLC films
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Fig. 2.16 XPS spectra of N1s of DL.C and NDLC films on silicon substrates
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2.6.3.3 DLC EDO#MERE

U 3 ERC R U 72 DLC B, Wi AR 2 D RN K 512 A A R Y &
¥ —THIWT SN 7z, SEM {&i%, DLC L 2V = VRO 2T X VIXBITED LD
W BTG TT R v 7 ar b7 AN TRONLZ, R 29 ICHE#HE DY 2 5
PR AR L 72 DLC IR OV #Z I DLC IO EERIER- R A2 7T,

217173V 2 A E R LR DLC o3, K 2.18 13%FEHM DLC Kok 4 AFM
TREM L7288 AR, 321003, AFM THIZE L=, S U v iR, kO U =08
PR IR L7~ DLC KR OV F#£ I DLC RO BHT I & Ra)ic & 2 R #l SfE R 4R
T, THENOFMM SIE, DLC L 0.13nm, EFHFM DLC L, KM 2% 0.12nm
725 0.14nm M &0 BESABICKHT HREMIOMEITR L2072,

#2110 F /A7 2 —L1 % DLC LR OEFRIFN DLC BEOMEE KUY > 7 # 4 R
7, MIEMENE 10 5FE T, GPa E TOREMEREZ ML L T\ D, FEEERZAT, A FEYE
DIFIE 10%LAN & 2272, DLC R OVERIFMN DLC O, v /=L, EFEHE
NEL R DIE LT L,

Table 2.9 Film thickness of each DLC film obtained by back scattering method

of FE-SEM
DLC DLC N54DLC | N7sDLC | N107DLC
Thickness (um) 0.487 0.588 0.903 1.06

Table 2.10 Average surface roughness of each DLC film obtained by AFM measurement

AFM Si DLC N5.4DLC | N7.3DLC | N10.7DLC
(nm) (nm) (nm) (nm) (nm)
Roughness 0.08 0.13 0.14 0.12 0.14
(Ra)
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Silicon substrate DLC
Fig. 2.17 AFM images of the silicon substrate and surfaces of DLC film on silicon

substrate

N54DLC N7.sDLC Ni10.7DLC
Fig. 2.18 AFM images of the surfaces of NDLC films on silicon substrates

Table 2.11 Hardness and Young’s modulus of DLC and NDLC films obtained by nano-

indenter
DLC NH Standard | Vickers Young’s
(GPa) Deviation | Hardness Modulus
(GPa) | (kgf/mm?) (GPa)
DLC 29.2 3.30 2710 263
N5.4DLC 24.7 2.32 2290 221
N73DLC 22.5 1.22 2090 193
N107DLC 20.1 2.60 1870 173
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2.6.3.4 DLCEOEXREHE

RO BRSO R T ORE A IRERIL, BRAMEICHET 2, o —R - OFE S
A ¥ E L REEEp)IFMEE TH DI LT, 77774 MEEpT, ¥ o BEoE
BEEFFO, U7 AR EI22535 L2 R DLC o RmEXIEILEE | 2.19 TR
T, ZOMNLbND L9, BT, DLCET 1000m RETH 120, BEEHE
W Z DS TFENR - TVE EREAHED 7.3 mass% Tk, 106Qm A & 4 HrfEE T8

277,

6 [ J

0 2 4 6 8 10 12

Electrical resistivity (ohm m)

Nitrogen content (%)

Fig. 2.19 Electrical resistivity of NDLC films as a function of nitrogen content
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2.7 BE

H—RE, 3 OOHEEEDBRMHENTNE, —DIL sp3fiaTh D7 A YT M,
sp2 G THDH T T 77 A4 MEE, spl G Th2IFERETH L, AR THEZTTO
DLCHEIZ, ¥4 ¥EL NE T TT7 74 FOFNXBREFE—IBALNT, TELT 7 X
HETHDLZ btz 727 2T, spt it DIEEE TIlEe<, spd fiadH oW
SRR T DT AT 7 AEETH D, ik, XPS T —Z bt sz,

EFRWMDLC P OEZEEAEIT, £ 2.6 1R T L HICHERIMEISHA LTEML T
X, ZHRPE 100 scem (ZHRFESE  0.87) T 10.7 massh & 7270, & ZROIT,
NV (CeHe) B L, 1 A MALARBETERRM DLC #aklE L0 ERES AR,
EHRRETERN 0.95 DERFT 15 mass% & A Lz,

AL ==l LD =R DT eTliE, 77 7 7 A4 MEEIE 1584 em 1 IZ B —
I WBND G R, Kifa(defect) D E—27 TH 2D D 230 REMEIEN S 1350cm B —
. BXOX A Y MEEIZCLS 1333 em i — 7 NE LS, AF5o DLC BB LW,
FEFUMN DLC Bkt Z = 3 e E T, 1500em 1 LD G /3> KE D Ny FEAE
— I WRLINTZB, XAvEY FE&EICL A E— 7T E -7, DLC KD 7 <
FT—FT, GNRURE—27 L DN FE—IBRREL, ¥A¥EY FEHE— MR A7
WELHE, sp2 A RO mfEAIE, sp3 A D o A L D =R F— LoUL BN T8 sp?
A NN LT, sp2thA DT v ruAtw s valtspd S FOFR K
DY 50~30MBRELSZRD, GV IRPRFERY -V LRDNLTHDHGI,

IOBAE— 7% G FROD Ay FE—7 2 AW CRIE B L= R A3k 2.7
WAL, DA RE G Ay FOERMBELRTHD IdIg 1T, ERMETENPRELI LD
FEREL ol T, GV RFE—7 EBRIRBESFEPRE 2D L 1600 cm ]~
7 L7z,

Ferrari & Robertson®9{%, DLC [EO#E O A X3l 2 nm LT THY . FOfE
i TR T DLC SO AT 3 AF — VWA TE, £ATFT— U, 1dlg & G A KR
E— 7 DEMIZ L > TRIETE D & LIz, ARIOEFRFHERHIMNC LS 1d1g oFEmE G A
VRE— 7 OEBEEMA~DOY T NI ST IACYTITH L L, TEAT 7 AT —HR
MHF )T VABINT T T 7 A4 S~OEE, DN sp2 D7 T A T OMEITEERT
D,

X AT & T~ DR R HIi%, DLC B L OEFRIRIN DLC RO 5124 4 ¥+
Y RHIEO TG TP, MRS TH DT EL T 7 AREE R LT, L)L,
SEO XPS OF r—RAF v 7 — 2 ORI, DLC s L U= RN DLC B 3t sp3 v'—
IWR LNz, EEEREESAENETE spdsp2 I Lz, T /AT A=l L DA
WERRTIE, EREAEVSWINT 21T EHEE TR Uiz, Z 0 spdlsp? bb & #EE OGR4
2.20 12T, ZORINE, sp¥sp? NN RELS D LEELES DT L AR LT, BN
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B R B EAE, sp3 M T 20670 E 260D,

Kaufman & Metin@)jZ, RF 77 X<ETy 72472 (CsHiw) ST A& L., [FEF
ICBHEN A BN LN OER U-EFIRMN DLC L, 7~ 2/t & FTHIR & U TRE
MLz, ZORE, SFEAEMEMNT 51T L sp3iEanid L, sp2 i Elm+ sz &
%7~ L7z, Ferrari & Robertson®9(, #7272 377 A(CHs, CeHe, CsHio) TIES L 7= 3
¥ a-CH DLO) V> 7N E2# G L, T~ 57 LT spd ODERE TR~ T2, FOFER,
Id/Ig fEDEEM, BHDHWIE G RV a rO@mEE~D 7 M3, sp3 OfEALFEOHRD & HH
b sZ xRz, SbIZ, 26DV 7o sp3 DfFFELEE% EELS HIED HK
W, TVUETERLEEREN—E2 G622 R L,

SE DT < PEN SO Id/Ig fE L, MEDORFZEZK 2.21 12/rT, ZFRIFN DLC oL
A, 1d1g EEMNT 2 &, BIOFRBEE UTHEMERES R EHELRED LT Z &8
TG, WE L 1d1g OB S, 1d/1g & spd/sp2 bl IT LBl o BFR R & 5,

LEID T~ 5k, XPS OfE RN, DLC BEIX, sp3- sp2fit & AT 2 BIEER i8S
ZLTWON, BENMIRNEND & spdifA OBIEBR TSN I 5 ISfi/ L, ISk
Wsp2D7 FAZY ITREIT LD EBZ LD,

EROFEAIRAEIL, 400 eV LD XPS A7 MANSLHBH SN, ZOEZOMESIRE
DIERIT. TR EPLLELND, X222 D DLC L £ DLC R (B2F5FH
#:10.7 mass%) & OGS EFRIFM DLC FEIZH 3 0728035 2200 em {2 B — 27 23]
LIz, Z02200em1 DE— 7 1F CEN G DOFEERT E MG SN TNDH6), Zor
— 7 DFENS, BHFAMDLC BRIZITRFE EEBHEO —HFBEANE L TOD I LRI
D

Silva & Aamratung®®}d, FT-IR fi#fr)»HE R DLC R OEFREFENEINT 5
b RFBEERO-HFEEVEMTHZE2RE L T0D, Zhb XPS &7~ OfiR%E
HETERT S L. ERIRMDLC B, EFE5AEOHEME &L LICRE L EEDOFHEDOWE
MEAT, FIULEY sp3 MBIV U, sp2 i 7 722 ) I BNEITLIZEE A BN
D,
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Fig. 2.20 Relationship between sp3/sp2 ratio of the NDLC films and the hardness
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Fig 2.21 Dependence of the Id/Ig of the NDLC films on the hardness
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BV, ZOEHROERIEITIZIE 60,000 TH 20, —HORFORAEFIFCRESOF ¢
EF  BREIED Z EEBEWRT 50T, BRI L > TELN D EEROM S 1T, KIAKo
RES LD, 2L OMIET RGN T, ZHoDEENERR O VT 70 23RS 120
INELFT L EIRFEINTND, L, EBRFERNLG, 27 7 - AP ST ETHAT
FHe, 9 Land | IREEICEAI galling” & WV 9 BERESMEM L T, /b2 V75
VADORKE XL, KIFEHEEOREI LR CICTIRETCHD, BNZ VT T2 A bunld

Roin = 180,000”% (3.8)
0

LA,
EEARBEREOBEFERZ RO DL, K320 nT R RRmOEMESZ D,

Fig. 3.2 Contact state of wear surface for two bodies
FEES) Py idEAmiE A L EMEROE X TRE 5,
Fy = 0,4 (3.9)

SEE O T AERAE D & L, WUNEMEIR OB E n &5 & AL, AxluD?nm LR
5, LTz -Tnld,

44 AFy
=—_= (3.10)

nD?2  7wD2g,

LD, BEEEMESIIEMER D LRICKREITHY ., ZORIIT—DODOZANREHK S

NTIHEY T ENDIFIERAET ORI LFALTH D, £ x [Th- TEL D8l S O
Qs
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4Fyx
oy, D3

N~n= 3.11
~np s (3-11)

THRINS,
H L, T RTOMUNEME DT, AR L - TEEHABATP, MR kK TRAET D
LD bR, BERORAIC L > THEUEREIT, KOLIICEKED,

1 4 7TD3 7TD3 4FNx k* FNx
V=——-—_ . k*N = ckte S
23 8 12 no,D?®* 3 oy,

(3.12)

ZZTk*3 % Kaan &5 &, BEREEITEENC Fxy A7 A NiE#E x IZHp] L, B
B35 Holm-Archard @k

Fyx
V=kygn— (3.13)
Oh

BRED,

B BEFEDBERERIL kaan 13, BIZITFREAOHEN/R EDORA T, HHNIIE(T DD
DR kaan~103FEETH S, A L, JEFICBRUVEIE OHTEDH D VITEERERHED RO
FrOGE, 3~ FBDHZENRD D,

3.2.2 TV TEERWD

T 7L TEROEE . OB OSENR R S PR 2 E I LA T < EERETT )
NESTOVDETT 7LV TEREO LD L THD, 77 VU TEROERELREL D
. M33DLEdRENMEIOa— A Uiz 7 ool RET 5.

Abrasive Cone “\ ,7
2r \ 4
—=—» » /
r 4
Surface

Eroded Volume

i 0

4 dX >
Fig. 3.3 Gouging of a material by a rigid cone
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o— L DZERIZITEES S AFN B> TWnWA 45, ZoFEESHICL > Ta— 281
IR OMNWVEFEM O ~ES h AViATy, ZONPWMEOM S on DEFTND

AFy = oy, * ir? (3.14)

FEEEA~O 2 —EEOREmEIL rth (ZF LW, BERHE dx 35L&, =2—28ED
B L7125 dV IZROXTE 2 b D,

B o, _ AFytan6 -dx
dV=rh-dx-=r“tanf-dx = ——— (3.15)
oy

ZORBENVERED, R L TR Sh OWH ORI S RET D & BERRIIBEN (K2 B8
IHRECEI 7= fE, SE VU ToRXTREND,

dV _ AFytan®

P (3.16)
~A 7 allIDT R TEADLEAERHL. BREE

_ Fytan6

=~ (3.17)

LB, ZIZT, tanf FEfMo—UBROBR LT tan 0 EFBHTH L. ZORUE
Archard @zU& U THRD X 5ok b,

KoprF,
y=—2rN, (3.18)
Oh

ZOXGEMBITEEICS), AT FIREHIIAE L Mo S IR Epld 5 2 L 2R LT
WD, EERERI Kaar 1377 LU T REDOIRIMKAT LI L 2 D,

FoDOHERE | DR F B DIAENTT T LU TR L OFERELY 2 (RHIEEREL W
7o BEFERMTRNCRE < TATEEM WIBOR 23 (A3 AUd, 20U 3 (RRIEERE &\ 9 2 (RIS
DEEFEFREIT 10205 103 TH Y . LIS L 3 IRMIEEFEIT 2 (RREEFEDEEFEMRELL D 19
—HIFREE N S0,

FE DS — L7 bIE, B RO KA B D O WIRY | BEFEREIT A T 4 NERREZ s
FTOITTEN RODWVMBREOHEOPICEEE-72 0 L TREARENED 72015
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EX 3.4 1T K 9 (T EERERFE] & IRIZEEREE RO T B,

BEFER DO e =dx/dV % THEEFENE & P53, Zhuid, B8 bl {2 fFl 45 Z &3
5D, ® 3.5 OV T TS DRI D e RHM IO EREM R A 1T 78 - - ERFERE R
o RRENIEE S, MO IR 2R T, WE S VT CTHERME S RV AR L,
e=dx/dV DRk & —ET 5,

0.02 cc—

V=V, (1-e’¥)

0.01 cc

Abrasive Wear Volume, V

1 1 1 1
800 1600 2400 3200

Wear path /, in Revolutions

Fig. 3.4 Change in the wear coefficient with time (15
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Fig. 3.5 Abrasive wear resistance of metallic materials is proportional to the hardness
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3.2.3 TEROBERFEENMGIE

ZAVE COBEREFMEORMIL, 8.4 12T L O Al ZEEFE R, BT E D DU TR
7 A RIEEE, K0 X 5 7R BERRESR IR, 2D WIIK 3.6 IR T L 5 ICEEFER I Kk 1T, BEfEE L
AEBRAMTE & A7 4 NIEBEOFE TEl - 72 mm3/mN OBAL (m:iEEE, NififiE) TRAIhTW
72o Z#iE, Holm-Archard ®XOMEEE on DIAE 1 & LT3, HENERHR T A—FD
=& LTl T I 2o BB O 1003, WA on OBUELRH — ST RWZDH s
BALND,

Wear rate 10 7 [mm®*/mN]

N content [at.%]

Fig. 3.6 Typical wear loss chart: Unit of wear rate as mm3/mN is used (10

PR b TV DRI Iy =R, 7T L, X—7 0y 7zl
W DM, FORMEHEALE, EEMAEZTROmE TH - 2E, T (kgffmm2) 2R Sh
Do UL LEREMEEE O EIROFIR A A 2 72 R O L OFT— ELHEN vy, D
Holm-Archard O=NOEFEMREL k & AW CERERENZ LG5 Z L id3b o To, &
72, 3.6 DL 57 mN (m[R7 1 REEEE & NIfrE] Off) 2X—R & LIZEREOEN
TiE. o, P& OBEMER DTS5, BRI R X —HE TITh s & W ol
BEM AR, joule HAL CEEFERAZFHMIT 5 2 Li27e v, oM & O—ENKN D,
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3.3 TXRNX—iHlik

3.3.1 EROTRNX—% RV EESE - BERERTA:

IHE CITERREREN T, RGBT L U T EERE, IR, B REREDOY
e, AH=RLamEoh, oG HUIHIER, 7oy DR, YR 2 L@, LBl
NERNTELN TS, L LEBEOBERERENL, MEIOHI Y L7 Tk BERE,
BRME, PR OT e, R IA R LA Y —ORFOREBAE L TE Y, ZHHOBHRITHOMF
RIZT CEBIANRTE R, BREFIE N TR LV TRV X— T OH B L0
FEER 72 L b b,

TRV F— @ D OEFERH O I, E2biThh Tvd, Jahanmir 13, FIEE, %
i WS OFEFEME 2 | EEFE T 2L X — LW D B CEFEIZRE & 3R~ T 519, Kallas 13,
SRk L TEF 2> TOFR LR UEN 2 LIARROEAT XL X —2 KD, T7
AR EZFHOTD22RAF—, TRICLDEROT 7 L T EEBOBGE~-
19),

TRNF—D—GHET o L BEEOTMIL 1930 R AN DIAE o7z, ZORT R LF
—il & U AT A RAE — R&ENTHME, —calorie— 23MlioiL Ty, #h
TAHANF—FERI LY —0 5 L0 BRREETH D L Fhh Tl eV B ToEIL,
SR Lo TIRPTHIRED 700 CREETERT 2 Z EBMESNTND, T DEEEE
LD, AR —FHTEETH D LS TV D | ERITEREI A ZE L -
FEAFFE DS BU T 2w, 2R IR L 2 RS 2 O3 IEEICHE L <. < O FEE A
Z O COBEEBORE LR T DD, KEOIREZWEST 2T EETEZRD0h-
TRV LEEEZ LD,

TRNFX—EEF ol N T AR U=, BT Ly F U TEREICBOWTELS AL
15, Mohrbaacher Z@2~C9i3 CVD THE L 72 DLC l% 7 L v F o VB 5155
NOEN—MBEHHEOE X7 Y 2 —THfEE > T X LF—2RKDT, =xLF—&
DLC EEERE & ORISR Z 7=, # D1k Fouvry@)-@9<> Liskiewicz ZEBOGVNL, 7 L v F
VUBRICBT A OP T, 2o ¥ —% "dissipated energy" E itk L, TRV
X —{HEOBADOLERER I = X LOWREEIT> TV D,

M 3.7 (27 LyTF /B LGN EN—fTEMBOE A7 Y 2L—TMERT
GO, 5T, MVIRLEATHZIOE AT Y VAL—TOHEBEEEE L., &ABRPic4E L

“dissipated energy” & K7z,
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displacement

amplitude &

tangential P
force N /__/ Q

sliding

5,

displac

ent § (um)

dissipated
energy Ed (joule)

Fig 3.7 Fretting cycle loop 80

WL, 7 b F o VEROBBREM A

"= 4N,

TRILTWD, ZZ T Eald dissipated energy

2RI DENTH D,
Z d"dissipated energy"

(3.19)

(b 27 U T A)—7MfE) . 8g 1dHfl

O T EREEREOIMT. DT Ly F o TEERER AT L

TWB I N—FTREIAITHhIL T A28, 20 dissipated energy 3 & DEIS TEEEGER,
BT X —, WO T AT X —EDLIL T E W 2 O I Thit T,
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3.3.2 EfE - L¥—RORR
Z Z Tl Holm-Archard W& B EE — = 2 L ¥ — BT 5, X512, R—F v

T AT R T OBER = AL X —BORD G I 2, KEN L, ZOEREE—x 1
NF =K OEBR T 2L F — &% T, DLC AU O FHM OBEFERE 2B Hinlc L

T <,
Holm-Archard@®dUZHDWTHEHEEZ R L CTH D, Ak L7z X 912 Holm-Archard
FERIAXB20TEREND,
Nl
V=k— (3.20)
On

ZIT, VidEEREE, EKIFEERERER. NIIATE, 13 AT A NiEEE, opl3EEREEAZNIET
DMEIOM S 2R, S ORMITENRN NL2TH 50T, N (3.20) ORTMENT 217
ZFERLADE 72 D720, R ETER T THD Z L0350 D,

V(I3) =k NL e (3.21)
N/L2 '
Tl BEAEK . LRI T, BEEK k O p 25 X 9 & X(B.2001%
(3.22)

NI uNl  FlL E
A A Wl G VR V.
Op Op

LEEMAOND, TIT FeuNIZEENTHY | BEIX AT A o5 2 BEET

F VX —5 Ein (Input energy) & L THT,
Aghdam & Khonsari®? KU Leonald 63%, Z O 7 L v F v VEREICK T ERE— <

FIL X —OBR O EEFERE S Holm-Archard O=\OEEFERI O HIL, BEYRKIC e D &

DR TS LT B
S b, BERMOBMETHE S 115 L, RE000mNE S TH

(3.23)

L 729 . Holm-Archard WO P RidIT. BEEIIEERTKER S,
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3.3.3 BEzxLX—&

Holm-Archard ®EEFESUTI = RN X —KFLIEBHTE B Z ENohno T, BFERABR P 12 EE
BCAE U= —pkEniE, KB.22), B.23) &~ TEERT xL ¥ —&|Z L 2R
DT ATIRE L 72D, 72T, BEHEARIE L LTRLRE 27 —REBO—HD>THDLER—/L
FT 4 A7 BH o TERIZL> THE SN2 =2 VX —2RD D HikEHat Lz, X 3.8
WA LA LR — 5 o 227 (LAKEL FRP-2100 7Y 7 a3 v A—4%) OF
HAERT.

Fig. 3.8 Ball-on-disk apparatus

B 3.9 I\ZIZR—nNF 7T 4 A7 OWMER &2 ~T, REEMITEEEEIZ L2000 EE S
Dy HFLNR=F = ADOEEIIIHFMR— L Z28EE L, ZOR—ZIHERTE N 230
DR DA TRE T, A=V 2RI B S 5, FHFEM AR — VISR ESMZ 5
MIIRRE T, BB A 2AOEER A B — N ClEln LR AT 5, AR IL, = —
RE/LCAKEFMDON F 2—EDOWF 7Y o VRETHRE L, u=F/IN OBf%%E - TIX
3.10 (AT L 9 BRI — A T A R, & D VWIS — BRI O 7T 7 & Rsk
T2

Wear Track ﬂ

\
Load Arm @
1/
Specimen

Turn Table

(a) )
Fig. 3.9 (a) Top view of the ball-on-disk apparatus. (b) Side view of the contact state
between the ball and the DLC sample
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0.6

Friction Coefficient

0 100 200 300 400 500
Sliding Distance (m)

Fig. 3.10 Friction coefficient —sliding distance chart by the ball-on-disk method

PR p L — B3, BEACIREE ]l ORAE L-BBEN F & off., BES XIEEE FI o#n
DT, 1B NTHD L.

@WMQ=ZF4=N§PFM=Njﬁm “F=puN (3.24)

LHEETRE D,

X (8.24) OFESES pdlVE, K 8.10 7 7 Z7HEEICE LW T, BRI LY —&IT,
ZOU 7 7EEICANMEE T IERESD, ERILS T 7 bk E R D 01ERE
OT, T TRECELND T — FE AL THESNZEES F 2, FORO%
TV T IGE TTE S TR A T ERRBRIEEE R O & LT, £ ORBRPICA U R
FAX—ENRED,

BRI CZF o FikERT L K311 A& KUFEEFERBR ¢ D - BB — 7 A MR O
—ED T T T TH D, EE BRI Z Ok o REBEBRE RO ST 7R E L
THhT D,
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0.3 Sampling Time
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Fig. 3.11 Extended friction coefficient —sliding distance chart

FO—HEIDIHERLEZOR, K 3.11 FRKTH L, BRERBERIIEO o7
YRR T, r— e EACTERNDFOF— 7205, BENF 2AMTHE N T
BT ERR M u=F/N 233K E 20T, BERBRIKIT., V7Y v IR E O BEGR KL T
—Z L L TTry LTV,

W7 v SRERNIIERICEWO T, BRI COBE—RM 7 7 7 i0EH#o L 5
WA D, R R E— NIRRT, FFHICERE R ©— NE2DTIUT R T 1 NIRREDS K E
27 Emnh K311 PR OB RO 7T 73, M 3.11 GROERT) - IREES S

TICEHBTE D, ZOLN Y T 7 O—D08Y T 7 O, OF 0 BALIRRE X BN, £
OHEAR (HAZIEEE) \CRA LB q v X — & L7 5, HATIREOL, Baiko 27
A FERBEICEE S CIERICBVWO T, 2o T X TORS I 7omEL - Lahbdhd (I
3.25), K310 ® 77 Z7EEICHMEL BT 2D L EMice v, ABRPICAT Sz ERT
FIX—ENKE D,

T (I x o) TR BT OBBR r LY —8 (3.25)

KEROEEB o 2L — i, BRI O T 247 —% (BET—%) &X(3.25)
EES TSRO D ZENTE D, FOET—FO—%EX 3.12 1287, B— FE/LO
ETF =2 RO LN 7Y IR TR OIS O T, BB T — 7t v MEE
HORMEZOLEMESHIZa— e 0BBAHERD, Uo7 IRRIE—TERD T
X (8.25) TR LI ICHEXHmZOLND,

En=X B O [V 7Y o THBIX AT A FlE]=3 BEhxt 70 7 e (3.26)
SFY _(8.2000F N5 [ 3.12 D — R LOEEIORIET — & O % Lo T,
FIZH 7Y T ERRE (—EE) 2T TRV EFE o BRI A S RmL ¥ —

WKRED,
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Time (sec) Friction force (N) Interval (m) Force x Interval

0 0 0.01 0
0.1 2.38 0.01 0..0238
0,2 1.54 0.01 0.0154
0.3 2.03 0.01 0.0203
0.4 1.65 0.01 0.0165

.

.

.
499.7 1.24 0.01 0.0124
499.8 1.36 0.01 0.0136
499.9 1.05 0.01 0.0105
500 1.52 0.01 0.0152

1 ! 1

Sum X friction force 500m Energy input

Fig. 3.12 Raw data outputted from tribo-meter

L, ETF— ZITBEBRE LR SN TR VO THIUT, FIUSRBRAEE NI T
UE, a— RELOBERNT—2 RN KELOT, AU LI ICL TEB XL —&FFHE T
x5,

3.10 b bnd X 9 ICEERE— X 7 1 NIERf O mfE %2 2R BRIEEE L THIUE, SFY)
DEBLRIL pave BKE D, ZOGFHRHIME N 2007 THERREOBEIZED S0
DT,

_Judl _NJpdl  Ey
Have =T =N T N-L

(3.27)

LD, THIE, BEEBKROES u=tan 0 L 1T R SERBREO T X - L 2D,
FEER T ZOLX — OB T— Fid, 1) BEICEL 2) BREIOGHE SN DT X L¥—Ey, 3)

M O AT F L X —Fe, 4) BMHEEE = 2L X —E,, 5) {LZMIET RL¥—Ec (208

TEDLEBZLND,

ZORBRERGB2DCAND L B2XD L 312725,

_ By (En+E,+E. +E,+E)

=L VL =Wyttt pe 1 U (3.28)
TIC, DEEEEAER - un, QEEFEER  pw. WHEOTAERE [ pe. DIPMHEESR

bpe DIEZERINER (pe. THY ., ZOX L BEEGEH L, ZhHHEBERPANINT
WL ZEnbhD,

ED L O BRI NI RO X =Bl b Oh b BB BEREEEN S = LY
—HHZAT T D Z &1 NI AR e =2 A HET 5 ECIEFICEETH D,

1940 ~ 50 FOEEEICET om AR5 &, AU “dissipated energy” —¥EHLT R/L
F——EWVWIBEMEDLNTWEBY IO 7 Ly F U VEFEORIUIE ., i L TR T
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KRBV ONTNWD, LN LR AFX— I TH L, AN HLI06HNRH 50T,
Z Df X TIEAN =3V F —%"Input energy”. & 5\ M “friction energy” —EE#E= /L
X—8B—, Lt \WISELE - TEY ., "Input energy (friction energy)” & “dissipated energy”
TN T ADBRICH D, EERIT, BE L TWDEINRO AN =R ¥ —13, £ O%E
OEFICEDL, BETRON D OBEBREZXVLX—8Th5H, 2F DEERIEA SN
HDANTZRNX =T, HEE, BRI LY BT bND, R—NF T 4 AT DL
o IR EERERER I, MOfEEZ L zd, ZOA T RAF — L EE T 2L X — B35
LD, T OBERBIE AN SN D T 3Kk, BRE SNz EsEE A HERE T ST — 4
—nbffrsh, ZoE=—F—IIiGT 2 =R VX —ITE NSV -TH D,

o, 2RAF—HFELR T 25720, Kan L TIEAN =R F— 2 ERT L X — &
(JeFEF# S Input energy, joule). WFRIX72 1 DT XL ¥ — % XU —(J5EF 50 - Watt,
joule/sec), E&, EEFEILfHOoI D =R N F—E{HE = R /L ¥ —(iE#A0 : dissipated energy)
EFRBY D,
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3.3.4 PEEER - BEERERAYK
FEEL - RO HAR S
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L. 33D
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LD, Fim. B29% 2T H &
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O _ N _ N 3.36
5 = MNo=uNv (3.36)

W =

ZIZT o IR, v ERTA REETH D, Z O LY BEEETO Power (W)iZ, B
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PICEEFER V B OME E LT, KB.29) %KM ¢ THWOT 5, Z 2T, M on &fir
BN ERRCR LB (b LT 5 L

dV_ k'dE _k'N (a”z s az) (337)
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KEB3DT, KOLHICEZHZ LN

dv._k'N (Eiu ol N al) _k'N (aul N ) (338)

dt " o, \aloc THar) T, \artTH)? '

b,
3.13 13 DLC i+ 27 W T ORI — AT 1 NihBfO 77 7 CTho, 207
FIMEEND L DI AT A RIEEEDS 100 m LLECldou/al=0 72 D¢, (3.38)X)x

dv  k'dE kNol kN

T ordr o g o (3.39)
L7y BEAERDSEFIREOR:, BRRIIAT 1 FEEy 2T 2 E03bhhb,

3.13 WIZEEBMRE— R 7 4 FIRBFEhAR A LR L7285 A T, T OPEKRE M5 555
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Fig. 3.13 Friction coefficient behavior of alumina ball against DLC film
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3.4 EERBR

7 ZTiE., DLC R XM FHM ORBRFIEICHOWTHIAT 5, BRI, & 2 B oliEmR
Hr L7z DLC B R OVE 3N DLC A L 7=, MFM A —/1iE, 22 ¢4.8 mm, #47E 1JH
S E L TR d SUJ2 1 (RFEM : LItk SUJ2 & Rid) , SUS440C il (A7 L
A Atk SUS440C & Ra) ROT VI F & v iz, BEFERBRIS D& o D RALITLL
#%. SUJ2 #l —DLC f&}% SUJ2—DLC, SUS440C #—DLC i SUS440C—DLC, 7 /v
24 —DLC X, 7L 35 —DLC 35,

R—uix, 7 M T3HM. RIZT= ¥/ —)LT 3 RS ReE % L=, 1R 50°C
T30 MR S, MRET IR AT 4 27~y N LR EIT o 1o, BERER
BROBREET, KRR THA L7 U —IREE, R 20~25°C, W& 10~20%Th D, fHE
3 1~20N, AT F#EN 25,50, 75, 100 mm/sec, A7 A RiE#fI3fkE 1000 m TiT-
72 EERERBRT OEE T 2 LX — 8%, A8l 3.3.3 TR 7= HiE TR,

3.4.1 MBHFE

# 3.1 ICEESEOM TH & Lok (SUJ2, SUS440C) 10,01 7 )L 2 F DR K UMt &
AT, SUJ2 ix@mkFE 7 v LT, — I I b 2R D= <ch 2,
SUS440C i3~/ T ¥ A FRRT L RT, @ikflis Tl & LT, 200 °CRREL D&
B, HO2WTMHAERLE L SPNABRECHEASINL TS, 7, @ik, ERmERE
FRICRENF LW E ZATOMANAERTH D0, 2 A M@0, MEtEmkEIc L 2 AN
RED B U (AR R H AL TV D,

F 3211FE v I — AFHTHIE LTl 2R3, il OR— VB, ~ 1 7 ey i—
ATRE Uiz, AR— VTS I3 A F W m BT L & O Wi & iF B CRIBB IS W 2 14
FFE 100 g THEERIE 21T - 7=, MIEKIE 10 AT, FOFHMEE LR 7=, F OFEHE SUJ2
& SUS440C O &y /1 — AFEITIZIER U Th -7, T FOMET —Z 13 MIL 57— 4
D hEZRUZ, £/, I GPaRZ AL L TV,
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Table 3.1 Elemental composites of SUJ2, SUS440C and alumina balls

Ball Material | Crystal Fe | C Cr [Ni | Si Al | O
Structure %) | %) | %) | (% | (%) (%) | (%)
SUJ2 Carbon BCC 98 |1 1 0.25
steel
SUS440C | Stainless | BCC 82 |1 17 0.25
steel
Al20s3 Almina Trigonal crystal 54 |48

Table 3.2 Vickers hardnesses of SUJ2, SUS440C and alumina balls

Ball Vickers Hardness Hardness
(kgf/mm?2) (GPa)
SUJ2 846 8.3
SUS440C 867 8.5
alumina 1450 14.2
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3.4.2 DLC [REFEERIEIE

FEFERRBRTE. DLC BEOEMEEORIEIT. L — Y —#EE(KEYENCE 9500) TEEFER N O
4 @FTOBEFEMTE G 2 RO 7=, 1 3.14 [ZBR#E O, DLC IREFR O 7 07 7 A Vi L —H
—BAMET CRIE L7z, M7 — % O —flzrmd, mHFo L —F —BEgIE, 10 nm O5fF
RETT 177 A )VOWERMAE EMICHEIETE 5, DLC IROBERIL, 4 SUAIE U7 BEFEW
AR DN EEFRIE R S &2 0T TR 7,

5.09 um

4.54 um

3.99 um
142 um

Fig. 3.14 Wear track profile of DLC film measured by the laser microscope after ball-on-
disk test: load 19.6 N, Sliding length 200 m

3.4.3 R—NLOEERRELE

R L OEERERH, BRI O TR & R — L OB (TEITER OBIRA> R T2, = DT
WIEHRE M D A, BRRNTL THDZ ENAHEE 2D, L—V —FAMEE CHllE L, M
MRV OBERREOBIREEm ST a7 7 A V&K 3.15 18T, 20O L—V—FAMEOR S
TRT AT =M, BERIIKETHD Z ERborod,

Diéfalorlation

_ (@)

Fig. 3.15 Wear scar on steel ball by (a) optical, (b) depth profile by the laser microscope
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R—LOEMRITEEN TH S, T, L—F—BAEEO T 07 7 L VDT — Z 1 HEFER
IIESTHDZ Enb, R—/L ORI 3.16 [T EEFEE & R — /L ORI E )
HRDDHZENTE, TOERTERATEIT, r= =P8R, s = BHEIRET DL,

N 3

x T
Wear loss = - J- ——dx=—" (2r3 —yr?2 —s%.(2r* + 52)> 3.44
Y 3 (3.44)

TRED,
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Fig. 3.16 Geometric relationship between the ball shape and the scar diameter
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3.4.4 DLC Eizx§ % BERELREK

4 3.17 1%, SUJ2, SUS440C. 7/ X+ %, DLC %A HFH & L THE9IEN, T4
RIHEEE 100 mm/sec DGk TEEFE L7-Rf D BEEYRE—A 7 1 NIRRT 7 2R, ZOK
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FERBRBAA T I 04 LA ER X 5 A4 e ERMNBA U, 37<I20.2 FTHEDLES
D, AT A FEREESEEINS 212 U7z - TEEMREIT LA LTV E 0.3~ 0.4 TS LD
72, SUS440C 1R U L S IZRABRBAGE IR 2 A3 A 7072 EABAEUTZ14,02 FTHDLEE,
AT A FIERERIEINT 2 & & HICBEYREIE T8> T 7o, ZHUCK LT LI F O
ERENT. 0.05 RE TR ZEL Tz,

X 3.18 1t OB FM A — L DR 2 FHME TR L-TETh 5, SO
SUJ2, SUS440C IZREEFEL THDHDIIK LT, TAIFTOHITIFEA LEEL T
RWZ ERbnolz, ZHUIT I FTRELS, kEES TRFBEIS LW 1AL
BEREL7eWE B bD, mRNF L CEERT AT 2846, B0 2 (k0561
(RIZTHC =X =Ml 5 3T L3, % ZC, DLC BRI I T 5
BAE, FEHICT VIS RERA LR,
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Fig. 3.17 Friction coefficient-sliding distance data of SUJ2 (carbon steel), SUS440C

(stainless steel) and alumina balls against DLC films

1 00pm

SUJ2 Alumina

Fig. 3.18 Optical images of the wear scars of SUJ2 (carbon steel), SUS440C (stainless

steel) and alumina balls against DLC films
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4.2.1 FEBHE

4.2.1.1 EERB

FEREABI N OBBFERIE L, B 3 | 4 IHTH L <ib~/z., DLC E & U= IR DLC %
DOEFEARB O T T L I, SUJI2 LT SUS440C D EEFEERIZIZ DLC [z Hv iz,
FERERBRSRIFIT, W 9.8 N, AT 1 N 100 mm/sec, A7 4 KiEf 1000 m £ Tir-
77

4.2.1.2 DLC K UZEREN DLC KoEm R X —HIE

I OEINEEIL, BE O v L E—ER IR o, BfESET U = o Bofi RIS
L7c#kliiz, <A 7 n &y ) — RO RS 4 0 L CHEDOME CILREE T, £
DRFZRAE LT T v 7R INOREET 2, BIESFEZ, Q00)m D~V = U Hi Bic &S
L7z DLC Kk OV F# I DLC Bakkl 2 B UinbRET 527 7 v 7 Jimas, (011)
EOIDHEWCAD L cv A7y h—AREE (7> MVK-G2500AT) (2t v L
7=f&. 100, 200, 300, 500 gf fif E TENEN SHDEIREZ 1T 72, 4 DOEET v UM HH
L7277 Ty 7RSI, EFHEBEEMNWCTHR L, #0 3 x4 K, 5 12 KOFHD 7
7w 7R EINH& DLC [EOFRmMT R —ERKRDZ,

VU arEREICEIE LIRS Y Ty s R, RATAALX—EFHT 5 I7EE L
AR O,
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Ky = JGE (4.1)

Lhd, 22T K SHHERNE, E13Y 78, GriiaiiET 2L ¥ — (total work of
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B & 2 WITNEtERRIE DG, BT 2L X — 1, BiZ 2 DoOF LnwREAED HT
TARNF— Gr=2y L7725, FBEEWEOESIE, Gr=2y+W, &72%, ZZ CyldRm=
VX — W l3BHE H 5 WITFHEE R SOOI ORI BT D ER A 5T,
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Fig. 4.1 Schematic side view of a radical in crack of a coating film and substrate

configuration.
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4.2.2 EBRER

4.2.2.1 DLC EERUZEREIM DLC EOBEFEMTER T R X—&’

a) DLC KR O'ZR¥%N DLC DR E — R L ¥ —

4.2 (@~(d)=, Si EARK O Si EARIZHME L7z DLC, N54DLC, N73DLC, Nio7DLC
fEIZ, FMETEFEITOAALTEROERE, 20Ty UNLRELTZ2 T v 7D SEME
BEZRY, £77 v 7 EIFESEMICHBEL TWA I 7 oy X7 — L& W THRIE Lz,
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Table 4.1 Surface energy of DL.C and nitrogenated DLC films

Film Young’s modulus gradient Y
(GPa) (J/m?2)

Si (substrate) 180

DLC 263 5.66 x 105 548

N5.4DLC 221 1.02x 105 821

N73DLC 193 4.69x 105 2470

Ni107DLC 173 5.66 x 105 749
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DLC N53DLC N74DLC N107DLC

Fig. 4.2 (a) SEM images of cracks generated from edges of indentation mark on Si and

DLCs films: Load 500¢g

DLC N53DLC N74DLC N10.7DLC
Fig. 4.2 (b) SEM images of cracks generated from edges of indentation mark on Si and
DLCs films: Load 300g

DLC

Si Ns5.sDLC N7.4DLC N10.7DLC
Fig. 4.2 (c) SEM images of cracks generated from edges of indentation mark on Si and
DLCs films: Load 200g

10 ym

Si DLC N53DLC N74DLC N10.7DLC
Fig. 4.2 (d) SEM images of cracks generated from edges of indentation mark on Si and
DLCs films: Load 100g
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Fig. 4.3 Gradient a obtained by crack length data from DLC films on Si

b) DLC &Rk NZE R ¥ DLC BEDBEREM Y1 X45340

BEFECHRA LB ORMBEEZ MDD, BRERHT 2 & BRI S T3
A UT-BEFEND OO — Wb T DEEFER A X3 Ai & R 7o, 1 4.4 (a) 12 Ns4DLC [ FOEEFE
OMREE, X 4.4 OIZERE L7z REERE A3l L 722\ L 9 10 = = 7L T — ohr F-iEilk
IR, W{EAEE Y 7 kTR A XEFHE LB H A2~ T, EFE O SEM BHiL, Y
TNl 10 PR . D 10 DFTERFOERER AT — 7 BRI,

- N
100kV  X10000 Tgm WD 10.4mm

(a) SEM image of wear particles on (b) Image analysis of initial wear
Ns5.4DLC film particles
Fig. 4.4 Image analyses of wear particles on N54DLC film generated by tribo-test
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ETHHEY YA X 10 nm ALK 5y Z & D 1 EOEFMEM OFRME & RmEE KDz, O
& FUAFRIT, Z DN E L7230 03T T 2 DX T O RFR & 5o F i & =K
Wi, ZOMPEREMyRAFEL BX TR LEDLE T, A XM 5 FKEfHE/
BRI 2R T=, 3 4.2 12, DLC IEds L OVEFE N DLC EOEEFEM A X040 bR
TEEEREMOKRE . FNCRT 2 REBEORER AL AT,
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Fig. 4.5 (a) Wear particle size distribution of DLC film against alumina ball.
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Fig. 4.5 (b) Wear particle size distribution of N54DLC film against alumina ball.
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Fig. 4.5 (c) Wear particle size distribution of N73DLC film against alumina ball.
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Fig. 4.5 (d) Wear particle size distribution of N107DLC film against alumina ball.

Table 4.2 Volume/surface area ratio of wear particles obtained from wear particle size

distributions for DL.C and nitrogenated DLC films

Specimen | Volume (pm3) | Surface area (um2) | Surface area/volume
DLC 4.71 73.2 15.5
N5.4DLC 6.61 170 25.7
N73DLC 8.49 147 17.3
N10.7DLC 6.05 105 17.3
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c) DLC Kk U'ZBR %N DLC IO B R RNV X —&

EEFEMNIC L DINFREREIT. BRI 1 XM TR 7= BEFER O [ FE/AFE b % FEFE B
T TORS T, ZoOWMFmEE (BEFMORKER) & RO FLF—ORBEIY | BEFE
I = 7 L% — 8 (Wear particle creation energy: WPCE) Z K7, 3 4.3 ~ 4.6 1213,
Z 14 DLC, N5s4DLC, N73DLC, N1o7DLC %, SRIOBEFRESLET T, 7 IFEHR—L
TEEFE L 72 IC3E LT BB = VX — 8, F DI OEFER, BEFEMRRTE, © OERED
R & RE T R F— 20T TE O N BERER TR = R} L ¥ — EOFHHE 2 R~ T,
FEFER, REMEOHENMIL, Ya—LitREbno 3 T2, £72 DLC EOEEZED
D7 S B ERC IR T 572 pm BAL L m B, W ORLTER L,

IhHOFER LY, DLC R L OEFHEGN DLC BEOBEMMIER T 2L X — B3, B
TR F =B AT ppm BEEE LTS W Lo T, Zhd, BETRLX

—&Z% LT DLC OB EENIEE /NI DNETH D,

Table 4.3 Wear energy of DLC film obtained by a product of the estimated wear particle
surface area and measured surface energy in terms of input energy generated

1n each tribo-test

Input Wear volume Surface area Wear Wear/Input
energy (am3) (m3) (nm2) (m2) Particle ratio
J) creation
energy (J)
84 2.45x104 2.45x101 [ 3.80x105 [ 3.80x107 | 1.04x10¢ 1.24x106
126 7.52%104 7.52x1014 | 1.17x106 [ 1.17x106 | 3.21x10¢ 2.54x106
177 1.16x105 1.16x1013 | 1.80x106 | 1.80%x106 | 4.96x10+4 2.80x106
235 2.24x105 2.24x1012 | 3.47x106 | 3.47x10% | 9.56x10+4 4.07x10%6
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Table 4.4 Wear energy of Ns54DLC film obtained by a product of the estimated wear

particle surface area and measured surface energy in terms of input energy

generated in each tribo-test

Input Wear volume Surface area Wear Wear/Input
energy (am3) (m?3) (pm2) (m2) particle ratio
J) creation
energy (J)
292 2.74%x105 2.74%x1013 7.04x1086 | 7.04x10°¢ | 2.89%x103 9.90x106
530 4.00x105 4.00x1013 1.03x107 [ 1.03x05 | 4.22x103 7.96%x10°6
865 6.97x105 6.97x1013 1.79%107 | 1.79%x105 | 7.35x103 8.50%10°6
1463 9.67x105 9.67x1013 2.49%107 | 2.49%x105 | 1.02x102 6.97x10%6

Table 4.5 Wear energy of N73DLC film obtained by a product of the estimated wear
particle surface area and measured surface energy in terms of input energy

generated in each tribo-test

Input Wear volume Surface area Wear Wear/Input
energy (um3) (m?3) (nm2) (m2) particle ratio
J) creation
energy (J)
137 1.76x105 | 1.80x1013 | 3.04x106 | 3.04x106 | 3.76x103 3.74%105
559 5.07x105 | 5.10x1013 | 8.77x106 | 8.77x106 | 1.08%x102 1.94x105
1141 8.84x105 | 8.80x1013 | 1.563x107 | 1.563x10% | 1.89%x102 1.66x105
1440 9.97x105 | 9.80x1013 | 1.72x107 | 1.72x10% | 2.13x102 1.48x105

Table 4.6 Wear energy of N10.7DLC film obtained by a product of the estimated wear

particle surface area and measured surface energy in terms of input energy

generated in each tribo-test

Input Wear volume Surface area Wear Wear/Input
energy (nms3) (m?3) (nm2) (m2) particle ratio
J) creation
energy (J)
332 4.94%x105 | 4.94x1013 | 8.60%x10¢ | 8.6x10°¢ 3.22%1073 9.70x106
720 9.19%x105 | 9.19%x1013 | 1.60x10¢ | 1.60x10% | 5.99%x103 8.32%x10°6
923 1.28x106 | 1.28x1012 | 2.23x107 | 2.23x105 | 8.34x103 9.04x106
1238 1.556x106 | 1.55x1012 | 2.70x1086 | 2.70x105 [ 1.01x10°2 8.16%x106
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4.2.2.2 SUJ2 }TrSUS440C DEMEMER - RN X —8

SUJ2 F 18 SUS440C DEEFER O EFE L. DLC FI3E & A FEHSh TR E LT,
DLC W D&k OEEFER O A R340 % B{EALBEIZ L > TR, EHRIFM DLC EORK &
[T L9, oA Rodah b b BN O mE/ AR B R & T TRk, 2o
EEFEMFRIRS & R = RN F—DFN S, BFREMERN = 2 ¥ —B 28 Uiz, #iokm
T RILF =T OWTIE, SCEME D B EF O F i — R L X —20 J/m2 A L 7-00),

a) SUJ2 KU} SUS440C DEEREK Y1 X440

FEFEMY % FE-SEM 1 1115 C 10 2Fi D FH 24 ¥ . Winroof % i - T — Ik 1 Dk & F
CRA THEGAIE L, ZOBEERORESME2HE LT, X 4.6()\2 FE-SEM Tl L
7= DLC & - SUJ2 DEEFERy, X 4.6 (b)id—Ubi 1 OB AR 213,

FRRICE 4.7 (@), (b) 13, FHFh SUS440C & FE-SEM %152 T DLC [ _E D EEFER
T ON—Whi OBHESENT &2 T, B TH Hilz SUJ2 TN SUS440C DEEFEMYRIE
SAEDE A LT T LR 4.8(), b T, DLC BEFEMFYT & [ U X 5 (2 Z OB SiAi
DF—Zinh, BEMEEICGT 2REBOENGERD T, 2OFRER 4.7TITRT,
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(a) SEM image of wear particles of (b) Image analysis of wear particles of
SUJ2 SUJ2
Fig. 4.6 Image analysis of wear particles of SUJ2 generated by tribo-test

(a) SEM image of wear particles of (b) Image analysis of wear particles of
SUS440C SUS440C
Fig. 4.7 Image analysis of wear particles of SUS440C generated by tribo-test
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Fig. 4.8 (a) Wear particle size distribution of SUJ2 against alumina ball.
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Fig. 4.8 (b) Wear particle size distribution of SUS440C against alumina ball.

Table 4.7 Volume/surface area ratio of wear particles obtained from wear particle size

distributions for SUJ2 and SUS440C

Ball material Particles Particles surface Surface/volume
volume (jam3) area (pm?2) ratio

SUJ2 0.231 13.6 59.0

SUS440C 0.319 13.4 42.1
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b) SUJ2 K1 SUS440C DEEMER - XLV X—8&

% 4.8 13 SUJ2, 3 4.9 13 SUS440C O 3 )L X —B 25T 2 BB,
RGANT —Z 2 AWTEREED OHETE LB ORERIEFE. EBEF

NN

YT e

EEFER DY A
FEFEICFRME T R

X —F PN ORD - BRI T 2L ¥ — B AT, ROBFER, REMOHEMIT, DLC
BEORFERIC LIV 2 — A5 RBE LY RT T 572D, 72 DLC DRSO X
ZEEAYC IR 5720 pm AL L m B, [l 5 DRIL TR LT D, ZORMIEE R 5.,

SUJ2, SUS440C DEEFEM R~ R ¥ — & BRI R X —8(C% L C ppm AT & FEH

WANE o Tz,

Table 4.8 Wear energy of SUJ2 obtained by a product of the estimated wear particle

surface area and the surface energy in terms of energy input generated in each

tribo-test
Input Wear volume Surface area Wear Wear/Input
energy (am3) (m3) (am2) (m?2) particle ratio
(J) creation
Energy (J)
8 1.81x104 1.81x1014 1.07x106 | 1.07x106 | 2.14x10° 2.67 X106
50 3.82x104 3.82x1014 2.25x108 | 2.25x106 [ 4.51x105 9.02 X107
395 5.40x10¢4 5.40x1014 3.19%x108 | 3.19x106 [ 6.37x105 1.61x107
972 7.96x104 7.96x1014 4.70x106 | 4.70x10% | 9.39x10% 9.66x10°8
1749 1.05%105 1.05%x1013 6.20x106 | 6.20x106 | 1.24x10+4 7.08x10°8
2961 1.22x105 1.22x1013 7.20x108 | 7.20%x106 | 1.44%x104 4.86 X108

Table 4.9 Wear energy of SUS440C obtained by a product of the estimated wear particle

surface area and the surface energy in terms of input energy generated in each

tribo-test
Input Wear volume Surface area Wear Wear/Input
energy (am3) (m3) (am2) (m2) particle ratio
) creation
energy (J)
4.6 3.29%103 3.29%x1015 | 1.39%x105 | 1.39x107 | 2.77x106 6.02x107
139 3.33%x104 3.33x1014 | 1.40%x106 | 1.40x10¢ | 2.80x10°3 2.02x107
445 4.59%x104 4.59x1014 | 1.93x106 | 1.93x106 | 3.86x10°5 8.68%108
539 5.66x104 5.66x1014 | 2.38x106 | 2.38x106¢ | 4.77x10 8.84%108
1171 7.54%104 7.54x1014 | 3.17x106 | 3.17x106 [ 6.35X105 5.42%X10°8
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BN EL 2D 2E HTLAERSNDEBITHEMT 2 Z 212 22 Fy 7=
DEFNF—ELMT 5. ZHd, W CRECERET D, BRI T3, B
FEEWDRLI D EEENT S,

ATET D, 7 7 v 7ETHLNTZERZEI DLC O BN MK = /X —&1T, 10 md
RS o 1n, RUICA RIOBERERBR A T, TR COERRY A XN T — 2 OR/NBEMLTH D
10 nm Ok TARMR L & LEZHA . 10 nm O+ 0, IS 2 RmEOEIA X
#1600 fi5& 7D, FOBAETARIOEFEEN LERMEMRT L -8R L TH, 1
joule LU &705, ZhE, BETRLX—EIIXTHEREN/ NI W2, ZRUISHENWE
FEICHBE SN D= X — LI RN D EHFZLND,

4.2.8.2 RETRNLF—

BEFERIE AL R L X — BT, BRI L X —ERRELI 221 EMNL, #oR& &%
DLC BE»RH H/h & <, &KIZ N54DLC B2 & N1o7DLC B3 [RIFEE T N7sDLC B3 i H K&
< 72572, N7sDLC AR L EFEM R T 1L F—BA K& WEHIE, DLC B~ TE
FEEIIREL, A oRATIAF—P—FERENWEZHTHDLH, RATRLF—PRENVITE,
BB CH D VIS EZ T 20, ZORMT LT — & EEEOHBEIZR LT, Z
DI=HOMEFEMEIL. ZORMT R — TR BEHEIKGETD &5 25,

N7sDLC [RORM=R/LX—NREWVWZ LT, 77 v 7 BRHAMOREBI T2 D&
WZ ETo0nD, —MRICFEHEMEBEDOLG, G =2y + Wp THIETZ RAF—TRkEIND,
Z 2T Wp i, BMERS D WOISHEERER S OMOBIMEORMEICEET 2B/ E 5Ty, +
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WEAME T L — IR ABREMIBRO TRINE, M R LR —ZR703), )] 4.10 12 DLC %
BLOERZGFN DLC [K&ERE 2., 7/ A7 v % —T 10 SHE L 7RO O = 3
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DLC FZZEZBIMEND L, IMEICL->T C-N A RESR L H-TLD, Takai %09
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FEFE O RFAEE CIE-7-EZ M DLC o C-N ##%i&% XPS, RBS (Rutherford
Backscattering Spectrometry), AES (Auger Electron Spectroscopy) CHEHTL7ZEZ A,
INV/ICIEE 384 5E C-N#i&iE. C - CsN— CsN2 — CNIZZB{LTHER~TND,
ZO C-N A ORI I BN SRR 3R D B 2 Hid, 7.8 mass %% F#H A L7= DLC
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Fig 4.9 Plastic and elastic regions of penetration work of nano-indentation
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4.12 {12 SUJ2, SUS440C K& T DLC R EEE > 3L % — &84 2 BEFER PR = = v
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Fig 4.11 Relationship between input energy and wear particle creation energy of
SUJ2 and SUS440C
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Fig 4.12 Wear particle creation energy/input energy ratios of DLC film,
SUJ2 and SUS440C as a function of input energy
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Fig. 4.13 Diagram of contacting balls
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p(r'Yy=kva?—1r'2 (4.10)
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Fig. 4.14 Displacement of semi-infinite plate
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Fig. 4.15 Displacement of contact surface
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Fig. 4.16 Deformation in the adjacent of the contact point
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w2 TRIND,
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(4.22)

(4.23)

Eh . OGDTMUNDT0 &AL, K(4.23) %2 UA22DIZXAT B &

1,.2

21:2—R2

PRED, RLTE I,

7,.2

ZZ:Z_RI

WRED, BIROIHEE 6 13,

0= (z; +wy) + (2 + wy)

- T, A(4.20), (4.21), (4.24), (4.25) % :(4.26)1 S AT HUIE

r2<1+1> 6+3P , 17 1—v12+1—vf 3
2\R, ' R, w3\Y T2\ E, )

s, ZoRE, v iCEEFRICEST LT Tz ez,

LRDVBENRHD, Lo T,
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1(1+1)_3P 1—1)12_|_1—1122 4.29
&%) 5@\ E TE (4.29)

DORABRRB G SN D, O A2 - TEMME R a B L OO oOEET IR § 2k 53K
NELND, X 4.2950,

3 RiR, [1—-v? 1-—v?2
32 P 4.30
o 4R1+R2< i #30)

3 (4.28), (4.30) L v,

2
9 R, +R,(1—v2 1—12

3_ 7 2

=16 RyR, < E + E, d (+31)
Flo, BEAAPOICAE U SRRE polt, 10KV KRD LIk D,
2

a3 pr(3 Rk 1—@+1—v§ 3 432

Po= kA= " \4R, + R\ E, E, (432)

4.3.1.2 ERHELEFEEmOBEHMOBE
L ElDEEFERARIT EE A K CIEMT 2K D T, Ri=Ro. Re=w 3HITHKD LS
BRI RE B,

4 E; E,
2 2\ 2
3:ii 1—1}1_|_1—v2 p2 - (4.33)
16 R, E; E,

—

INETORRNGS)D L 510, Befidim O S KIEMEIS /7 po 23384 L. BRo i s -42
DAINELRDICWES T pold REL 2D, LinL, MBI Z RSB BE 58
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DR 2 B 2 AT AR RO G TR 22 U CHEERRIEN M L. po ITHEEME LV /&
RDHEEBEZDBND,

4.3.1.3 EfGEEDIGTS

MetE B DG, I RBIRE VIS AN L o THEET 2005 Bl GEFE OB13R W IR D)5
ISR DN, MR B DA, RRSIMTIS I k- THES 5, Z osffE T,
FR RBIETIG INTEAR S & DT MICHEN TP EARPNFICAE L 2 Z L B b TV D, 20
RRYWIE N ORET DB & KE &, MikmA - TROTHSL, HL, SEIO LS 72
IKOGEFEPERC 20T, K417 RT L 5110, A—/Lb DRl & & A 72 P sk
ONWTDHOFR L7225,

stress analysis region

steel ball contact area

DLC

WC-9%Co
Fig. 4.17 Stress evaluation region in the adjacent contact point
HdE (R i O FUEEISICAERT 2 5 B ORED B, FiE Eomom O s bRk
72 ORCHERT 28 ME P ICL->T z i EIZAT 208 01E. Hertz & RO

J.V.Boussinesq@03, IRt Fmic EPATESEMA T 2 REE VT, RO REE=
(I 4.18).
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1-2v z rzz}

_ P
(O-r)rzo - E{ ) (1 _E) - BF

P 1 A A
(0g)r=0 = (1 — ZU)E(_r_Z-'_ ezt F)

— (4.34)

P 1 z z
(0g)r=0 = (1 — Zv)ﬁ(_r_z"' ﬁ*‘ﬁ)

P 348 P 3raz?

(0)r=0 = _%F (02 )r=0 = _%. R5

F72.0 TR ET DE AR & IR X D I8 ORIZIZRO X 9 72BRR & 5.,

g.+0g 0,—0g

Oy > > cos 260 — 17,4 sin 260
g, + 0 0, — O,

ay = T2 o _ Tz 6c0526+rrgsin26

0, = 0,

Ty =35 (0, —ag) sin20 + 1,4 cos 26 (4:35)

Tyz = —TgzSinO + 7,,cos 0

Tyy = Tgz COS 0 + T, SN O

Fig. 4.18 Stress in the adjacent of the contact point
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O /& s LT a ORI E p BMERT 25613 (4.34) % BRI A K
L7t LR v, AR & FAERERE 2 244 5 AX(4.35) & vy, (4.34) % FIAEME
WAL FERRISIN TR T T 2 T DIS A AR E D,

21T 21T 21T

2m
f cos 20 do =f sin26do =f cos 8do =f sinfdf =0 (4.36)
0 0 0

0

D O FUCKFRC M 25613, 430Xz r DAOBHEIC 505, (4.36) DEFR
VS, P a OEBNTES T2 281080,

1 ¢ z z3
(0)p=g = (UY)r:o = EJ; —2(1+ V)F + SF prdr

T (437)
a -3

V4
(@)reo = =3 | mzprdr
0

ﬁ)’/f%: ﬁ)héo }l_é;jj 3z iﬁﬂ&lfﬂﬁ/ﬂl/\?ﬁﬁ—é yil) ’:) Z ﬁﬂﬂiiimﬁﬁﬂﬂf‘ (Ox)r =0, (Oy)r =0, (Oz)r =0

ITEISHIZR D,
BTz FOFBIWMIIS S tid 2§l 45°% 7o+ M I U,

3

_ (O-x)r=0 — (0-2)7:0 — lfa{—Z(]_ + U)% +9
0

> ) }prdr (4.38)

z
RS

LA,
p WA E R HIE,

Z

3
} (4.39)

P V4
T, = Z{(l -2 T 3 g

T DERKMEERD D72012, o) 6z=0 & BiTIE

B }2(1 +v)
zZ=a ﬁ (4-40)

L-T
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(T max =

P {1 — w2 } (4.41)

L Z./21 2
> 2+9 (1+v)

v=10.3 &£ T UL 2z=0.637a ICB W TR ARBIWIE DA A T, (t)max= 0.33p £ 725,
Z AR TES S BT B E RIS 1%, (v)z=0=(1-2v)p/4 = 0.1p TH 2,
p 234100 NTEHEz oD H1E, (4.38):ULD

2

1+v z oy 3 a
T1 =Po|— 5 (1 - Etan E) +Zm (4-42)

ZZTu=0.3 T NEz=0.47a 1BV T(t)max= 0.31p & 725,
OFE D EmICA— VR LT SRR, F O R KEIRIS ) 0.31p 3. A — L OEfRmE )
5 E0.47a ONERIZREAT D,

4.3. 1.4 ERhEEEOFE

il DERD E11% 210 GPa. DLC B Eo [ ZHIE 263 GPa # v, "RK7 YV v = ve
=0.3, fEZ 9.8 N &35 & [X4.19 12R(4.33) % - TR /=i E & B -2 O PR
ERLET T 7RRY, 2OV 57X, frE 9.8 N OFRFICHEAMT O 2138 50 um & 72
%=y
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Fig. 4.19 Dependence of the radius of contact area on load based on the equation (4.33)
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4.3.2 PERERBIEDOR—LVHNOOT T R E—EE
4.3.2.1 BHOFTHIZRLIF—

N(4.33)D § 1%, Ko EEICEEICHMELZ DT ZHAICBT 20 EO T H~0Bih&E %

KT, T CHEEZEMLTOWDFEMOY > ZRBIEFICREWDERE L HAICHE
#9.8N, 19.6 N, 29.4 N &ff L7255 § 2Rz, ZOROHLHETOOT I e=6/2r
L7 HIRRERE COT HBEERE S TGS OO T AT RLX —T,

U, =5 E’V (4.43)

L%, N4.43) % AWTHM R —LNOBHEOT AT RLF— 2RO RER 4.10 &
T,

Table 4.10 Elastic energy dependent on load in the steel ball

Load Displacement (um) Strain Elastic energy
(N) 6 e (md)

9.8 0.9 1.9 x 104 0.2

19.6 0.14 3 x 104 0.5

29.4 0.18 4 x 104 0.9

ZOFEEVFEIZLIAOT AT XX —F, BRKTImd BE (BN 2 Lr¥—L
L) CThHZ ENbhoi,
4.3.2.2 BIOTHZRLF—

X 4.20 2R T L 90, A=A T ¢ A7 AR A AWz R OB LY,
kL R — L O3l & AR — L AL A — RIS 3R AT S,

ball holder

\teel ball / t
F—

b
2a

Fig. 4.20 Schematic of the steel ball and ball holder
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F T, ZOHEISINE L o TRAET 2HM A —VINO BT OT A=) L X — B 55
L7co B4.21 1R T L o8RG t OMEICH D, JE S At ORUNIHRICIZE RS ) F
DM TND ETH & ZOMUNUROERE S I200 2 8ITS ) X, =F/S TR
b, FET-ZOBEIS I TEUSEEIOTH yIX, y=NALt TH D, Z 2 TAlE, SIS
Lo THMGMICEMLIZETH D, =Gy DT,

F—G A—FAt 4.44
RRY: =Gs (4.44)

Lir%, ERHEOTATRALX—8 Uddd, V2FAV20 T, ZOMoEkos g o4 4=
FF—AU T,

AU, = —— At (4.45)
LD, ZZCHE S iE. S=n(2-(e-t)2)= n@rt-t2) /e D T, £EIROT AT R X —IT

U —f mmv—lefﬂ—ii— 446
T, T 216 ), 2rt—t? (446)

THRIND,

Ball

o
\_/

«—F ! A
/At

AN
F —>
b V
+ contact surface

Fig. 4.21 Schematic of the minute portion applied frictional force in the ball
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E

=20+

(4.47)

DORAFRAR LY [ E=210 GPa, K7 Y Hv=0.3, inbH ., BBEMEGRE G T, 80.8 GPa &7 5,
R— VRS D R — VRV A —F TOEm S h % h=1.0 mm, A —/VIHER - 2R,
AU BRI 0 AR — LS LEERRmm S E U 503, FORFOHEAmP CE H00EE b &
U 7o RE, BRI 0.3 DEEENIC L > TA LA IO T AT RAY—FRBETo 72, 0O
MRAEZFK 4111087, 7 ZTO Integral value 133(4.46) D F O S TEDOEE R T,

Table 4.11 Shear strain energy in steel ball during tribo-test: p=0.3

Load (N) | Contact position (mm) Integral Shear strain energy
b value (ud)
9.8 0.062 256 4.36
19.6 0.098 157 17.4
29.4 0.129 97 39.3

TORELIY, HEICL > TAELDZR— VNOBETOT AT VX — 38 10 ud FRE &
Iy

4.3.3 &

D) ~LYEGRTHILT = 5 A& LA, SR QBRI TR R — LI R 5 B
OFPHTFIAX— GUFOTHZ RV —gRdiz, ZOMER, ZROIEHTRET S
T HF—BE, M OT AT RLX —NRKAE 29.4N T 0.9 md, BIROF AT
VX =3 40 pd & RREE L IEFIT/ NS o T,

2) ~LYHERIC R D, PRI ER A F LA 72RO R R T IR D 7 R AR — L B
M O¥ARIL, fTE 9.8N OFFTH 50 pm 72 - 7=,
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4.4 BHEHB= IV X —ORE

M 4.22 12T & 902, IS (MPa: N/m2) — O Bt o fgis . 519k ¥ % 54 O (K55 (m3)
T TEIE. ZOOT R TEREICRAE LS E =32 —Nm) & 722 5, BEFERR
AT D B A, M 4.22 fiKDOEFATHRT L 912, BIIEY IS X 28K L -
THAMRT 27 HIF, BERERBR T, BREMICA U 2MHAR T 2V —1%, 519k 0 IS S xpkkT
OFT OB CHETE 2, BEEE= XX — O RABEICT 272012, IR
ST —EETOT A OmfEE , SRV RS LHTOTAORE - T 5 & FERE LY —8N
THA LTz SUJ2, SUS440C D EFEMMARFE T OB = 2 L X — B3, 53R 0 7R & xR sr
O P AR TR TE 5, £ 41213, SUJ2 & SUS440C Dfit 1. BIHED X, i
Wifh Q& DR, SUJ2 OFFMifE R4 & 4.13, SUS440C OFFlfER %D 4.14 1237,
ZORERD LD LI, B LX — BT 2 A = L X — 81T ppm UL T
TEolze RBRDIZZRNVF—8I121T, BEIZLDHOOTHR 02% 0352720, HFHi
TR T O OT A 2L X — 8, EBRIOIEII IR EBZ LD,

Plastic deformation energy (Joule: Nm) =
Area S (Stress (N/m?) X fracture strain X wear volume (m?)

tensil strength
______________ fracture point

Area :S

%10 nm

Stress o (MPa)

Strain €

Figure 4.22 Plastic deformation energy derived from stress - strain curve
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Table 4.12 Mechanical properties of SUJ2 and SUS440C

Steels Yield point Tensile strength Fracture strain
(MPa) (MPa) (%)
SUJ2 1370 1570 ~ 1960 0.5
SUS440C 1893 1961 2

Table 4.13 Plastic deformation energy in wear particles in SUJ2

: Tensile strength 1960 MPa, strain at fracture point 0.5 %

Input energy Wear volume | Plastic deformation Plastic deformation

(J) (m3) energy (J) energy /frictional energy
8 1.81 x 1014 1.8 x 107 2.3 X108

50 3.82 x 1014 3.7 X 107 7.4 x 109

395 5.40 x 10714 5.3 x 107 1.3 x 10

972 7.96 x 1014 7.8 X 107 8.0 x 1010

1749 1.05 x 1014 1.0 x 106 5.7 x 10710

2961 1.22 x 1014 1.2 x 106 4.1 x 1010

Table 4.14 Plastic deformation energy in wear particles in SUS440C

: Tensile strength 1960 MPa, strain at fracture point 2 %

Input energy Wear volume | Plastic deformation Plastic deformation
(J) (m?3) energy (J) energy /frictional energy
4.6 3.29 x 1015 1.3 x 107 2.8 x 108
139 3.33 x 1014 1.3 x 106 9.4 x 109
445 4.59 x 1014 1.8 x 106 4.0 x 109
539 5.66 x 10714 2.2 x 106 4.1 x 109
1171 7.54 x 1014 3.0 X 106 2.6 X 109
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4.5 fLERIHTRNVF—

A, SROFAEmABRE N GE. FTORIRT L9 REERICZE Z UTE A
L. Bfbikd 725,

4Fe + 302 - Fe20s + 412 kd/mol (4.48)

Z DT, 8D 1 mol (8% 56g) AL XNT=HE DI XL X —%RT,

Bowden, Tabor® 513, $kOBLIEOMEEF Tz Z 5, < OEFEMD FeeOs 1272

STNDZ EER LT, R 4.15 13, SUI2 OEEFETHRA UZEREM 1, T TREEL Fe:03
Wleol= b RE LI E X ORI LT — ROBEEERLX —BI5§ 2 B R LF
—kERT,
T RN X —L 1 U T T, BRIV T RA R L X —T 1%L T TH
ot ZAUE, BRECHEHBEINL DAY —&, #E, SANOT AT XL X —8
BT ANF—BIZAATRbEWD, ZORERISITERT 2L F—LS DR 1v
F—IZR DT, BET LI —DONFNEN LRI L,

Table 4.15 Exothermic energy generated from the oxidization of the SUJ2 wear particles

Input energy Wear volume Exothermic energy Exothermic/input
(J) (m?) (J) energy
8 0.02 x10°2 0.06 8x107
50 0.04 x10°12 0.13 3x107
395 0.05 x10°12 0.16 0.4x107
972 0.08 x10°12 0.26 0.3 x107
1749 0.1 x102 0.32 0.2 x107
2961 0.12x1071" 0.39 0.1x107
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4.6 BEERATRILF—

R 416 \EE - 2L X — 5T D BRI T 2L F— | MO R m oL — W
W HNX — ALFRIS RN F —DHEEE £ L DT, (W FRIET= R F — TR ESUS
Thoi=d, BRI —OHEBEET— FONRPLERIIT D & B L X — 3, B
B 2 NX =L EREMEHR 2L — | W OT AL — AR R ¥ — 2R
W E e D72, K423 1T L OICIEE A EOBRI XL =) BEICERIN
HrEZLND,

Table 4.16 Energy consumption ratio in each mode to the frictional energy

Consumption energy Consumption ratio to the frictional energy
Wear Particle creation energy several ppm

Strain energy several ppm

Plastic deformation energy below ppm

Chemical reaction energy below 1%. Excluded due to exothemic reaction

Wear energy
Strain energy
Plastic deformation energy

~ppm

Friction heat energy

~99%

Fig 4.23 Input energy consumption rate
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4.7 PBEREIRE M

PEEI X —ERBEATHESIND L LT, ST EEm CEEN LSS 0
MAR—VINOIRFE /34 % ANSYS 20 B a—F—- v Ialb—va Y7 NGl L7z, N
2T, BEFERRER P O R — L DBl LT < \CEAEE R AR L, Bk a0 o SR L A
EL, YIalb—Ya f it Dk EiT- 77,

4.7.1 Archard DZ\E

THEER T, RO LI 2K LECHE, 7L —F Xy FLIMLITHE, R—1~_71
YOI T ERITRE L, MEITEE SN TWAERERH D, Z OEEEIC LT &
COBT RN =N ED LI 2RIABLENDNED > TL D, o, i, A7 A MK
FE . A, 2 (KOMEMEMEIC Lo Th 20T XN F =P ERITLE b - TL 5, 2 ko=
T =GB BEEN T 1930 AR T 50 Bigim ST E 72, mAINE 2D 2 (RO IR O F
F B L0k, Blok®@WTH %5, Blok 1%, Flash Temperature & V9 BEEEFE A D
a2 NEREL, ERRECOEME CoORAIBE ERE2HE L7, Blok %, KW\
Peclet 2317 5 R RIBELITAEE 2 ©°— PIORAET, RRIRRER & [R5 & UE L CEfl
TORMIRELZHE L7z, @\ Peclet #d, HAEITMIZI 1T 2B ORNITER TX, BE)
T HAJUTMIRIZR VA REEEL T ERBREALHE LT, Jaeger®iL, Byl E —
BE. FHRRATA FLTHWDRETOFELRER, WHOWETELNE LT, Xyt
BB OBREABELELZ T, Peclet #0253 < MBI C OSBRI, J Ut i B
DX AR 7=, Archard®ix, Blok & Jaeger DL 7= X 9 72 HiE G, Hafit flim o 15 R 23 =i
T2 2AMERNNC =R AF 2L DD LI EHET, EFREIT, A TSRO 1/2 T
»HDEHTE L TR%RKEZ KD, Komanduri & Hou®dd, R—_T7T U T EZFDAT Y
27 R TORE FABEICOWT O 21T o 72, O3, PERKO AN R EOBRA
BE LT, RITERENIIZ 2 (ROBT 3L X — 45l Bk A K72, Bansal & Streator™id,
EEFRILC Peclet & & e 3L X — 3l RS O IR & SR 7,

Z OfiTIE, Archard IZ L - TR L2 BBERICOW T %, Archard 13, f¥H#Ehm
BEZHET 24BN, 2L D e, RE v TEIWNTWHWK B 23, Mo T
FE L TV FEESER C LHEEIL TWD5E. MIABIZHILL T 28K C 28R L LT
B0 WK CITBHER B NLERA L L 5, ZOROFY FAIRELZ 6m L5 &
IR ZR IS T3 B ER o0,

Qp

m = dakg

(4.49)

LD, ZITQBIEMIKBICHAT DR E (BETRLY—8), alTEMmEO Y-,
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kg (3K B OBMRERTH D, ZoNid, FH EFRETERE 2L —8IC L, #5
flpm DFRICIIEHT D Z 2R L TOD,
TRENRAEDNE <. BVRDSIR CIZTAVAT 43 2B 23 & D 5813, Bk C DIRALIE,

Qc

Om = dak,

(4.50)

THREIND, ZITQIIWE CICHAT HHE (BB LX—8), kel3Wik C DR
BRTHD, ZOBRTFNF—D3RR1T, BRITOEE Peclet F Lp (2L > T Eh
%o, ZO Lp i,

=70 451
P2 (451)
TREND, TITXHE, PR (Kpe p IZEE, c BEE) TH D,
B THENO T DA,
0.31Qc /Xc\3
_ € (AC)2
Om = kea (VC) (4.52)

L7, Lp<0.1 ®GE., R4.50)2358 5 X1, Lp>5 e, (452255345, 0.1
<Lp <5 ®%HAEIE, Archard 1%, 77 7%~ TOm #:Kkd7=, £z,

Q=0+ Q¢ (4.53)
TIT. QM BMETORBE RIILE-) THE,
FWREAEL, Archard DX D EFEL &

_ WUNGv

Q (cal/sec) (4.54)

ZZT, pREEBMRE. NI E(g), G 13 /(980 cm/sec), vIZA T A R (cm/sec).
J IO FE Y B(4.18 X 107 ergs/ca) TH D, ZONTIE, H U —HMBRE L THD
3. 3 #E TR MKS AU v h(W)»(3.36) £ [Fl U T#H 5, Blok LA U L 5 C#
W%, Q=uN|ve—vc| (Z ZClve—vc| TR B LMK C OFERHEE) & L7z, 2t
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YHETRTET Y FWTH D,

Archard 1%, B\ 3L ¥ — 3l ORRE 2 KR ORI Z(Lp < 0.1, BAB IS L B SN D,
DFEY Qp=Qc=1/2Q £ LT\5, EHOBLALp > 100)TIE, #iELTWDHHIKC I
RTOBENRN, DFEY Qe=Q £ LT3, 08 0c & ZNZNWk B, C DIRE AL
T5E,

1 1 1
—_= (4.55)
Om  Op O

& L7z, Jaeger® 3, B | CMALIEDE U356, BMREMRENED D20, ke BARE
FEblizm< R ETHIL,

4.7.2 REROEMME TOEEIEERE

BRI COMET B, 2 E TS SEES I HEPURELFT Y, U IR A0
B & R EERERRRECD-6Y | BV GHER AEGDZ: 3Tl TE 72, Bowden & Tabor®®
T &R EFENT T AR BN AT A&l L CORIMRR LR &2 VD R Rl 1R L
ZWE L7z, F72 Shiozaki & Harada®9!Z, I VT HOUHImOBEE A, IR %
WTHIE L7z, Efim OIREREE S LT, §0 L@ SREEABRENEN N TS,
AT IREEDS BN D LB NN RAET L BRI L CTEERBR ATV, TORENEZREL
THAMBRELZMET 2T ETH D,

T DOHEERONCHEZ LTZDIEL, Shore TH 5, ZDi% Herbert@): T{ET H4& A
THIE L7, F72 Bowden®0i¥ pin-on-disk B EAE o &8 BEFESABR L &2 VTR BEH
Ex1T>72, Furey®), Dayson®IR— /il RAZ 7 oE548, MTMICHMZ2 RV,
R ICa A Z 7 o — M TRAT DEBENEZHEIE L, AR 2 R L7, BB
FEEMH T Archard ORGH{E. Furey, Dayson A3H|E L72IREE EAEORER % % 4.17 1R
ER

130



Table 4.17 Comparison of theoretical and experimental values of temperature rise on

contact surface 2

Load (gm) | Speed (rpm) | Archard theory | Furey data | Dayson data

30 60 1 -12 -13
240 47 -2 -2
480 233 9 15
960 428 46 42

60 60 27 -4 -9
240 91 5 4
480 317 34 31
960 560 56 55

250 60 7 -3 -8
240 81 31 10
480 177 53 36
960 367 72 66

ZIT, AT AOBEE, HEMBIMICER DB 5720, IRERFRALHE LT
Wo,

ZOFERN LA X 51, Furey & Dayson O ZEBREITIZIEFFEE OME TH D08,
Archard OB T—HIEE/ N SIWERHE LS TV D, Dayson 1X, Z OBERE & 5
BRAE DR (TEEf i COESMHmBOEME LTna, Uetz & Sommer®dd, FL L I
C4bdfil & = R 5 7 A4 CTEEFERR ATV R EE /170> O Hefilii T OBEBREAEHEE LT,
C45 DEFEHRDOMEN @S B2 TND 2 b AT oA NEBREZ s TWD & L,
T YA NERREA LD 800 G £ T, BEMENRED E2S o T D LHEFE L7223,
R IE Cldmm 600 CETHE - EWME LTS, ZO LIS, ES G REREELT
I EEROEIVEWVERFELND LS TND,

BB ASEMEI<ICEy FUTUIREZET 2 7ELH L0, £ 95 LTHLEE -
Tﬁﬁ&ﬁ@lﬁf@tﬁﬂifﬁ&k Uo7, ZOHETIHFAYOEMEIEEITHE TS W Eb
NTCWD, Furey®Did, Hflmo 5 0.26 mm OPTIZEVEXT &2 o i), BVEXI&REIEE D
«mf”tt%a% Lizd& 24, BVEEBECTIE LZERE BT 28°CEA Lozt L, HD

HIYRETIL 6 °CT, BE LA LBUK TRV EHREL TS,
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4.7.3 BB

IREMENTIE. BN 2 S B OB 3L X — I % i > T2 ORI 27T L.
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Fig 4.24 Newton-Raphson iteration method
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Fig. 4.25 Schematic of frictional heat measurement apparatus using thermo-couple
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4.7.4.2 ANSYS IZ X 2 EEE2RIT
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Fig. 4.26 Steel ball model for heat distribution simulation
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Fig. 4.27 Generated watt on the contact area obtained by friction-sliding distance chart
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Table 4.18 Initial conditions for heat distribution simulation of SUJ2

Thermal Heat transfer | Initial temperature Watt (W)
conductivity coefficient (°C)

(W/mm-°C) (W/mm?2-°C)

4.6x 102 4.65x 106 22 Layer 1 0.2 (at 4.9N test)
22 Layer 2 0.4 (at 9.8N test)
22 Layer 3 0.8 (at 19.6N test)
22 Layer 4 1.2 (at 29.4N test)
22 Layer 5
22 Layer 6
22 Body

Table 4.19 Initial conditions for heat distribution simulation of SUS440C

Thermal Heat transfer | Initial temperature Watt (W)
conductivity coefficient (°C)

(W/mm-°C) (W/mm?2-°C)

2.43x 102 4.65x 106 22 Layer 1 0.09 (at 4.9N test)
22 Layer 2 0.18 (at 9.8N test)
22 Layer 3 0.27 (at 19.6N test)
22 Layer 4 0.36 (at 29.4N test)
22 Layer 5
22 Layer 6
22 Body

Table 4.20 Initial conditions for heat distribution simulation of alumina

Thermal Heat transfer Initial temperature Watt (W)
conductivity coefficient (‘C)
(W/mm-C) (W/mm?2-C)
3.0x 102 4.65x 106 22 Layer 1 0.05 (at 4.9N test)
22 Layer 2 0.10 (at 9.8N test)
22 Layer 3 0.15 (at 19.6N test)
22 Layer 4 0.20 (at 29.4N test)
22 Layer 5
22 Layer 6
22 Body

138




4.7.5 fEATRER
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Fig. 4.28 Temperature rise at 0.3mm upward from contact area on SUJ2 during tribo-
test against DLC film

28 03
- N
o ko
- =
g =
3 2
= S
2 s
=
s z
= ; SUS440C-DLC e
24 . =
294N 100 mm/s - 0.05
23 T T T T 0
0 50 100 150 200

Sliding distance (m)

Fig. 4.29 Temperature rise at 0.3mm upward from contact area on SUS440C during

tribo-test against DLC film
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Fig. 4.30 (a) Temperature distribution around contact area of SUJ2:

contact diameter: 60 pm, input watt: 1.2 W: Top view
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Fig. 4.30 (b) Temperature distribution around contact area of SUJ2: contact diameter:

60 pm, input watt: 1.2 W: Cross section
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Fig.4.31 (a) Temperature distribution around contact area of SUS440C:

contact diameter: 60 pm, input watt: 0.27 W ‘Top view
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Fig. 4.31 (b) Temperature distribution around contact area of SUS440C:

contact diameter: 60 pm, input watt: 0.27 W: Cross section
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Fig. 4.32 (a) Temperature distribution around contact area of SUJ2: top layer Fe20s,

contact diameter: 60 pm, input watt: 1.2 W: Top view

@ Thermocouple setting point
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Fig. 4.32 (b) Temperature distribution around contact area of SUJ2: top layer Fe20s,

contact diameter: 60 um, input watt: 1.2 W: Cross section
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Fig. 4.33 (a) Temperature distribution around contact area of SUJ2: top layer Fe20s,

contact diameter: 60 pm, input watt: 1.2 W: Top view
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Fig. 4.33 (b) Temperature distribution around contact area of SUJ2: top layer: Fe20s,

contact diameter: 60 um, input watt: 1.2 W: Cross section
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Fig. 4.34 (a) Temperature distribution around contact area of alumina:

contact diameter: 60 pm, input watt: 0.2 W: Top view

@ Thermocouple setting point
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Fig. 4.34 (b) Temperature distribution around contact area of alumina:

contact diameter: 60 pm, input watt: 0.2 W: Cross section
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Fig. 4.35 Relationship between the input energy and maximum temperature
of SUJ2 ball against DLC film
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Fig. 4.36 Relationship between the input energy and maximum temperature
of SUS440C ball against DLC film
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Fig.4.37 Relationship between the input energy and maximum temperature
of SUJ2 ball against DLC film: Top surface Fe20s
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Fig. 4.38 Relationship between the input energy and maximum temperature
of SUS440C ball against DLC film: Top surface Fe203
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Fig. 4.39 Relationship between energy input area and maximum temperature of

alumina ball against DLC film
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Table 4.21 Peclet numbers of SUJ2 and SUS440C under condition of the present

tribo-test
Material Thermal Density | Specific heat X Peclet
conductivity & p c (m?/s) Lp
(W/m-K) (Kg/m?) J/kg'K)
SUJ2 46 7900 461 1.26 x 105 | 0.79
SUS440C 20 7900 461 5.49x 106 | 1.82

Out : Dissipated energy 1) Friction heat (99.99%)

2) Wear energy (~ 10 ppm)
3) Strain energy ( ~ ppm)

Strain energy '\ [

WC-9%Co

Steel Ball

e

Friction heat
gy 50 %

SUS440C - DLC[C,H,]

Friction coefficient

0.05

49 492
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Load:9.8N
Slide speed: 100 mm/s

0.18 W

494 49.6 498
iding distance (m)

=5 @~ Wear energy

Heat dissipative rate

In: Energy input from ball-on-disk |

Friction energy

Energy balance

Fig. 4.40 Energy balance between input energy and dissipated energy

Wear scar on SUJ2

measurement test
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Wear scar on SUS440C
Fig. 4.41 Wear scars on SUJ2 and SUS440C after friction temperature
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Fig. 4.42 Thermal conductivity of the composite materials of DLC film and WC-9%Co
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BICEBRRABIT EN > TWE, 0.3 ~ 0.4 DIETRLEERENE THRBT D, ZhE TOFE
Tld. DLC FIIRME 400 °CUA EiZ7e D &, TEAT 7 AEERBL L, HEMETT2 &
WMEESNTHH0-6, - MM LRE ER L ELICHILT 223 MbN TS, H4 &=
OFERTIEERSFMIC L - ik, BEEREIE 500 °CLL EIC/R 5720, = OREE L EEE
BREOFIZ, EEOBEBERRENERL TS EEZLNRD,
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5.2 EBFGI

FERERRBRIT. R T A4 NEEE, 25,50, 75,100 mm/sec D 4 FA TR —/L A 7 4 & 7 85
AT, fEkiE L R X — TR AT - 72, EBRFEKOZOFHN FEOFEMIT., 43
4IRS,

5.3 EBHER

5.3.1 PEEEREWHIE

X 5.1 12/ 9.8 N, A7 4 NifFf 100 mm/sec, A7 1 FiE#E 500 m DEEFES( T DLC
5 & SUJ2, SUS440C % FEFERABR U712 & & OEBREM— 2T 4 NS ER L2 T, =
D75 7k, SUJ2-DLC OEBZEN @ D125 L, SUS440C-DLC ¢ EEEART Hrifs
AR, #Er& L REL Tz,

SUJ2-DLC

0.4

03 |
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SUS440-DLC Load: 9.8N
Sliding speed:l[l[lmm/sec‘m
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Friction Coefficient

0 50 100 150 200 250 300 350 400 450 500
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Fig. 5.1 Friction coefficient — sliding distance graphs of SUJ2-DLC film and
SUS440C -DLC film obtained by ball-on-disk

5.3.2 DLC EEE#EE

DLC EOEEFERIL, 5 3 Tk~ L 52, L —F—BaAMEE T DLC ORI 7 1 7
7 ANVERE LTz, [X5.212 SUS440C ZHHFH & L, wE 9.8N, A7+ FiE#f 500 m T
DLC W% BEFE L 7=RED DLC R FOBHE &, ZOBERE a7 7 A v ErRT, ZORE
T—2inbbnn L Hic, DLC I EICE, BRERPES T2 0RMRE I B, b—HF
—FAMEE THIE L7256, BRIES BN/ NSO BRERITET 2 Z N TE Rz, 2
UL, SUJI2 L OB THFR URSRCThH oo, ZT0Z & L BEERENRT /L X —I%, SUJ2
F 7213 SUS440C OEEFEICHE SN D L IRIETE 5,
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Fig. 5.2 DLC film wear track against SUS440C: Load 9.8 N, Sliding distance 500 m

5.3.3 tHFMR—NVEEE

5.3 1%, R—=nF 7 4 A7 DPET —FnbROEZEBRZ LY —& L SUJ2,
SUS440C R — /L DEEFER ORIfR A R"T, X7 NREED 25, 50, 75, 100 mm/sec THIE =
NI=T—FR—fic7my hETWD, 20777 LVEEIZXLF—\ERRKRENITE,
R VEEFERITHM L7, $£72, SUJ2 OEFER & VEE T x /L X —&E, SUS440C D%
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Fig. 5.3 Relationship between the ball wear volume and input energy: Load 9.8 N,
Sliding distance 500 m
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X 5.3 0 BHEE T EDOT—FTH, R—/VOEFER & BT X — RO FIRR A
bhiz, 53077 7hofbiiz, SUJ2-DLC. SUS440C-DLC #-&t D EIFE#R D
HEER51IINT, ZORYFEMROME L, 1joule 172 Y OFR—/LHIM ODEEFERZ R T,

Table 5.1 Each fitting line slope obtained by Fig. 5.3
Wear pair SUJ2 - DL.C SUS440C - DL.C
pms3/joule 62.9 76.5

5.3.4 W—EEMRELE

WIT, B CEERE U TR — VEERIR B2 . (Y SEM-EDS 12 X BT &17 -7, 4
5.4 Y. fifE 9.8N., A7 1 REE 75 mm/sec DFETERE LD, ZR—IVOBFIE®
SEM BHETH 5, RN—/VEEFRIC IR S | AEERAEE L, oA e,
[Efs 7 3t U CHRBANC A E L, AE O3 X TORE% O R — VEEFER RICigR S,

W3 EOL—Y MBI L ABHREO 0 7 7 A AER R TIE, BRI S A
WIZ T CFERIZ > TR Y, BASKIIR— AL THL Y EEIZB NS S > TnD Z RN
RS iz, 5.5 12 SEM IZ L AEGHSMIT » COPLREEZ/R"T, T OEEMHERIT,
Rl ExBoTEY  BOMTOEL DY T v 7 OFRE, RSy P06 SHOERLR)N
R LT,
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Fig. 5.4 SEM images of wear scars on SUJ2 and SUS440C balls against DLC films
: Load 9.8N, Sliding distance 500m
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riiarea L

Fig. 5.5 SEM image of the discoloration area of wear scar on SUJ2 ball
after the tribo-test
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5.3.5 R—LVEEFERONRER

DLC =%t % SUJ2, SUS440C D EEFHE o> EDS S#iiER%, X 5.6, 5.7 1277,
# 5.2, 5.3 121X DLC & %42 SUJ2, SUS440C DEEFERAN, 28 (k. FEEFE ko
EDS E&SPEROE LA rd, BAEEIT, 4RO EBRSMT X COR— VM EE
R CHAEDTER S, Bk TH D Z EWbhroT-, BAEERORERIT, 4~5%FL M
iz, SUJ2 OFEFERBUL, 13 A EWHR, REOBSITMIL ST, SUS440C DEERE
JIRCIE, BESE, IRF DR SN, Fhcst UCEFMIT, IREE L L FLefbik T
o7,

Table 5.2 EDS analysis of the wear scar area on SUJ2 tribo-tested against DLC films

Region Fe (%) | Cr (%) 0 (%) C (%)
Wear 98.4 1.6

Discolor 46.8 1.0 47.9 4.4

Particle 51.3 0.9 25.6 22.2

Table 5.3 EDS analysis of the wear scar area on SUS440C tribo-tested against DLC films

Region | Fe (%) | Cr(%) |O (%) C (%)
Wear 73.6 18.6 3.9 3.9
Discolor | 44.6 8.8 40.0 4.3
Particle | 36.2 7.6 17.0 36.9
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Fe K

200 pm CrK c———————— 200 pm

Fig. 5.6 (a) EDS mapping result of the wear scar on SUJ2 tribo-tested against DLC films

Fig. 5.6 (b) EDS line analysis of the wear scar on SUJ2 tribo-tested against DLC films
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Fig. 5.6 (c) EDS spectrum analysis data of the wear scar on SUJ2 tribo-tested against

DLC films
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Fig. 5.7 (a) EDS mapping result of the wear scar on SUS440C tribo-tested against DLC

films

Fig. 5.7 (b) EDS line analysis of the wear scar on SUS440C tribo-tested against DLC

films
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Fig. 5.7 (¢) EDS spectrum analysis data of the wear scar on SUS440C tribo-tested against

DLC films
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5.4 E%£
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Fig. 5.8 Schematic of wear behavior of SUJ2 against DLC film
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Fig.5.9 Damaged discoloration area of the wear scar on SUJ2:
Load 9.8 N, Line speed 25 mm/s

5.4.2 WIHIEEFE

FEFEZ 1A TR O 20 e BRI O LR, DLC BE—HM R — il R TicAabh
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Fig. 5.10 Friction coefficient — sliding distance chart within 5 m sliding

0.5m Im 3m 5m
Fig. 5.11 Optical images of wear scars on SUJ2 tribo-tested in 0.5, 1.0, 3.0, 5.0 m against
DLC films, respectively

0.5m 1m 3m 5m
Fig. 5.12 Optical images of wear scars on SUS440C tribo-tested in 0.5, 1.0, 3.0, 5.0 m
against DLC films, respectively.
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Fig. 5.16 Relationship between the wear volume of the carbon steel ball and the sliding
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Fig. 5.17 Relationship between the wear volume of the stainless steel ball and the
sliding distance: SUS440C-DLC films: Load 9.8N, Slide speed 100 mm/sec
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Fig. 5.21 Relationship between the average friction coefficient and the sliding distance:
SUS440C-DLC films: Load 9.8N, Slide speed 100 mm/sec
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N, ROBEFEE - xL¥—R(3.22) TERINDZ LaE W,
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Table 5.4 The wear coefficient k and k’ for SUJ2 and SUS440C against DLC films,

respectively
Steel k k’ k/K’
SUJ2 1.2 x 107 | 3.3 x 107 0.36
SUS440C 6.7 x 108 | 7.6 x 107 0.09

Holm-Archard O HEHEE -2V XF—RERD D, k=pk’s 9 R E2FE -7,
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FX—BIZHT AT, N 107~108 7 -7, Ziui, # 5.4 TR ULIZERERE - 3 LF
—NOBERAER L IZERREOREA—F—Thbs, 2O L L0, BRE-— 3 L¥ K
DGR, BB XX BT AERO= XN F—HERLEZ LD,
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Table 5.5 Temperature rise on contact area of steel as a function of the real contact ratio

Steel Sliding Heat Temperature rise at real contact
Speed Power (W) | ratio
(mm/sec) 1/10 1/100 1/1000
SUdJ2 25 0.036 13 19 24
SUdJ2 50 0.078 26 50 83
SUdJ2 75 0.129 43 92 172
SUdJ2 100 0.152 54 120 236
SUS440C | 25 0.011 7 9 8
SUS440C | 50 0.022 13 21 23
SUS440C | 75 0.035 19 36 47
SUS440C | 100 0.047 24 48 67
SUJ2 25 0.016 7 7 7
SUJ2 50 0.034 17 19 24
SuUdJ2 75 0.059 25 39 56
SUdJ2 100 0.088 34 60 108
SUS440C | 25 0.008 5 6 5
SUS440C | 50 0.022 14 22 23
SUS440C | 75 0.029 19 31 37
SUS440C | 100 0.055 36 65 93
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Fig. 5.26 Temperature rise estimation by the thermal simulation on the contact area as

a function of the sliding speed measured on the tribo-tests
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& 7.3 mass%) ,Nwo7sDLC f (ZFEHE 10.7mass%) ZHW 7z, ZhbalktoRE ik
T, B 2ED 2.6.1 BUIRIHEI L TV 5D,

6.2.2 PEEFERBASM

HFEMIIZT I T2 ULz, Zhid, DLC BEFEIC LTS Fiid b A VEREL
RNDT, BT RLX—3, DLC OB TIZMlibih i S RETE 5, BEREARIL,
BIEAMTORLIE LI, BR—=AFF 4 A7 2R, A5 4 FiEE 100 mm/sec. &
#19.6 N £T, A7 4 NibffA 1000 m £TE L, RTA DOFEETHREEIT- T,
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6.3 ZBRSHEDORE}D DLC EDOBEEE - BEEEkM:

6.3.1 PBEHE - BRFEAFHERTARLAE R

6.3.1.1 EBE{RK

X 6.1 12, DLC & & 2RI DLC BEOfTE & BB OBMR A2~ T, AfrfrEix, 12
N £ Tl L7z, EEEMREE. DLC 23 0.05 FREE/Z28, ZEH IR DLC O EEEAR X
0.14 ~0.16 &, Z2REZPMT LI LI Lo TEBRESNO0IBE ER L, £/, 8F
BEBNSVITE, BBERESEL ROAEAN R LN,

0.18
. .
0.16 -~ *
| e+ B »
0.14 - A H A A
= [ |
=
2012 - @®DLC
= N, ,DLC
< 01 - AN, .DLC
= #N,,.DLC
U 0.08 L 10.7
= o
S
= 0.06 -
5 . . . ®
= 0.04 *
Sliding Distance: 200 m
0.02 - Sliding Speed : 100 mm/sec
0
0 5 10
Load (N)

Fig. 6.1 Relationship between friction coefficient and load of DL.C and NDLC films againt

alumina ball
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6.3.1.2 EEEREAGTAM

6.2 12, 737G & DLC R OEFZIRM DLC EoEfkm CORMEEL, > Ialb—
a3 v LIz RERT, BHRIFIN DLC KO BEEMRHK 0.15 20T, % 3 =D (3.36)%
N, E : 19.6 N, AT R : 100 mm/sec T, A 3L ¥ —3EIEIE 50 % & L=
RFDZEFRIFIMN DLC DT v FUTH 0.14 W L 7p o7, BEEMmEmEE 1/1000 & L7

(BERbEEAR © 300 um) DOEFIFM DLC BEE— 7 /L I FHEEEEUT, iR 370 °C - H#HEE
iz,

400

300

200 -~

Temperature (C)

100 -

.00 ‘
0 0.02 0.04  0.06  0.08 0.1 0.12 0.14  0.16

Input energy (W)
Fig. 6.2 Estimation of the friction heat on the contact area between NDLC films and

alumina ball
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6.3.1.3 EEREEIHE

a) ME—E

DLC &K 8 N54DLC, N73DLC, N107DLC RO E %, fflE—E TA T A NHEEiNE
b U7z DESFER A2 ~~7-, BERESEIE, A 7 4 N 100 mm/sec, fi7# 9.8N, X7 1
NERAEIE 200 m f2, 1000 m ¥ THEIE L7z, Z DR EZN 6.3 10077, b ERERIL,
AT A FEEREC B LT U7z, E72mi ket L. DLC i b RS, WICEREA
& 5.4 mass%. 7.3 mass%) [FIFEHE T 10.7 mass% Mk LR -7z, Z OMHEREEOK T
T DNERFE, EHR I DLC B X MK < 72 ZIEFF & —$# L, Holm-Archard ® Ut~ 7=,

6.4 1713, BRT X -8 LEEROMRE T, SO DLCEEL, BT RLx—
B EEREENAIRBRICH S Z Lo 7o, DLC L, BRI LF—8N/ NS0
77 7O FOMEEIETT T — 2RI E > TWDHR, BRI DLC OB A, K& REE
TR F—BNRREAE L FRIf o TEREEDE R LT,

b) 2Z A NEEBE—E

RIS, AT A NI L fTREORBEZG VBT 20I2, AT+ FHEZ 200 m —E & L,
frE L BEEROMRE T, ZO/EEN 6.5 18T, TE—EOREF U X 912, DLC
MO EEEENE 23— L < . N54DLC B, N74DLC BEMNRFEEE . N107DLC R Ko 7=,
X 52, EFHRIRN DLC KOS, HOWMHEE MR D L EREN IR KT 2 HES (5
RATES) BT D 2 L BHER SV, T ORI 5 T E AT, Ns4DLC
%, N7.4DLC %% 7 N, Ni107DLC 5137 6 N 72 7=,

2T, BRI DLC IEDOEFE— AT A NIRBED T A U5, 0 SAZEL VOB D)
Do 2~3N DOWMETIE, BREENMETEC, L—VF—HME CIIEEENNERETCHD
fo, BORRIZON LW, BREBEEDIE/NOMERNH DO TRV EEZ LN
2, 6.6k K65 ZERT AL X—R&LEREROHARICEEZELEZLOTHD, Z0OK
T DLC IRDEEHET XX —EBEWO T, KOLE FHIZT— 2 BIE->TWD, BEREIR
NDLC B U Tl EEFEE A 22 b - T2 BE = 3L ¥ — B fE 13 N5 4DLC [, N74DLC
BG4 160 joule, Nio7DLC &I 180 joule 72— 7=,
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20.0 T

Load:9.8 N
Sliding speed: 100 mm/s

15.0
@ DLC

MW N, ,DLC

AN, ,DLC *
& N, -DLC

10.0

Wear volume (um?) x103

5.00

0.00 = : L '
0 200 400 600 800 1000

Sliding distance (m)
Fig. 6.3 Dependency of wear volume on sliding distance for DLC, N54DLC, N7.3DLC and
Ni10.7DLC films: Load : 9.8N, Sliding speed: 100mm/s

20,0 T
Load: 9.8 N ¢
P Sliding speed: 100 mm/s
X 150 - .
o
g ® DLC
= MW N; DLC
o AN, .DLC
E 10,0 * Ny ,DLC —
=
@
= 500 i
0.00 ‘ ‘

0 SO0 10 151
Input energy (J)
Fig. 6.4 Dependency of wear volume on input energy for DLC, N54DLC, N73DLC and
Ni10.7DLC films: Load : 9.8N, Sliding speed: 100mm/s
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7.00 |

Sliding distance: 200 m

v 6.00 - ¢ Sliding speed: 100 mm/s |
= ® DLC
X M N; ,DLC
& 500 - AN;DLC _
g 4 N ;DLC
o 400 |
=
=
S 300 -
r
-
3 .00 -
=

100 -

0.00 ‘ \ !

0 5 10 15 20
Load (N)

Fig. 6.5 Dependency of wear volume on load for DLC, N54DLC, N7.3DLC and N1o7DLC
films: Sliding distance: 200 m, Sliding speed: 100mm/s

7.00
“  6.00 - 7
[—]
X ®DLC ¢
& 500 - EN,DLC - 7
g A .\?_;DLC
2 400 ¢ NusDLC a 2
£
=
= i
S 300
5
22,00 1
=
100 -4 Sliding distance: 200 m
Sliding speed: 100 mm/s
0.00 : '

0 100 200 3 400 500

Input energy (J)

Fig. 6.6 Dependency of wear volume on input energy for DLC, N54DLC, N73DLC and
N10.7DLC films: Sliding distance: 200 m, Sliding speed: 100mm/s
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6.3.1.4 TNAIFR—NOEFRBIE

B 6.7 1X. R—IF T 4 A7 RBREDOT LI FR—ILOEFHR O ZIEMETETH
%, DLC WZxt4 2 7 v I T OEMEEOY A Xid, MEOKE SIZhnb s TIRER T
Thotz, st LT, FFRIFM DLC B kd 2 7L X o8flmmfE oW 4 X3, fifE
PEINT DICPE > TREL Y | E-EREN ST 26 E (AWM ES 2827
& E OBfRE MBI OB, KIBICHEMN LT,

DLC lE% i 9.8 N, A7 4 R 100 mm/sec, 1000 m CEEFEL/ZIRFD, T F &K
—VOEEFER O EDS it 1% 6.8 |28 T, ZORIRNLOND LI, TAIFHR—1LD
[z 5 S U C Rl R O R B O 0 L 5 728k CiE., IREOTENFER SN
N, TS OEFERERIT, FHOT LI FTHDH I Enn, DLCEE 7L i3, B
FEFRIZ & A SR MOSITE Z LT RN E R ENRT,
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Load: 8N Load: 12N Load: 20N
(a) DLC films

Load: 7N Load: 8N Load: 10N
(b) N7.3DLC films

Load: 5N Load: 6N Load: 7N
(¢) N10sDLC films

Fig. 6.7 Contact surfaces of alumina balls against the DLLC and NDLC films on WC-Co

substrates in each load of ball-on-disk test: (a) DLC films, (b) N7.sDLC films (c)
N10.7DLC films
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0.24 mm

0.00

Fig. 6.8 (b) EDS line analysis of the wear scar on alumina against DLC films

WFS = 369520 count

L)
r
=
m
p
o
m
b4
=
T T
0oo 100 200 300 400 BO0 G600 YO0 8OO0 500 1000
ket

Fig. 6.8 (c) EDS spectrum chart of the wear scar on alumina against DLC films
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6.3.1.5 ZEREI DLC BEDOEFERBE

ZEFUN DLC EOEEFER 8 & IG5 120 BEFER O P BB 41T~ 72, X 6.9
{2 R 7 4 NEEE 100 mm/sec, A 7+ FHEE 200 m. fif#E 9.8 N TEE#ERER% D (a) DLC i,
(b) N107/DLC B DEEFEIR ORFEE T, [ U 9.8 N T4, DLC IE CITEFEIITR R
TR S0 A8, NiosDLC B8 TIIEEFRRPNIC B 03R4 LT,

6.10 1%, Ni1o7DLC & F o (a) firfE 5.9 N R TNb) 6.9 N TR Z 1 R 200 m CTilbk
L= OBFRE O FHBEEE TH D, ZOFEMNSMESIN TIZIER THDH A, fmE
6.9 N TlE, BEFEE FICGRIIOBMZREBEANEEL THWDH Z b d, Z0HRA% SEM
TR L THE E, BHEOOE EOFEIRT I, BRI, 7027 T v 7 RRAEL
TWAHZ ENbhoiz,

g S , o TEA W
NN

~ . 100pm

100pm

Fig.6.9 Wear tracks of (a) DLC film and (b) N10.7DLC film: Load 9.8N

100pm |

100pm

Fig. 6.10 Wear tracks of N107DLC films applied the load (a) 5.9N and (b) 9.8N
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6.3.2 E£

6.3.2.1 EEER - BERESRE

DLC IE, IR 400 °CLL E1C7e B & TELT 7 ADFEENEIL L, HENTNRD &
EbNTVD0, SRIOEFZIFM DLC fE— 7 /L I FREBEE IS TK 370°CE PRI
21, EFEIUIN DLC FEOBEFRITEEAMO BT RN E LTER LT,

DLC MDA, BEBREITN 0.05 T2 & Voo loxf LT, ZEHZ IR0 DLC R, EEE(R
¥R 0.15 S @<  BREFED LT DN, BRI A 2 oMmB R bz, Fiz,
BEBR O BRI R D e o 1o, THEREMIL, EREHFEPREWVIZEKT Lz,

EHREA TAEUTROMREIC L 2 BRES T, BERERICHEBL 525520
5, 1965 4 MIT @ Rabinowicz iE, ffl LIABRE T NVERE L7200, “ iz kb &, Wl
PEWIE EHFM OB O~ LIABIR S N KRE L 72D 7o, BEEKImMT 5, 4
6] D BEER A SN 2 RN, 2320 DLC B 5528, WKWV =0, HDHW0ITV
TREPENTZD, HEHMTHDET NI FTR—ILDRBVIAREENERLEZZDEEZ BN
D,
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6.3.2.2 WE—E

FEFE R — =X X — V=k' Ew/on 225, £FRIFN DLC BEOBEFEIRE kfEZ kb 5 7=
W, BRI LX —BME S A, BEEAHEI: LT ey MLz, 2OBREK 6.11
WA, ZOEMOMEE N, BERKERT.

# 41T, ERIFM DLC B Fm = /L ¥ — & B OEMBEE O L, B
DHB T RNX—EF M L7z, R 6.1 I[ZF DEEFEMTZ M RV F —B/EEER T 2L X — &L
&L ARERD ZEERERBORBRE R T, ZORPLOND X DI, BRIk L BB
FNX —BERTFLX—BILORE I, ZERUE-7, 5 5 EOMM OEREAEHO
HITHLRUERNG LN, 202 Lk, B E— = F—NOBEMREIT, BEx
WX =BT HEETHE SN =R VX —FETHD LN Z L ERT,

2.00 |
.
s
= y=3x10%
— ® DLC
X = _ *
o L5 - M N, ,DLC -
"'E A N-,DLC
= + N,-DLC
=7
=
_E" 1.00 -
;
=
’ﬂ-ﬁ
-
~0.500 ]

0.00
4 5 6 7

-
—
(8]
w

Input energy (J)/Hardness (GPa)x103

Fig. 6.11 Wear volume of NDLC films as a function of input energy/hardness ratio

Table 6.1 Friction coefficients and wear coefficients of DLC, N54DLC, N7s3DLC and

Ni10.7DLC films
Coefficient DLC Ns5.4DLC N7.3DLC Ni10.7DLC
Wear consumption energy 0.3x10% 1x10% 2x 105 1x10°%

/Input energy ratio
Wear coefficient 2x 105 2x10° 3x 105 2x10°
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6.3.3 £&®
1) ZHRWNMDLC BHOMEE L v o VT, BREABOMKE L LK T 5, BEERK
1%, DLC A3 0.05 1%t LT, E3HFM DLC T3 0.15 {2 L7z, IHOEEFEE
E. AT A REEBEE & DICEBAISIEMU, BEOME MR EBEERIT S hoT, Z
1% Holm-Archard Ot 5,

2) BEHEEIIkHT 2B EORET, EFN DLC BIL, bofEAZ#z 5 B R
B &AM EERER SN L, %@P’“K%%m IEFFRMBNSZNVEEREL LD, HR
FTESITERL o Tz, BEmES A% 2 b, EHRIFN DLC BOBEENIZ SO~
17y Ty nRELE,

3) BEREE - x L XF - bR EFRINN DLC BOEEFERI L. 6 4 ETRDIERE
B 2 X — BB 3L X —BLEOREX SPMFER U -7, 2 X Bk
- T L X —RNOBEERRIT, BED R VX —3FIIT D EREIClibil s = x L ¥ —
HERTHD Z ERPLNIR-T,
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6.4 ZEHREH DLC EOEEE - BEEesM:

6.4.1 fAREEDaES |

ZhE T, DLC I, ZHEUN DLC O ELRBHY e BEEE - BERERHIEZ | fERIE, =R LF —
B2 VTR L C& 7o, IRERIR O FRIE, L VBN LR R S 2B AR L T Z
ETHY, ZTRETRH/LNEZT — 7 &2 EIZ, ¥ L DLC EDFRA~D IR 2 5272,

DLC FEHICERZIRINT D & sp¥fsp2 LB L, F0IC L - TR (KT LR
DL 72 oifn, BREZWMNT 5 & spdsp? b3 T 58 A X C-N fEE00-09388 425 =
LItk BEFEZLND, BRI DLC BED R\ sild, BMIRNCNE - T HEAR D SIS FHE L
RNZETH D, SEFHE L7 DLC i, ¥ A4 2 & REEDS A4 U 25023807,

THACKT L TEFIRM DLC IE E A EDH 0 s, 1R ERTHER) S OFIEER
BIIR LN oTn, ZoZ L LY EZEIN DLC B3, DLC LY HEEEIEA T
DEEZOLND, ZOEFRIFMN DLC HEOBEAFMENENTWDREIE, Stk & = FE %00 DLC
BEDBIRREOBBEIEE L T DTN EE X bid, ERIFIMN DLC EoOTEE
mOWREL S, 300°CLL F E32 EHEE SN DT, BEEREMZ LA EA b L A7 o gk s
E. RO mEERENES M BT o PRl s, 2T, EiE o RmiiEEAEO Ry (B
& BRRGREANIVY) EBRIRI DLC B, R iIMHEEREN O K vy DLC B2 3 X, LV EE
B - EEREEFE 0N T DLC BEBMERTE 20Tkt o fIc k3% DLC HEx
N— R CEFREREZRE, (FRIL, OB - BRI 272,

6.4.2 EBHE

6.4.2.1 ZERMER DLC EORES

HMDSO (~FH R FLoimdiy) HREMFhEE (S (bah) o E <1,
INETORBESELFLTH D, PRBEFRES(E~NE L (CeHo)lE, v A7 m—a |
72— 2 HWTHEZEFN~JE 15 scem BA L, KD 15 SHER T A DR ETF
N2/(CeHe + N2) % 0.87(% F it #& 100 scem), IR D 15 73 [l 8475 0.66(% Fift & 30 scem).
030 MAERKEO L LT, h—%/60%. RFHEH 0.5kW, FIFEE 50 °CT
BEETIR -T2, BREMEREEGNDLC & #ZD) O Z ., 9 6.12 (077,

DLC 0.5pm
Ny DLC 0.25 pm
Nsq,DLC 0.25 um

Fig. 6.12 Nitrogenated DLC film structure with nitrogen gradient content
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6.4.2.2 EFERB

=%, SEM IC L ABmBE L V) 1um Th - 72, EHRMA DLC O, v 7'
I, F AT A—TRE LR, BIEFRT, B 2 ETRHESNH TV A FELRTTH
7o BEER - BEFERAMEIS, R — A 7 0 A7 ETRHE S 7z, Bk, A 78 FRP-2100
TV var A= MEHET VIS ERER UL, FHEFEIT, %3 B 4 HICFEL R
7z, AT A NUEEEIE 200m THEE L, AT A F#EE 100 mm/sec, firEix 20N £ TE/{k
SECREM L7, ARBREREL L. KRB THA L7 U —DUREE, IR 20 ~ 25 °C, % 10 ~
20 %72~ 77,

6.4.3 PR - BEFESTAMAS R

6.4.3.1 FI/AUT UL IEERE

K621 /AT Z—TRHELCHE, Yo 7FemRt, ZOUERRELY, EHFM
# DLC o &, Y 7Rt 36.2 GPa, 292 GPa & Z/MEK T LT\ %723 DLC HEkic
WVMEZ 7R L, N54DLC i 24.7 GPa, 221 GPa & X T@EWMEER LT,

6.4.3.2 EEE{R¥K

[X] 6.13 |ZT7H & BEEMR I OBIR 2 o~T, DLC B, ZFHE{EAL DLC B L & BREMR KT 0.06
B LKL mEEKFHEITIR N7, ZTHid, RFREVPEZREZEA LW DLC Th
L, FEERERBEABOEBEWVIZA LN N ST=NEE LB LND, 2D,
FEEERE LM 6.2 T/RLEZLIIZ100°CLL T CTHD B2 HND,

6.4.3.3 BRI

X 6.14 |2, DLC M O'Z #Z{EF DLC FEOfifHE & BEFE R ORE R T, ZDKG, il
B, Yo ZEBNENCL DL TEHRMER DLC BED T2, THEEEM BN TWD Z &2
Do T,
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Table 6.2 Hardness and Young’s modulus of the DLC, NDLCs and nitrogen graduated

DLC films evaluated by nano-indenter

DLC film NH Vickers Young’s
(GPa) hardness Modulus
(kgf/mm?2) (GPa)
DLC 38.3 3550 321
No/N5.4/ N10.7DLC 36.2 3350 292
N54DLC 24.7 2290 221
N10.7DLC 20.1 1870 173
0.08
| o
E 0.06 ] | |
S ° m °
=
g 0.04 +
[F]
-]
2 ®DLC
E 0.02 - EGNDLC
=
0 | | |
0 5 10 15 20 25
Load (N)

Fig. 6.13 The relationship between friction coefficient and load for DLC and nitrogen
graduated DLC films against alumina ball
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14.0 - - N
z ®DIC . e
—
X 1oL WGNDLC o 7 .
& -
E e
2 100 - .
z
=S 8.00 - -
3
= 600 - . .
2 e
=400 - -

Sliding distance: 200 m
200 - [ ] Sliding speed: 100 mm/s
0.0 ' ‘ '
0 5 10 15 20
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Fig. 6.14 The relationship between wear volume and load for DLC and nitrogen

graduated DLC films against alumina ball, Sliding distance: 200 m

Fig 6.15 Wear track of nitrogen graduated DLC film: Load 19.6N Line speed 100mm/s
Sliding distance 200 m
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6.15 1%, 19.6 N T 7= D EFHER DLC EOBHRTAETHL, ZOFENLDM
% L9, AR oOFEBRAEAENICE N T, E2FRFMDLC TR LN T L5277
DIAEITR ORI T2,

6.16 13, HREHASEEER = 3 L ¥ — B Co DLC B, 3£ DLC B, K OEH# A DLC
EOBE_EZ AT, Z07 77006020 L9512, FUEBE- X —&TEEMHEF DLC
B F 73, DLC L 0 HEEFERIT D20 WFERNG DTz, F72, R DLC DK L
LN LD, HOMERDN L AMICEERENEMT 2BLITR o7z,

7.00 T T T T

Sliding distance: 200 m
6.00 - Sliding speed: 100 mm/s -

5.00
4.00
3.0

2.00

Wear volume (um?) X10°

1.00

0.00
0 10 200 300 400 S00

Input energy (J)

Fig. 6.16 The relationship between wear volume and input energy for DLC, NDLCs and

nitrogen graduated DLC films against alumina ball
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6.4.4 EB£

6.4.4.1 EEFERRE

22 FER DLC B BEEMEE0 T, DLC I & 3T A% <, Ml EFEME T DLC BB L v B
77, BRI DLC DA, BERENET LB AMENGFEL, ZOMAMELIT, &
FEIIN DLC BEDOREEEMEL 72 D /&L Ie o7z, 2T, EFRMEBLEMT 5 & | sp¥/sp?
Lo s U CREFE 2S5 72, Z AUt » TIRATE TR A U206 Th 5, Th
2% L CERMH DLC T, M EAE L TF 7 U ORAEITZR SN0 - T AREERK,
DLC R4 DIt EEFEME Y, REMAELEZA L2V DLCH CH LD TH D,

6.4.4.2 ZEHRMEH DLCEOOTHIZRLF—

Z # A DLC E(GNDLC No/Ns.+/ N1o/DLC)DO#EEE, ¥ 7 %1%, DLC fE Ns4DLC
BEDFRME A & - 7=, WL DLC BEO F @O DIz b1, BEFEREIZ ZHE A DLC
DR EN TV, X6.171F, 1joule IZxfT 2EHEL, BET 2L — &2 ML
TFry NLEZT7ThHD, 1joule M7= 0 DEEFEERIL, F#MAI DLC I, DLC %, %
FEUN DLC BEONRIZIEM L7, F7=, EFRIRM DLC DA, 1D 1 joule 1720 D
BEFERIIIER IO R VA, BT R L X — BPINT 212 L2 o T—EEIZE -3 < EA
BRI,

BRI 2L X —1 joule Y72V DEEFEE N7 09 Z i3, B 2 L X —0RIDE
TEBSNIZLDORZNEHELEIND, EHRMER DLC D723, DLC LY &y 73
BBV, Z DY 72 ) OO HT RLF—]T,

W= (6.1)

THEZOND, ZZT, o JTHEMERE Y720 oM O0FHT 3 LX— o l3SH, Eixv
PIURTHDHM, ZoXNbanD L2, —RICFE URMEELMA TGS, Yo 7R RN
HRFHEOT R FX =013 D, ERMER DLC RodEa s, DLC REY & v o7
FEPENZOBMEOTH XL T =N 20 BECHbN = rLX—0n L7l
ol HETE D, RiMiLF U DLC 72D T, BREICHiDIL D = Rf X —03D 72 o
57 EBFRMER DLC D25, MEREEN R R-722B2A b5,
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Fig. 6.17 Wear volume per input energy as a function of input energy for NDLCs and

nitrogen graduated DLC films against alumina ball

6.4.4.3 HERTRNLX—F

kTR T OB, DDCERR AR T R X = L ONIATE 3 <, EERERE A R
THIZT, ENFEHZRAF—BHEHE SN 0T 2 Z LITEETH D, 6.18 13,
TN FEBEFME Lz, DLCIEEXUEEZERIMDLC D 1m X7 A N LIZRHIZHFES
NDEZRIF—, 6.19 X, Z# 5 DLC D 1 joule H¥7- VHFEINDEREEE L L
72 1m Y72 OB =¥ —%, DLC AR LK<, # 0.42joule/m, ZEFHE{H4 DLC
BE, I RIER%D 9 0.55 joule/m, ZFEFHFUSM DLC FX, 254 1 joule/m 27z, 1
joule 7= v OEEFERIL, EHRMEAR DLC BEASH LKL 300 um3joule T, DLC PFE
1500 pm3/joule, ZEFE¥RIN DLC i 7000 um3/joule % #4 2. 77,

DLC M DOBZRIFEIL, 2 x 106 &KV 8, E I DLC OB RAHIL, EHEN
275 L 1 x 100 EFETEFTHZERHESNTND0D, SEDEKRD WC-9%Co
DENZRREIT, K6 x 106FRER DT, ¥ 6.20 127~ T L 512, WC-9%Co Eef fitifin 12 #4
TR DTN ERIFIM DLC A2 ZRAE T 5 Z LIC L D EYS /NS 720 ZOTEA
MR@L 250, LV 74 FR e —FEORWDLC ERERTE - EEZE L OND, =
FX—HEE, BEAOE AN G ERMAMIEERET D 2 & TEE - BEREAEOEN
7z DLC A F4 2 Z L3 T& T,
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Fig. 6.18 Comparison of the energy consumption (joule) per meter (sliding distance) for
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