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Suppression Effects of Lubricant Additives on Vibration and
Noise in Chain-Type Continuously Variable Transmissions

MRENRFXRFER RIBEERFA

RIBS AT LAFEIR BT RIERH

aF FR

Iwai Toshiaki

2020 £ 9 H






=5/ U PPPRPR 2
I I = PR 6
L TR 72 T == PP 7
ORI :1 22 e g0 -2 =1 SO 7
112 FI— R B R MO EE] B .o 9

1R L4 = | Pt 10
BRI 5 /D -1 PP 10
=R 7 L PSSP PPTRR 12
2 R PP 13
22 FI— R R D R B & T . i 13
23 FI— CVTF DR it 13
24 AR SA /R IR oot 14
R = 0 iy ) 11| PP SPPTP 18
T = = =TT S 20
2.52 ARIEBUDMEBE ...eeeieeeeceeee et s et e e e e e e e e r e a e e e a b e e e anareeeenneaans 21
2.53 R B B B BB ..o eee e a e e e nrre e e nnneaans 22

I =T PP 23
BB 3 AR R . e 24
T8 O = = PP 25

R I = b TP 25
T B - PP EPPTPR 25
3200 F I = TR R oo 25
3212 TOYVIA T D 5RER i 26
3203 R B R ..t 26
32014 EBFHR T T B T e 27

KT 1 PSPPSRI 28
323 TN e s e r e e e nr e e e e s e anrr e e e e annrrae s 29
3231 FI = TRWZIZZAEHBR . cueeiiciiee e criee st e st e e e e e e e s e snre e e nneeeans 29
3232 TOYVIAT U D FRER i 30
3233 R B R .t 31
3234 BFHR T =B T e 31

KT T - =TT SSPPPRPPRR 32



RIC==  == [Y rll O 1V 3= = OO RTRR TR 32

332 BRI RIFT T ARDBEEDRIE ... ree e e st st te e e s e e ae e e nneeenes 33
KT IE 311517 1 =SS 34
KT T 1Tl SRR 35
= -~ 36
I == == D 3 S 36
342 BRI EREAZRDBIR oot st re e s 36
KT S PPN 37
A B D T R I R . e 38
O R - = PP 39
e = b~ PSPPSR 39
A S SRR OP PP RPN 39
- OSSR RUPRPP 41
e T = [/ PP 42
T = = PSP 43
431 BRI RIF T B HABREEDRIEE ..ottt ettt 43
432 HERE(CIUFTELAIREEDRIEL ..ottt st st s e st sae e e besae e e e rennas 45
433 BRFRELARE (CRIFE T R EDRIE .. e 46
= PP 48
O = b a2 2 (D < 48
442 BRFASHARE EIHEE TOBMZR coovee e s esee e e et 50
VI 1L ) o e = (0D 3 L TS 52
444 ZABRSANRYIBIRERMTETILODEL . ....o e s 55
445 BEAADTZDDFNIBIOIZE] ..o st ae e e e s e sre e e e sre e 59
= T PP 61
= PPN UPPTRPPIR 64
70 T 1= 65
I = b PP 65
0 =T~ PRSPPI 65
R v USRS 66
ST T = = TP PP PPPRPPPRPPN 67
T T .= = PP 68
TR T == Oy = i == USRI 68
SRR 0% o= Y rll O g == i = SO RSTORRSRPRN 69



5 B R 70

54.1 FM+EP+Ca OBEAEHIFER E BT THERER(CDUNT i 70
542 BTSSR & R R B R R DB R . o ————————— 71
543 REBEGBEREFMENLIBEERDBR oot 72

T S PP 73
I R = PP 74
LGB0 = St 75
L e 701 - P 76
Db RN B = SNy = o1 . PSPPSR 79
FEEB R D T AR BRI G TEME oo e ettt 81
U E = L Ol ] = ) PSSP PPTRR 89
S E =3 L= I/ PO PP 92
S22 5.5 P 93
=P 102
2SR 105









F1IE R

1.1 HROE=
111 RESZ R DRI EN )

RESZIRME (CVT, Continuously Variable Transmission) (& 1987 fE(CFEFE SN TLLE, Figure 1.1
(CRIBONET (CEESLZE U, FHl 100 had EEE SN, TOHRIENMER(CH D [1].
CVT (FEEBEDRENE(CBVWTEERFRINZRIZLUTED, BRDOLD (CEFREEEN STV
MIS(CHBNTRICAREENMENTZ A2 RZwS 3>y b 2]-[5] £UT, L REIRE
DOEETIHRASINTS D, BEIZEM (AT, Automatic Transmission) XJEb 10% BREN @ LTS
EDIREN DD [6]. Figure 1.2 (TIRT 2015 F 9 BOEEHRS TEIRENIZ SDGs [7] (CHBWT
B COo, HIRBEMEITOSNTED, CVT NEERICKREFITHEEFRETVNEERD.

100 —
90 y
80 y

70 N /

P> /
60 e

50 '/_,._,_/'f - ) /’//’"’ _DCT
40 £ AMT
y . W/ CVT
30 .~ =,
A \ Iy
0 — o~ JAT  BAT  9AT
10 - 4AT

3AT
0 L | ] | | { | { | | | ! | | | 1 | | |

'70'75'80'85'90'95'00'01'02'03'04'05'06'07'08'09'10'11'12'13'14'15'16'17'18'19'20

Annual volume (millions)

Figure 1.1 Annual production volume of transmissions all over the world  [1]
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Figure 1.2 Sustainable Development Goals: SDGs [7]
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SR EINL DIEBREN NSV, 1.6L IS AU TORMAECRSNTLZ. DR,
EBNLbOARESRECZESR(C, HEBBHETIE 1997 £(C 2L B (PRIMERA) (CE
#H L, =5(C 2002 £(C 3.5L B2 (MURANO) (C¥E# L, 350Nm D NLIEGET D E
MNeJgETH D EZRUE [9]1. RIZICHBWVTE 2006 FEz=IREFE (COROLLA) (CN
JL-CVT OEESZILALZCET, BAROMISZ TEANIL M-CVT OEEHRLEERNKIEC LR
LTz, NILRCVT (& BT —Y EEBANIL COBIDEZENT ML DIREZITO TULD
[10]-[12]. ZDARE MILOET —U DRIV SO U T E & EBRIOBEEBREDOE TREY
DIz [13] [14], BELETDRENZHHIDICERUMITEZRELT D ENERT
»D.

R DEBETHDF T —>CVTIE, 1999 FFE(C2.8LE (AUDIAG) (CEEEN [15] ,
TDEX/)VULA 2009 £ 2.5L B2 (LEGACY) (CERAUL [16] , HEBEIES 2012 £F(C 3.5L
B (ALTIMA) (CEERUTULS [17].2019 &(C(E GM AY 1.5L B2 (CHEVROLET MALIBU) (C
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522 FT—>ZFALTED, TL— bOFEZECITZETNLIBEZEPI LN
TE2 [19]. Figure 1.3 (CRIBEDFIT—> CVT (INIL S CVT LR UE NLOBERT
TR, BNZEEDRICELD, RERDO SO AZvS 3> LU TEESNTWVS (1]
[20] -[24]. Tz/2L, FI—> CVT (FOVH—EHERNICT—UICEAT L < (FBERR T
B EICERUIRBNRESHNREEL, CVT DR EESOMENRETDIZENDD

[25]-[31].
Belt-CVT Chain-CVT
Structure
) al e gak;__ .
M= i pﬂ
Efficiency Reference 5% improvement*[6]
Noise Reference Worse#*[20]

Figure 1.3 Comparison of belt-CVT and chain-CVT [28]
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CTO/EBHMEF T —> CVT Fluid AT, FT—> CVTF) &R, FIT—> CVT DEHYD
IARDEEE, BRAUY TR (~1%) BRUSEMES, BLAWVFIT—FRE (~70m/s) T
BT DICHIRFRN SHRNEIBRISE COERSFEZZERL T, FT—> CVIF ZH%ET
DWENDD [32] . FI—> CVIF OFFET(E, SHTIFTREHZH/ICITHICHBBR
MFZERLUTED, FICEBIFHECASRHEEZSX D (AR EMEFEMECKS
REEE52% MUEHR] ONREHIET D E(HRBEEZHEHIT D L TEETHD.




B1IE HEWR

1.2 fAFROEHN

F I —> CVT [FTNF THIREEET (C K DIRBS KUREIEIADT7 TO—F (3% <&
SN TEEN, BRI IC K DIREND KUESOIH FRIFINE < FHmXbETun
R0, KX (FBEBEADF T —> CVT OHRem EZEFRICES, FT—> CVT DOFEEH
BN SOMREB EADT7 TO—F2F LD, FIL—> CVT OERORMEREE A>T
L\ DiREN & RE OREZ ME RN ORERMZREL, HEHOEEFEZHIHT D
ZETFI—> CVT DIRENEREF IS D C £ B KU DIRE) & EEDINHIEH %= #Z8A
DI EZMARENE UL,

1.3 WX ODIERY

RmXFIUTF DL 6 ETHEREIND. B 1 E [#EH] TE, AAROESEELTCVTD
RMiEMEF T—> CVTF OFRBIEEBICDNTEED, TDOLTHRATROENZHLE T
WD, 82 T [BIFEDOAFE] TIE, FT—> CVT OEiERESF T —> CVTF DENRSF
M, A RSANRY IREE KB ERIIRIO—MIQMEREC DN TELEH TS, NZ
HURBERSZIHI T DIHOD DO ZIIR U, 8 3 & [EAMEERER] TE, ™
BFIT—> CVIF LAFEFIT—> CVIF ZAVZEAMRRBRE L TF T — 2Ry OG5
BRzEERL, TO/ENS, TOv oA IR AUz BT (T8 & UiAF, CVTF
DEERER CHDIEEBFHLICDOVTIRST Uz, FoEBRET X hE—XDEEE
EEDHL, BEEGEIEDANZXACDNTHU TS, B4 B EANDIANDRER]
TlE, FIT—> CVTF [ERAEIND 2 FEAEDORINE (BEEFAEF U TOAL ML= &
BERELTORIDILZILIART7A b)) ZRAWTHAEUZEREBECK > THETD
BN D I ARDIEMEEERER (R—ILA> T« RTMER) ZFMUIZ. TORER CEF IR
WS, ERRRINFNSE 2 ETURUEIDOEEMHIEEES(CASRFEES5X TS
EZAGMNCUTZ. 85 & R TEE4ETHEOSNIEARZE E(C, EHEERTF
T — 2Ry O HER) Z AW TIREBI R EEIRICE T DARHER(CDOWVWTEESHTLD. F 6
& [#Em] TE, UL ZEBE LU TESNIEARRDERZEREDHTND.
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21 #EE

AEBTIFFI—> CVT OFFERE, FT—> CVIF DEREE, A NSANRY JIRHS
KEEBRINE C DWW TEHEDIARIC DWW T E LD, TNEECIRSEZRE2IFH TS
TeHDZDDEIREIIRUTZ.

22 F—HEERTREOIRE SRS

FI—> CVT DEZ(CRAUTRLRBEMNMSIREMNMTONTWDS. X EOvH—
ENT—-UICEATIAEEZHIHT D ETHEEREZERIES [33] -[35] POV
—E2 oy FaEEcE TUHRMES ZH1E TS [36] PHEMERSD [37] &, {ERFT
—> CVT OEBRR(IMRERETOEE(CL D7 TO—FMNEETH D, BECEmARD
AP ETHDOZ.

23 FI—> CVTF DEREFE

Table 2.1 (CF T —2> CVTF DERFFEICDWVWTRYT . HEMEE(CHDWEERKFHE T U
THEITDRDICHFRZARDHTUND. ITERET MNLIBEIT DIcDICEBEBZREN K
HEN, HERE UL THILEDAREERNIZRINUTUVD. BRAIQHEHERE (I U THRZE R
HTNBN, SEFESERCHELTHD, TOLSWEBmRMNFEERVEFT—>
CVT OESEERIFFRSIAL S TLVRL).

Table 2.1 Required characteristics of chain CVTF

Required Chain CVTF
performance | Required characteristics

High torque

. High friction coefficient Calcium detergent
capacity
Prever_1t|on of Seizure resistance Phosphorus extreme pressure agent
adhesion
Fuel economy Low viscosity Low viscosity base oil
Long life Oxidation stability Antioxidant, Dispersant
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24 RABSARYIHRE

FEAMKOEBIARR (C DUWLVTIE Figure 2.1 (TRI AR SANY IR (CKD>TEREND
[38]-[42] . HEE(XEEEYREL (v) DOXIEL, HEEH(IHE n CFRE U DIRZRE W ThRUEX
BEIRD. MR EYMAORZ BRI TR TSN TV MERE RIS [43], TAEEBDR
L7 R CET M EIEFTEE [44], ESHEEEIREEE SBEREBEOBRMEIETHD

[45]. FERARSARY THREOME n CEE W Z—TEET DE Figure 2.2 E1RD.

Boundary | Mixed ! Hydrodynamic
lubrication 1 lubrication lubrication

I
I
I I
I I
— I | M : Friction coefficient
—_ | . n : Viscosity
- , , U : Speed
. . W : Load
I I
I I
B ;

nu/W [m]

Figure 2.1 Stribeck curve

M [-]

U [m/s]

Figure 2.2  Friction coefficient speed characteristics
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FI—2 CVT GEBECEHNTSD, REELRCEZFEROREFEN VT Eas
RCLIRDMENFET D. CORLARDESZRIESMNCSEDEHICZDDEIREIIR
Lz,

—DEOHBE (S Figure 2.3 (SR IHRMEIRIEKD p 7 T 1F D Z & CTEEFRHORERFEDEL
BCZRIRTZEMICL, REIEINX DHBE THD. BEDAL > ZORIRICK L, MYEERKD 1
Z T ITTZEDONROIRERD. BREDIBEEIRNE 1 DWW, 1 NEETHDIN, 7
MDY TLRRITDERIRERD, BEDAL >R K DBRSIRDI N EEIGREDERE
FEOEDRNRITSHNIIRD.

U [m/s]

Figure 2.3 Low noise strategy @ Reduction of friction coefficient in extremely low speed range
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Z DE DB Figure 2.4 (ORI EBREHDOREEFFIED T (CODRTR, AR CIIEREFHE
B (Ua)EEERT DN U Z LT D ETREFROREBFEDE NI ZRTZSMNCIL, ik
B ZiR DHEETHD. BEDAL O ZRIRCHL, Us Z LIFTEBRSEBORER, B
BREORERFEDE DN RIZSMNTRDTND.

M [-]

Figure 2.4 Low noise strategy@ Increase in critical velocity (Uer)
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ARFRDT—NTH DR ERE (N T DB ERMBFIOIMNGIVERZRIR I D/28(C
Figure 2.5 (RS EBEQ DIRMERIZD 4 2 FIF D2 & EEBEQD U, & EIFDZ &&RFE(C
BVWTHRZESD . TDZDDEEEZ [EIIF(CIER I D Z & T Figure 2.6 ([CR T KD (CHRED
ERENMRECICKWVEBBELSZREI LN TSR EERE.

W [-]

Figure 2.5 Low noise strategy @ and @

U [m/s] Us Ue

Figure 2.6 Final goal of low noise strategy
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2.5 EEHAINE]

RIET CIZI R UEZDDMIRZE RITI D L TH— LI DEBBRMFNCDWVWTHRATS.
Figure 2.7 (F/\DF7 > EF A /= (C K> TIRERSNTIRFREEOEI IR TH D [46]. ARG
R ESNEEREBOEMEZILA Utk FZ2RrU TS, BTN /c LE & T EA
U, BEFENMNIND EEXSNSD. FEHETHECEHESAFEL TLDDT, FHEART
BN CIDIT TR, HESOMEBCTEMNECD. COESE, MECHNTEAL
TLWDEDEREL/RD. BERKRAEZZJOCHET D SEBHNNIBICX > TR TS
NTVWBEGERE CEBRETHABEEEML CVIBERCHTEND. CDESE, BERE
=X Y DEDOEEE EREMERE 4, ERBEMEREOS S, &EEMHIEC TLDIED
%ablTBE, SEEMSBOOERER ad £103. SBEMEDDEAMESZE S, , K&
RO AMERESZE Sy &5 E, LEETECKH U TERAMICEN I 2D F (BEES)
FH()TERE=NS.

F=A{aSy + (1 — a)S¢} (1)

BERTAIIS v IS DKD ICRBSNEBIBAE L TUVDRINF = EIRFH
(FM, Friction Modifier) EMEEN, RFMI/E FM & U T Figure 2.8 (LRI AL AILT7 =N
H2dN, EERACIKEL, BEEZRERIT DIEANGDGDEENDNTND [47][48]. £EHE
ARERZ R I IR CYER 9 2NiEl & U CHRIEFANA] (EP, Extreme pressure agent) H'350,
RIRI/XEP & UT Figure 2.9 (LRI KN OLZILIART 74 "GN, EEXREAER
IS UBHMI E 251 DFRN D EENDN TS [49][50]. CDKD (CHEIEHANNFZ &
BRLASED S ETEBFEOI> bO—JLARIEEE RS [51]-[56].

«— A «— A

i
MMEeA Tmm ”’”ffmn MTRALTTTT
LS SIS

F=A{as, +(1- a)s:}

Figure 2.7 Schematic model of boundary lubrication proposed by Bowden and Tabor [46]
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Figure 2.8 Oleylamine [57]

Figure 2.9 Tricresyl phosphite (TCP) [58]

NHs
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2.5.1 FEEEEIREERIDHLEE

BEERER (C(TRMRIEIFN TS D, ikl &(&F, TRUMED 2 BREOREhZERE—
FHETCTEALRZESE BREZECHEEDIRND ZENGDD. COREDEZHEEWND. |
[59] E=NTHD, EEROELUSNOIER, IO EIRREBEEEZRIEDOELT, |
EANEESNTND. HECDVWTDREADIAINZ Table 2.2 (RIS, Wells 5 [60] (&,
fioh(CAEDREMEEZ RN UTITERaeMBER E U CRWS LT, HvhEAREERUCE
BaAECERTEDILEZHREL LD, FIT, HSDHAFTT(E, BIEHIE U TRERAL
SNTEHEZZE(ORINTDIEIDE, BEZH I DREEEZDSRMUIZH I EED
BRICKELTEITRICEEREINTUVD. ENERZFREEFHA(C, Langmuir [61] (FFR E
(CALAZBEODFRZERTDZET, FIREXSAY EOEENRD D EZRE
LTWD. CDKDIC, SRAEEE SRV I—)VR EOXKiGCBEREZE I 2R EEE
MBI, RBRAECWET D ETEEEZERTDEEZRLL, DHER] SIENS.
COELDORAEEEMENFIRT D DEtE] (CDULT, Hardy 5 [62] (EREEHREREE
ML, RNFDFEEREEOHEBERZER T D EOFEEMNRENL.

Table 2.2 Representative research on friction modifiers
Year Name Research details

Proposed to reduce the coefficient of friction as well as fatty
1918 Wells & Southcombe | acids even when a small amount of fatty acids were added to the
base oil. [60]

1920 Langmuir Proposed low friction with oleic acid [61]

Proposed that the longer the fatty acid carbon chain, the lower
the friction [62]
Proposed 6 hypotheses about oil origin including bearing

1922 Hardy & Doubleday

1936 H
? SISey characteristic number [63]

1940 Bowden & Leben Demon'st'rated j[hat the .frictior.l 9oefﬁcient differs depending on
the additive using a unique friction tester [64]

P lubricati 1. P h 1
1950 Bowden & Tabor roposed 1.301lmdary ubI:lCElthl’l model. Proposed that monolayer
reduces friction coefficient [46]

Proposed a boundary lubrication model in a dynamic state over
time [65]
Proposed a chain matching effect that improves seizure when

1958 Kingsbury

1
967 Grew & Cameron the additive chain length and base oil chain length match [66]

1969 Allen Proposed that multi-layer reduces friction coefficient [67]
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2,52 MHERIDHEE

BEFR & (&, [EEEmEOERENNEL, INDERENASVBENEERMFTICHN
T, B - EEZR SERASZEHIE T DREIZEDILEN] [S91&2NTHD, EER
HERIG U E ZR51E I DERMNSD D EENN TS [49] [50] [68] -[70].

CVIF EUTAHW\WSND NJUITLZILT AR T 7 A NTCP)DIEFR#IE(E Beeck 5 [71]
DALFFREESE & Barcroft [72] 72 ED 'V > BEERA BB N30 D . Beeck SDILEMESR TI,
TCP ZFAVVZIUBREFERER (C KD, #K¥ & TCP DRISERIMNY SALEK (Fe-FesP) Tdrd
ZENS, TCP DEBREMRETOMERKER, TCP IR CTEBRAERIGLY ALY
TERRL, ESICERULIZYAMNERE ERIGLU TRRIROAREREMZ 4K T D, &
DREVN ERICHVKREZERLIEIESS (DOEF) NS LTEED (ME) NRNCH, EE
FKEADFBILICKDEEMER T D EVWDHTHD. —HDY DEEKEMTICDNT,
Barcroft (3Gt EMIcEREFIA UILRIRDIC T, EEEOERINERY S BIETHD
CERBASHMCUTE. YEREIBEY ACEMDONRICLDEEDY BT XF)LDOERBER
HEIBER &, SRDRICIDERY BRI (CH D & LTz, &FIZ TCP (& Wheeler 5 [73]
(CK DT Figure 2. 10 (ORI KLDIC, EEXAICBVLWTERCTHEL, MJUILEZESKWL, U
SRR T D C E MR SNTULD.

CHy
0
! Fe Fe CHg
~0 — () —CH S-CHy
RN 3 . PO, . @
N e Sy
1 |
(a) )
CH3 CH3
CH CH
[oQN B ot
0 0
< N
P P
7 N\ A=~
' : Fe
{h) [6]]

Figure 2. 10 Alternative models of TCP adsorption on iron, (a) and (b) at room temperature,
(c) and (d) after heating to 330 °C [73]
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253 SEERRIOHEE

EEFEFEI &, [T WNEZERICERDICHICAREE RS H (SRS NS RaE
DERBIE] [59] £B D, Figure 2.11 [CRRNBZEBRBFFHID Ca ALIRR— MZRT [74]
[76]. BEERRNSIRBESRCEL > TERSNDEMERFIZFHL, BRCRDIZER N>
W) OULTS— MADITZAPNS v H—DEREZMIE T DH#EEZE LTS, RFICIEEMN
BUVBIEREMHOA MV ETEREFENEVWZHRAVNSND. T2 AAILLBSMNIE
FAHPTEAMBHECOERSNTLD [77]-[79]. FIZE&BEFHEIE CVTF DEEGRE
M_EDESHTERETNTND [13] [80]. BIEEMD Ca RJLIRR— K& Cizaire 5 [81] (T
KD TUEFHRRIC DV THR 2 RRIMTERE (XPS, ToF-SIMS %) Z RV \ZEElDA TN,
ZTODHHFERZ (T Miklozic 5 [82] (& Figure 2.12 (LRI K DIRREESILS "I /s (CaCO3)

MRIVIRR— MR TEHAFTNIAEHZHREL T S.

Figure 2.11 Calcium sulfonate [83]

Figure 2.12 Schematic diagram of overbased calcium sulphonate detergent structure [82]
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26 =
F2ETEFI—>CVT ORMFEFBEL U TR EESEN DD, 1EREHMERETDZE(C
KBT7TO—FMIRETHDEZASMCUIZ. £EFT—> CVIF OERFECDLY
THEED, HBEERNFIZANZFI—> CVT OEREERC DOV TIFRIFINENC &=k
Uz, ARTARY JRRKIOFFECDWTER ED, FBRBERIIEIC DWLWTIFZEHFEDHRFTE
U CEERERIOMR, MERIOMR, EEEEFRIOMRICDOVTEEDE.
U EOREZBEFER, FT—> CVT DESFHEDCHICTFEEZDDOHBEZIIRUTT.
IR  MERIROBEIZGEZE TS, EEGEHROREEARZRIITSMNITS.
BERQ : lRFNERE(U.)Z LS, BEIEGEHOREGRNRZRIZSMNIT S.
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F£I3T EHAMEEER

3.1 &=

AET(EHIZFT—> CVIF EMFEFT—> CVIF ZRAVVCERMRERRE L TF I —
SRy O REHEREEMBUTZ. TORRENS, TOv oAU > JabR% U TEERSTHEI TS
EUAH, CVTF DEEBREZRD— D THIBEEGFEHLICDVWTRET Uiz, Fioaigs
A NE-ROEEEESEZHREL, BEEGEEIEOANZXACDVTHULE.

32 H&
32,1 &E

32.1.1 Fr—iRy O HER

Figure 3.1 ([CF T —>7Ry O RHEBRMOMERZRY. AR, ERMREEIRE LT
ERRCHRESNTULD CVT 12w hEBAL, FI—>&T—-UTHERENS/\UI—-4
ZIREED, NUIT—SZAWZF T — 2Ry OGRBREZER L, FHMiiAEE LT LD
BEHMIEZEZERUZ. REDEBMK(FIBENIL b CVT TITONIZIRSZSZ(C U [84] -

[86].

Driving motor || Torque meter

Torque meter [7| Driven motor

Secondary pulley

Figure 3.1 Chain box tester
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32,12 JOVOA U IHER

R ER 7 BT (58 & LIADTZ8D(C Figure 3.2 (LRI T OV IA U T 5ER(CTEE
iUz, ASRBREE (MR > Uik 7 E A K ORI O Y Uk (TR U1 3i8ET
»H, U J=E—4SF—TREEEE, U>IT0Ov IBDEEGEZETATSD. CVTF D&
H(BEESE <fEATNTND [87].

Load

4— Block
Load cell Oil
R ngJ

Figure 3.2 Block on Ring

3.2.1.3 [RFEINDEEMER

Figure 3.3 DRFEDTEMIE (AFM, Atomic Force Microscope) [88] ZARAWT IOV IA>
D> J5tERgn T Oy VBEERESHmD T/ LANLDOEREBRZITo/Z. AFM (FH>F LN
—SEiRICEReNZTO—J EHEBCER I 3REFRANZRE L, REERZETRIET D
HECTHD.

Laser oscillator

M? Detector

Cantilever

Probe

Sample

Figure 3.3 Atomic Force Microscope (AFM)
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32.1.4 EFRIO—-THUNEEDH

Figure 3.4 DEFHR T O— Iy NEBDHT (EPMA, Electron Probe Micro Analyzer) [89] %
nwCTJOvoA> U JREEOT Oy VEEREBE ORI ZITO/Z. EPMA (F&F
REERCRHE L, RET DI XBREAEL TTROAEE, EEXITV, Fenhzh
NB5ETHD.

Electron gun

Focusing lens

Analyzing
crystal

X-ray detector

Characteristic
X-ray

Sample

Figure 3.4 Electron Probe Micro Analyzer (EPMA)
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322 Al
ARETHUWZZDOE/EH%Z Table3.1 (C:x9. —DHED Market Chain CVTF (FHRENT
WBFIT—> CVIF ThD. ZDOHE®D Developed Chain CVTF (FEHAREFELIEFT—>

CVTF T¥&»3.

Table 3.1 General property of market Chain CVTF and Developed Chain CVTF

Unit Market Chain CVTF | Developed Chain CVTF
Kinematic mm?/s 38.4 34.5
Viscosity mm?/s 7.5 7.1
Viscosity Index - 167 174
Calcium 0.02 0.02
Phosphorus 0.05 0.06
Element Sulfur wt% 0.08 0.18
Boron 0.01> 0.01
Nitrogen 0.23 0.17
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323 Fla

323.1 FI—>RwOREER

Table 3.2 (CF T — 7Ry O RGER ML OBEHERMG 2R . BEGF>Tv hNLD
%Z INm H'5 300Nm ETHA (CEVF, IRDEHK (Slip ratio) Z5THRITD. IRNDHKIHK(Q2)
(RIED, BEAEERFOLEREN SBEREOEEREZS5\T, BAERFOLIERETIRL

T 1005071,

Slip ratio[%] = NOT'NL %100

N|_ . ﬁ%ﬁﬂ%@@éﬁg (2)
No @ BETEIRFO LR

Table 3.2 Chain box test condition

Test condition
Speed 1000rpm (Primary)
Speed ratio 2.2 (Low)
Primary oil pressure 0.1MPa
Secondary oil pressure 3.0MPa
Input torque 1~300Nm
Oil temperature 80°C
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3232 JOvoA> U THER

Table3.3 (CT OV IAZ UL IMEBREM 2RI, BAREEERIMASAIE JASO, Japanese
Automotive Standards Organization) (CC CVTF DEEREAEZIT DI ICEDHSNTZIASO
M 358 [90] (C#EHAL, FHMZiTD/Z.

JOvoBLUPU I, BRESNTVIBHHREZNZTEID, NFHZFEAL, 8
BRI T 10 DRIEE, RSEIEEDEERLUE. FIEDMEICTOv IS KUY
SO %mEE%, 100 ml OREBHEZES, 110 C (ChNFL, 110 C ([SEDVVERRTIAN
DREZ 0.5 m/s ([CEFEE, @EZ 890 N (CERSE 5 DEMRIFLUIE. 20%&, EE~Z
112N £FTLEREE, INDEEZ 1.0m/s (CEFEE 25 SRERIFLELZ. TDE, IARD
HE 1.0 /s T 5 DREERERZITLY, IRDEEZ 0.5 /s (CTESE S OEEERUZ. B
(C0.25m/s , 0.125m/s , 0.075m/s , 0.025m/s DIBEICETNEN 5 DEHBREERMUIZ. 55

FDRERDERAR 30 REIDEEZENDHIENSEE G zE R UL,

Table 3.3 Block on ring test condition

Test condition
Method JASO M 358 (Block on Ring)
Block SAE 01 (HRC58~63)
Ring SAE 4620 (HRC58~63)
Load 890N — 1112N
Pressure 0.6 GPa (Pmax)
Speed 0.025~1.0 m/s
Oil temperature 110 C
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3.2.3.3 [EFfEIDEERER
Table 3.4 (CRFEADEMEENESRGERT. JOVIA D D DHBREOTOW IER
BEEEZERUE. BRaCTJOvIINFTFY > 2RV TBEREREEZMELE.

Table 3.4 AFM measurement condition

Measurement condition
Apparatas Veeco diCaliber
Cantilever Veeco Contact MLCT-EXMT-A
Resonant frequency 22 kHz
Spring constant 0.05 N/m
Measured area S0HmMXS50um

3234 BFHRETO—TwUNEbo

Table 3.5 (CEFHR S O— T NEIDITAER G 2R, JOVvIAS ) > TiREEEDT
Ow OB EReEm=HE Uz, BiRpCIJOvIENFY > 2V CRBE R Ea% £
L.

Table 3.5 EPMA measurement condition

Measurement condition
Apparatas JEOL JXA-8530F
Accelerating voltage 15 kV
Beam current 50 nA
Dwell time 10 ms
Measured area 500MmX 500m
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33 #ER
33.1 EMEAVENLOBEAIE
FI—>RY I RHERIER% Figure 3.5°R9. MERNNITARDR, 131>y LD
TdHD. E>DHN Market Chain CVTF, FHLH Developed Chain CVTF TH D, EE55E1
STV RNMUVIDOEREEBCINRDENLERLUTND. INDEN 4 % ZBIIZRF

JLOBE(L Developed Chain CVTF 7577 Market Chain CVTF KD E 10 % EUMERERD

Iz.
5.0
o Market Chain CVTF &
4.0 H o Developed Chain CVTF S A"
< 3.0
0
©
2 20
[}
1.0
—
10%
0.0
0 50 100 150 200 250 300

Input torque [Nm]

Figure 3.5 Chain box test result; test lubricants: Market Chain CVTF (pink), Developed Chain CVTF
(blue); temperature: 80°C; speed:1000rpm (primary)
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332 BEEREICKREFTINDREDOHE
JOvOAY S DHERIER% Figure 3.6 (LIRS Hitlh(FEEIEGRE, HEEIIINDRES
RY. FI—Rv O EREREER, Developed Chain CVTF MEEIE(ZEN (L Market Chain CVTF
L 10% BUVER ERD> TH D, BARTHE CEEMEHMED I —Z >IN Al TH D
ExBASMTULE.

0.12

—o— Developed Chain CVTF

QCXCK —o— Market Chain CVTF
011 [

0.10

Friction coefficient [-]

0.09 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Sliding speed [m/s]

Figure 3.6 Block on ring test result; test lubricants: Market Chain CVTF (pink), Developed Chain
CVTF (blue); temperature: 110°C; load: 1112N
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333 REARBER
Figure 3.7 (C Market Chain CVTF, Figure 3.8 (C Developed Chain CVTF M J W A1
>OREBREOT O Y JEEEEED AFM BIESHERE RS . Market Chain CVTF HNE SNV
FKME CHDDICH L, Developed Chain CVTF (FIEEDEIRTEENEHREND.

Figure 3.7 AFM photograph of Market Chain CVTF

Figure 3.8 AFM photograph of Developed Chain CVTF
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334 REDH
Figure 3.9 (CTJOvV AU > OHERZOT O Y U EEREEIED EPMA DTHERZRT .
Market Chain CVTF (F73)LSD0 ADHHY5E BB ENTVBDDI(TH U, Developed Chain CVTF

(FHILETACMR, U DREEEZMN DT,

Calcium | Phosphorus

Market
Chain CVTF

Developed
Chain CVTF

Figure 3.9 EPMA result; test lubricants: Market Chain CVTF (upper), Developed Chain CVTF
(bottom)
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34 ER
34.1 BT & BRSO RGR

Figure 3.5 DF T — > 7R I GHERIEER NS Market Chain CVTF & D 10 %, Developed Chain
CVTF (FRFR MLOBENBWN S ENDOMDE. F/Z Figure 3.6 DI OV IA Y > 55
T Market Chain CVTF & D 10 %, Developed Chain CVTF (JEEZREN S QDD
Jz. BD2 DDFERNSEMIIM THDF T — >Ry OREER BRI ch IOy
A2V ORGSR D Mo e, Ko TTOyv oA U THEBERNSF
IRy ORBRERZIEANT D ENmgE Loz, JOV oAU THERIETF T
— Ry O ZGHER K D BRERE Tl T 2 2 &N AEETH D, BHREAE— RELEICEND
z.

342 BEERECKREIROREGR

Figure 3.5 (FF T —2 /Ry U GHEERZRLUTH D, F/z Figure 3.6 (FTOVIA
SORBERZERLTND. TD 2 DOREERN S EEFRENS Market Chain CVTF & D
10%f=M\D 1= Developed Chain CVTF (& Figure Figure 3.8 0D AFM [BHR(C TEIRTEEN RS
NTUVz. FJIZ Figure 3.9 D EPMA fER KD HILE DA EVU SRS EBRENZD, INn
SOEBAHERE AFM Biffi& EPMA fERKED DL DA EY > OBREEN SER G
BULICHES U TV EERTD. — A, FI—RyORRBRERZR U Figure 3.5 HK
U JOvoA> ) IHERER % R UTE Figure 3.6 KD EEEZREIN Developed Chain CVTF
KD 10%{KH D 7= Market Chain CVTF (& Figure 3.7 0 AFM EI{R(C CBIRZER(FHR=NT,
F Tz Figure 3.9 D EPMA &R KD 7LD LB KU >H Development Chain CVTF KD E
PIRKBRR SN, Ko TEBMREHER S AFM BfRE EPMA #ERELDADILEDTLED >
DERERCHVERR NI D el DEEURENMEN D o S R T 3.
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3.5 S

EWFE THDIF T — 2Ry ORRBREBEARTHEI T T Oy oAU > TERZ AN
T Market Chain CVTF & Developed Chain CVTF DIRFR ML OB E & EEGE =1 Uz,
T D 2 DDFHMFER & H(C Market Chain CVTF K D Developed Chain CVTF (& 10 %, BRFR b
IWWOBESXVEEGEHENBVLC EMNESHERD Tz, CNSDERMNS T Oy oAU >
DREERNSF T — 2Ry O GRBRERZHEA T 2SN alie Lo fe. JOv oA~ U
SORBREF T >Ry ORI D CRERETIHME I 22 &M mlEETH D, BREAE—R
mLECENO .

FrIJOv oAU IREREOTOY VEEESE%Z AFM SXU EPMA ([CTERESD
#rz1TD/Z. Market Chain CVTF K D BEEREINE N D /= Developed Chain CVTF (& AFM [H]
BRICTEREENMHEESNTESD, EPMA BEREIDDILEZDAED HERESNTZTZD, 1
WSO LEU S DEREENSERGERILICES L TWS EHRT D, —7, BEEEHN
Developed Chain CVTF &K DK\ D /= Market Chain CVTF (& AFM BIf5(C T BRI (FERR =
N9, £J7Z EPMA EREID DL T LB KU > 7 Development Chain CVTF KD HAMR K
BRI, Lo TEEMAEER S AFM B E EPMA fERKID AL DA EY > DEIRZE
ENERR NI D IT T DBEEREMEN D T2 LR T D.

UH UBIRUEBBEERESREB UIEF T —> CVIF [FREHRICCFI—>EENRE
ITDIZENHASHERDUENMRE LD I,
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4.1 #EE

AET(E, FT—> CVIF [(EHEND 2 BAEORME (BERERELTALILY
SOEBEREVTRIOLZIILIART7A ) ZRAWCRARUZRERACEL D THE
T DEND FTARDIFMEEERZ R L IC. TOMEREEFNFETN S, BB ERINEINEE
2 E TRV DDEEM IR (CAZ MFERES5X TLNBT EEASHICULE.

42 BHE
421 RHE

ARETIIR—ILA>T ¢ XORERERHE (MTM, Mini Traction Machine) % FBU\TEEIR{&RER
ZEHAILTE. ERHEODIERI(CDUNVT Figure 4.1 (RY. AGHERME (S, AR+ XA
Z EAKDHERN—)LiERR 2R UM DBETH D, &L DA FENZENMRIZIUZ
TODE—HS—(C Lo TiENE & EEEZE O CERRL, ERNEHEKEHEST « XORE
DRRZBBL, BMIBEE 0265mm 123, FEARERMETEIWIEMIES (ECR,
Electrical Contact Resistance) DEIFEHAINAIEETEH D, Figure 4.2 (C ECR MIRRE(CDULNT

RY[91].

test lubricant

steel disc

=

Figure 4.1 Ball-on-disc-type apparatus for friction tests

39



F£A4TE TmNDIANDHER

ovl_
()

Balance resistor
10, 100, 1k or 10kQ

Figure 4.2 Electrical Contact Resistance [91]
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422
AETHUWZHEBHEZ Table4.l (T7RY. BO (FFNNEIZ S F IRV FEFZR PAO (polypoly-o-
olefin olefin , viscosity:24 mm?/s at 120 C) T D, fthd 3 MEDEHRE L TERALEZ. FM (&
PAO ([CALAILT =% 1.00 wi%B#E=E7ZHED, EP (L PAO (CKUTLZILITARXT 7
- %2 036 wt%iBRESEIZE®D, FMHEP (L PAO [CALAIL77=>%Z 1.00 wt%, btUTL
DIVIARXT7A B& 036 wit% BRESBIZEDTHD. 120 COEHFEE (FEAIL 24 mm?/s
ThdZ =R Uz, MEFRKEBIROMEZIMKL, mARFT—> CVIF £D 1 #7

B<EREUE.

Table 4.1 Test lubricants

BO M EP FM+EP
polyalphaolefin [wt%] 100.00 99.00 99.64 98.64
oleylamine [wt%] - 1.00 — 1.00
tricresyl phosphate [wt%)] - - 0.36 0.36
Kinematic viscosity (at 120°C) [mm?/s] 24
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423 FIE

Table 4.2 (CIR—ILA > T« RO DHERFZMERT . AARICAHVWZRERR DT DT
R—)LEBRF (diameter: 19.05 mm, Ra=0.02 um, Rq=0.03 um) DME(L, AISI 52100 steel
THhd. £z, 7+« AR (diameter: 46 mm, Ra=0.01 pm, Ry=0.02 um) DIEE AISI
52100 steel TdpD. MEZITORI, NFHEZBAWTACIVLIR, R=ILikER, T4 XD
MERAESTRUIC. WRE, AIVIR, BRURREBRE ZRBRHE(CERD L, A1ILIIX
(C 50ml DAAILEFNTZ., AA)LJURT 120°CETHERL, HEREIEHMOEEN 120°C T
BEUE, R—ILET o RONEERZRFIEL, R—ILEREE w=37N T« XATKA(C
BUMITZ. SNIEHRAIEAIES 1.0GPa (CIET D, BHARE (L, —EDIRDE 3=5%
T, w==fE (U=3800mm/s) MNSRIKIME (U=10mm/s) ETRASEZ. UDEHH TTX
NENTZEHOEIZE 101 T, U DMBFIERAT—)L TERBRICRE Uz, BEIERERTP(C, BZ
BARE (v SEBRWEMIKODREL 8 ZRCAEL, IANTOAERR, BERE
25°C CTZERSNIZEPETEMU .

Table 4.2 Ball-on-disc test condition

Test condition
Ball AISI 52100 (Rq : 0.03 um)
Disc AISI 52100 (Rq : 0.02 um)
Oil temp. 120 °C
Speed 3.8 m/s ~0.01m/s
Slide roll ratio 5.0%
Load 37N
Contact pressure 1.0 GPa
patmceresance | 109
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43 HER
43.1 BEEFRHICREITEIAREDRE

Figure 4.3 (&, THDDHERH (2 :BO, & : FM, 7~ : EP, #% : FM+EP) M5LARE U (C
FMLTTOY bENCEEFRE  DRIEEZRT. B5NIET—92EBL I DeH(C, M
DDEH Uz UBEDIUDD u fBDOF%, MDD UEDFICHLTIOY hUTz. KED
MR EKDIC, IRNTORERHDAEIER (&, & U ) ISR U (k) DIETRIEUZ.
£, BO(RIIFIEL) DRERISEEIT D E, u (SHHME 1=5.8x102 MNS&RIR U=3.5%x10m
/s TWRED, UDRBDEEBICHERBICHDITDIZEMNMDMNDIZ. Us=1.7x10m /s TE/\u
B pmin=5.4x10° ZRUTZHE, u (U DB EEBTIBML, &/I\UE 12x102m/s TRA
U AB pmax= 6.3x102 ETRB.

RIC, FM, EP, BXU' FM +EP (AINBIED) OFER(SEFEIT D E, 1 (EBO EREUHIHA
BENSEEFED, BO EAUAEICAD T U DB EEBICHA T DI ENOMND. 12120,
2 TOHBHADER/]\ 1 BlE, BO DBZELDENRD/NELY (FM DIBFE, Us=4.1x10"m
/s T umin=3.8x107) . BO EAULK&/IMBZRUEE, 1 (FUDBYEEBICIBNT S, H
U, £ TCOREHDRA 1 E(E BO DRA u BEXDBIEL (FM DIHFE, &=IE U=12x10

2m/s T pma=4.2x1072) .
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- order of measurements

1 0_1 T T

103 ' '
10-2 10-1 100 101
U [m/s]

Figure 4.3 Friction coefficient x against entrainment speed Uj test lubricants: polyalphaolefin with no
additives (BO by black), with oleylamine (FM by blue), with tricresyl phosphate (EP by red),
with oleylamine and tricresyl phosphate (FM+EP by green); temperature: 120°C; normal
load: W= 37 N, slide-to-roll ratio: X' = 5%
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432 HEFR(CKIFIEHIAREDE

Figure 4.4 (&, PUDORERH (2 : BO, & : FM, 77 : EP, #% : FM+EP) M5BARE U (C
FLTTOY hENcERIEAMRTIODBELL p DRIFEEZERT. Figure 43 D u BEERU
FET, MDOESUE UMBDMDM g EDFEE%E, MDO UEDGFEEICHLTTOY
U7TZ. Figure 4.4 @D BBE(E, Figure 4.3 D u B EFERF(THRIE L TULVSDTZ8 Figure 4.3 DX DI,
2 CORBADATEIEFE, & U@E) SR U(K) THD.

£9, BO (RIIFIEL) OERISEEIT D E, ISHIHME = 1.00 hSERED U = 3.5x10°
m/s CTIRFED, U=22x10"m/s TIRTFITDERTEDECEFTDIZENOND. pORIID
KT, UDBAEEBICRRITHAL, U=7.8x102m /s TE/IME =001 &£712B. K
(C, FM, EP, 8KU'FM + EP (ZINEIED) OER(TSEFEIT D E, BO EBUAET, pl&
HIERME p=1.00 DNBIAED, FEDEFHEICEBED MDD, 22U, RFBEDD
HERVHD p DERFIDIET (X, BO DIZEXDHBEW UMEICHSD (EP DiFE, U=5.2x10"m
/s) . TDE&, pI& UDRMNAHED THRRZ(SHATDH, p~0.90 fHAICBEDIRDICRR
D (Figure 4.9 (C prp TKY) . WIIFIESO 3 DOFT A NEBHETI(E, AT LU
%, & p~0.25 (Figure 4.9 ([ frn TKRI) MAICEFDILDICRZB.

|

order of measurements

1.00

0.75

0.25

90‘2 10-1 100 101
U [m/s]

Figure 4.4 Separation ratio f against entrainment speed U; test lubricants: polyalphaolefin with no

additives (BO by black), with oleylamine (FM by blue), with tricresyl phosphate (EP by red),

with oleylamine and tricresyl phosphate (FM+EP by green); temperature: 120°C; normal

load: W= 37 N; slide-to-roll ratio: 2= 5%
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433 ERFSLARE(CK(FIHETORE

Figure 4.5 (&, EEEEHBRE DR —)LREDMA SR 2RI (L8 :BOo, —FEH:FM, =%EH:
EP, T&B:FM + EP) . REMAS(FEHBBDEEZNRDZITTNSD. BO THBI DL, M—
JLERANUDDHEHOP TREEWN ENMDONSD. —7, EP THBT D E/R—ILEREIEMD
DRBRDFTREESN THD. BERBBDIR—IL Rp) BXCGT A AT (Rp) RED
RMS #HEDIE(L, ENEMN Table4.3 D—ITEHEZITHICERH SN TLD. MAHDERE T, =H
HHOD(E BO TEBESNIERE (Rea = 0.15um) , —FEB(CHL\DIE FM + EP THBESN/ZEREA
(Rea=0.10pm) , ZHEEOEE(E FM TEBSNLED Rea=0.08pm) , HEBESHRED(E EP
THBENIZED (Ra= 0.07um) THD. YR MANDREBFESHIRKRE (EP DIHBE(E Rea =
0.07um HKU R = 0.04um) TEH, FHADOKERIDENRXDELY (Rga = 0.03um SKT R =

0.02um) .

1 . . .

N BO
| I I !

—_— 1 1 1 I

SR TV VI N OSONSS Y

N FM
- I I ]

— 1 I I I

£ o

N EP
| I I ]

— 1 I I I

5 ot —

N 1 ] ] IFM+EP
100 50 0 5 100

X [pm]

Figure 4.5  Typical roughness curves of steel ball surfaces after friction tests; test lubricants:
polyalphaolefin with no additives (top: BO by black), with oleylamine (second: FM by
blue), with tricresyl phosphate (third: EP by red), with oleylamine and tricresyl phosphate
(bottom: FM+EP by green)
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101 ] ;
— o
@
E 00 -
=3 BO
g FM
¢ EP
FM+EP
10-1 L
10-2 10-1 100
Ry [Hm]

Figure 4.6 Relationship between critical entrainment speed U, and composite RMS roughness Rq
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44 EER
44.1 BRI EERHRORGR

BT OEN DI ANDIBMTI(E, UDEINICHEY), BRFEMENL, SHIRDEHEM
FTRZEMHMBNTLND. LR > T, UMEWLE, HOVEIGREKRE EDIREEEZ(HMEFER
[SRZE STER EBRDIEMN B AMESND D, & u D [EWRER] iNEN, BEREEE
IE(END [46] . —7, UDBUWNGES, MERKIROE ABICEKD, 1 DINSUY THRAREE ]
MIRND. N, "EEEEFEND [92]. TOEIC, & u ISE p FTOREERN
[N, INZESES M.

= DDOEIBIORFEZEER I DE, Figure 4.3 DR TORIIR(E, U ML T DHBREMA T
TOREKEBE (7 U) hoIEREEE (K U) ANOBITZRUTCVWDEERD. TNEE
D u (EEEBFIOWE CZBEENDTZ8, & U TO uBFE CAHEEDEDDRESRIC KD
TEEURL. LIz T, RERB CIRFEBCIRNSDENE, SBRRDRINEIOME S
NOERICK D TEZD TN EHRTS.

Figure 4.7 [CRS & D (SRIBIZERINYT 2 & TRERIBOERGEE TV, BRREHD
REBNRZRIZSMNCIT B EEERUIE. FT Figure 4.8 (CRI KD ICEBDHE U,
Z L P, B ABOREENRZRICSMNCIT D EZER L. U URINBIZRINT D
CET Ue ' T BERIERBOREAAR (IR SNTRSRM D IZ.
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M [-]

U [m/s]

Figure 4.7 Low noise strategy@® Reduction of friction coefficient in extremely low speed range

b [-]

U [m/s] Uer U

Figure 4.8 Additives slow critical speed (Ukr)
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442 ERFSDARE SHEE S DOBRMR

MAEBIEN S REESRHBIEAOBITORIE TS, ERERIEBERAEZEIDEAEZTN
28, p (FFRIME min 2779 . ZDFWX T, p=tmin COFNAREZEFRE Us M.
U> UsDIZE, pFUDBIMEESITBIIL, U <U,DFBE, uld UDIBINE EBITRD
3. ULIZh'o T, U FBEE 1 (V) OABDFSHEILT DEIAREZERT D.

Figure 4.6 (&, PUDDRERHAD U, & Ry DEMRZRLU TS, RZERDKDICRT.

R =R +R} 3)
Figure 4.6 5 U, & RyDREICFEWVWIEDBEFEN G D Z ENDMND. CNUSERENHEU S
B, U KELRBCEEZEKRT B.
Table 4.3 Mz FTIC(E, U= U, COHMRINSA—F—4 DERNU X RESNTULS.

a=n )

ZZT, U=U; COHEES h (L, S#EIERAEDFRIEACDUNT Hamrock & Dowson (T
FOTREINLEAER(CK O THESINGZ [93]. FEEHHEREL [94] (& diamond
anvil cell method [95] CEHAIL, 8GPa-' & UTz. 4 {BE(E 0.4 M5 0.6 DEFHEICHD, 3 (FHLE
HDTREEBIEDTIR) KDENRD/NENSENDIMND. CNUE, U= U, THEDH(CK
D CTHBTDEAD IRDIEMINESHBE TH DI EEEKT .

FEROERNS, £ TORESHOEERERCH T, BREREmOMLRE DRI OYIEENF
BEU> Us TREUEERD. o C, MOMEDYIENFEH(CHWNT, REDHES(EIR
IFIOVERIC K> TRESHN, BEOBE 1 (V) NENSEICENTD U. DIEZRE U
EHRTD. o T, MHEOYIENTFESOYEREE TORIIFIOERNEE THD ZEN
nmMoTz.
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Table 4.3 Measured (Rqa, Rqs, Rq, and U,r) and estimated (/- and A¢r) values in friction tests for test

lubricants.
BO FM EP FM+EP
Rqa (RMS roughness of ball after test) 0.151 0.080 0.068 0.101
[um]
Rqs (RMS roughness of disc after test) 0.153 0.061 0.037 0.084
[um]
R4 (composite RMS roughness) [pm] 0.215 0.101 0.077 0.131
Uk (critical entrainment speed) [m/s] 1.708 0.410 0.255 0.521
her (oil film thickness at Ue) [um] 0.131 0.050 0.036 0.058
Aer (oil film parameter at U) [—] 0.607 0.492 0.463 0.443
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443 REEIEAZRL & EEREDBIR

Figure 4.9 (&, Figure4.3 & Figure4.4 (ORUEHERZERALTCTOY U B & n DREZZ
RUTWD., NS 2 FEDMEFRFSRESNIZZS, D p-u O MM, FINEIC
K BDEREREE R ZFARDDICEMRN S D SHRT B.

$£—I(C, BO DBVEEZE, TNFIZEFT/RVFERRERTH DD, MOERRAD 1R
HEME|ERRITENTED. IS TDELNSIAED, n DIBINE EBICRRICTEL,
p~0 (272D, N, #HEMOBEERIEMOEFETEZRY

EZIC, M GBI E UTALAILT Z2Z280) OFEBOMEICTEIDE, 1 fim
~0.25 (OETDECREDHE(CHED TED T ENOND. 2D, BZFFELIZEFAIC
EDTZHC, BVOBENSIHIND. pf~pfin TDOZDREL, ALAILT7Z(CEKD THRK
SNERARDOFRZRETD. TOEFIBEZER T DL, RERITTDODFHHMORE
(CIB(CIRNE T D EICK D TEBNIZEZEZI SN TULD [96].

E=(CEPEGIIRIELTRUOLZILI AR T 74 hEED) OFRVELEISFEITD L,
B Ber ~0.90 (ETDETREVEE(SED TEDZENOMND. 2D, EVBEHNSH
NT, LVESKEZRFUZEFAISED. p~pm COZDREIE, BUITLZILTAR
T7 4 MK THRSNIRAROEFEZEKT D. TOFEBEZEERT DL, RER
[FEDDFEMORAEEDMEFERIGICL D TESNTZEEZBND. CNdHESLK, 77X
NRUTF 1 BOEBRS XUBEEAMC KD TR SNIZ EHERIT D [97]-[99] .

LED=DOMEDFFEZER UMD, REC, FM+EP OFEOHE (FIF LT
ALAIWNTZERNIDLDIILI AR T 7 A h2fER) [CDNWTERTD. FREOHIE S
FM OB EOHE(CHD TED. f~fee (CHEET, f~frm [CHIELTWND. TNIIHERH
CALAINTZERNITLZILITART7A bO@mANEENTUVLZN, EELGIERAEG
ALAINTZUCK D TRESNZZ &EZRT .

FM+EP DCD#E(E, NIDTLZILITART7A MW TDALAILTZ> D [HERD
R EUTHIRTED. —M(CEZRAZES (IYNERE (C KL DEREBIRZMN T DTTHERT
HEEL, MERIIMEZRIGICKDREARRZAML T DIZHERTHIET DI ENFSNT
WD, E>T, ALAITZERNITLZILI AR T 7 A MR THEREBRICHEFT
Die, RYOREEIR (FIZARR] (CHREDA L ML =2 (CRD>TERKR SN, 7VARUSF
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« RIDYRERNFHDOVERERE T NUOLZIL I AR T 7 A SR ALAILT = > DOFREHIR
ZRR T 2DZIH LT EHERTD.

Frz, RINFNC K> TR SN DI REABOEERRMEE S, BHEMEMER < Tz DEREK
HODIRETHDZENHSNTUND. EEE, Table 4.3 KDEEERERT FM D R, (E BO D R,
KDEH 0%/ NN EMDHND. DFED, AL ALV ZUICIEREFRENRN DD &
HOd. 12720, Table 4.3 KD FM + EP D Ry (& FM D Ry KD EH) 20%KE VN &EED
nNd. CNERITLDILIART7A SRISALAILT =2 DRENRZEB D CAET
BIEREKRTD. IO TALAITZNCHIDRNITLZILIARXT 74 D [BHER
R EUTHIRTES. Figure4.10 (IS A —A> 5 ¢ XI5 ERE DEEIZIZENE D EPMA
DR THDM, FMHEP (& EP ERAED NI ITLZILI AR T 7 A BERIMU TN
BENST, FEAEPMMBHESNTULVRWT ENSEREMNRNER TED.

HIDZ DDESEDZERNDS, ALAILFZZ2ERNITLZILIT AR T 74 SHVERBBAP
(CHEFITDE, MEEEAEMR] NMENDEHRTS.

1.00
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0
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Figure 4.9 Relationship between separation ratio f (Figure 4.4) and friction coefficient u (Figure 4.3)
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Cylinder on plate
Phosphorus

EP

FM

50

FM+EP

P— 50

Figure 4.10 Observation of test pieces after cylinder on plate by EPMA ; test lubricants:
polyalphaolefin with tricresyl phosphate (Top:EP), with oleylamine (middle:FM),
with oleylamine and tricresyl phosphate (bottom:FM+EP)
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444 ABSANRY DRIREEITES)LOEN

Figure 4.13 (&, [MDDRERHD U (CXLTTOY MENTZ u=u (U) (u'=u'(U) TREN, OIF
U39 2ER8%) OAfERUTU\D. Figure4.3 DRERML 48, T TIX, BEISB D
D UBDZDD u EEDOAEN, —DD UEDFEHEICHLTTOY hENTWD. i EDE
KIE (Urmax) EERIME (1'min) & Tabled3 (CEEDHD. B UTIEu'>0, B UTIE u'<0 THD.
212U, twin (~=100s/m) (&, t'max (~+1073s/m) KDH3HIKRETON. w'(&, BIE p=u (U) D
“ERETOY NTRAESNEABRTSHD CEISTFETDIRENSD DN, Figured.3 TIE, Kk
B E A I DIz (C, ZEMHMTTOY hENTWD. LIEN> T, u HRAEEBIRTIE
THDZEEFBETHDIN, RIKHEBROZEMCKHITD 1 OFSE, ERIC(TRESHBHD
ENEDEMNRDINELIRD.

FEREDOEBRBERIEHICHR T DHC, BN F=FU) (&, BAREE Fo (BRI
DEAMCELD) ERAEIR Fru GEEREBEORAMCELD) DEFTEXIS5ND ERET
D.

F=F +F (%)

solid fluid

TNTNRRS FOREEHBNR(CK > TRESNTZEERER s, BL T . ZEA LT,
TZES T D.

E g = HogiaW = g Wi (6)
Faia = Mol = g Whig @)

(CLOTEASNDEFTEERE W

W =W, i+ Wisa ®)

CCT, solia (= Foota/ W) & pnuia (= Fruia/ W) (&, BNEN Foia & Fria D FANDHFE5ZRT
REMNTOBREFRETH D, Woia & Whia (&, EHS SOHEREROEFENSEUR(CE>TY
IR— hENDEDNRBERECTHD. RIS, BEEFES 1= (U) EEH W DOTTOZEDLR
w=un'(U) ZiRICRT.
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M= Mg t Mg = Ohly + (1 - a):uHL ©)

,U/ = g+ Hiig = Oty + Oy + iy — 'y — oty (10)

TNTEN, () FUICHITDEBEIETHD, a(=Weid/W) (&, WOBEKRRLOEAICT TS
DECLETH D (0<a<1) .

T THEEICTRREDC, up (FTEE, wn (FNZEE, o (HEREHTEZSNDERET
3.

Mg = Hy an
Uy =yU" 12)
U
el U 1
o exp( Umj (13)

CCT, WDDEE (w0, Un, 7, BEUn) (&, BB TOENDIRDIEMERLTHD, &
BORDXERST D.

U U
=y, exp| ——— |+yU"| 1—exp| ——— 14
H=u, p[ Umj 4 [ p[ UmD (14)
M U a1 U yu” Y
=——exp| — |+nyU"" | 1—exp| — +——exp| — 15

I (14) (F psotia & unis ZTNTNS X, KO—FBBDIEE _HEBDIEDOGETZKkDB. I (15)
[CBNTE tsois BRI p'mis EENETNF R D.

BlELT, EEDBEAMT u=1, Un=1, y=0.01, n=0.5DHE, u=uU) BEXPu'=u'(U) %=
(7R Figure 4.3 DS J & Figure 4.13 DI ST (&, ENEMN Figure4.11 DLEPETEDIT ST
TELBRZINTVWB.K (14) & (15 TIE, 1REBIEUT, thain E i [FRDKDICER
5Nn3.
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pl ~ L (16)

m

Hg ~ 0 (17)

TNEN, Figured 1l DTFDIT ST T, pnia(B) (Fu=0HEICAIEL, woi (FR) (&
1 =soiati'mia (B) [ICLKDTEBRDTND. 1 DRECIF, BEMREZEDESH AN TH
DL, HBERIPORIMEIL, BETOEN D IRNDBMELTTESE DD (CEEREE
BRIEITZEZBKRLTWD. Fz p=n (U) BXU p=u' (U) % Figure 4.12 ([TTRT . pod
K U DEZZLESE, =001 XU n=05 DEHEZFERHTD. COEMNS, ZDD
INSGA—=F— (o & Up) Mu Ep (CEDKDICHETDINEIERETED. AT, B (u=
1) E7R (w0=0.5) DIRZLHR T D &, BEEBMBEIBCTE w2/ NE<TDE u hVhe<123.
R, B (Un=1) £F (Un=2) ORZLERTDE, REFBMERTE UnZBYOT & u MY
BRDIZEMDOND. FE, wuin [TEETDE, W (16) TRAESNDLS(C, BUVRDS
B, I1BD5E u=1DBE, -1 EIRD, IRUVMEBKUBUVMRDIEE, 97205 1=0.5
BEY Un =2 DIHBE, o= 0.5 THRZENDOMND. RIS py & Un DEFSENE
THDZENDOD DI, w0 (38 2 BETRUE—DEDEKEE TH D MMEKRIZDEEGEE T
122 &1 OFMERIBDEZE R ZR U TND. 2 Un (38 2 ETRUZZDEDEIET
2D U ZEITDZEE] D UL ERETHD, Uy (FREHAS EBUVEBEIZRUIZTZSD U
(FIRDOEREAMS EERINATREEIRD. KD T Uy FREMESEIERDZENTES.
B E K DIRFEBEOBEEGHEE T I E R L ERAETZAS K SEIZLDFSXK
NEMTHDZEMNDOMND, IREIRSZHIH T DB hZNETI D L TEERBHZS
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Figure 4.11 Friction coefficient x4 against entrainment speed U (upper) and slope of friction coefficient u'
against entrainment speed U (lower); red lines: polia and i'solig, blue lines: pauwia and
Inig,/black lines: (= psolia + tauid) and ' (= p'sotia + ft'nuia); parameters: uo =1, Un=1, y =
0.01,and n=0.5

-1.0 — ] ] !
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Figure 4.12  Friction coefficient u against entrainment speed U (upper) and slope of friction coefficient
4" against entrainment speed U (lower); black lines: xo = 1 and Un, = 1, red lines: xo = 0.5
and Uy = 1, blue lines: uo = 1 and Uy, = 2; other parameters: y = 0.01 and » = 0.5 for all lines
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445 TEDIZHDRNMFIOEE

Figure 43 D FM & EP ZLEER T D &, EP D po (~ptmax) (& FM D pio (~pimax) KD BRUNE
&, Figure4.13 Tl&, FEBEI EP D pnin DAS E(FTNKDEB/NELKIRD. 22U, EP D uo
(~pmax) [EFM + EP D 1o KD/INEWDY, EP D pi'min DAREZE(EFM + EP DENELDEKXRE
L. ZHUZEP D Un B FM + EP D Un KD BRWZH EFFIRTED. THUZ Table 4.4 D
DORERHD U DEMRICHIETD. £ T FM + EP (&, EEILICREBLETHD. N
(HEFEBIES CIRERZIRM T DT LTS, ZDORMNE ALAILF=>E NUD
LZIILIART7A b)) BOHEBIFEIZRICK > TES SNz IEY)/R] HEZEMT D
ZEICEKB.

Table 4.4 (CRF KDI(Z, BO D pmin DAZ Z(FUDDHERHDR TR/INTH D, RIFID
720V PAO W EEMICRETH DT EZRL TS, LML, BBSMNC NBE(C] HWKRE
[CKODTHBESENTHD, BEHmMRREBEEZSIZTEI U T U [100][101] . EEHED
FMSENS, S AT LADESMZMEI D ETHD, TDIZHITEWL < DHDFINE
PARAEIRTHS.

0.5 T .

10-2 10-1 100 101
U [mls]

Figure 4.13 Slope of friction coefficient 1’ against entrainment speed U, obtained from Figure 4.3

59



F£A4TE TmNDIANDHER

Table 4.4 Maximum (¢'max) and minimum (u'min) values of x'(U) in friction tests for test lubricants,
obtained from Figure. 4.11

BO FM EP FM+EP
'max (maximum slope of w(U)) [s/m] +0.000 +0.001 +0.001 +0.001
'min (minimum slope of x(U)) [s/m] -0.706 -1.816 -1.631 —1.198
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45 =

AETIE, FT—> CVTF [CBEBEASIND 2 BEAORIIF (BERERE L TDAL ALY
SVEMERIEVTDORIDTLZILIART 7 A b) OEAFENDEICK > TR UZEEREIC
KO THBTOEND IARDERR(CH U CEERBREERUTZ. TEBFENER(CKIOT, BEE
MEBROIERZDN L, BB T DEND IRDIEMZERZTFELT DRMBNIOFEN 2B L. £k
SF, TEHCHTD UICHITDEENDIEDOHEDFE (RKEBR) (X, BOQR CEEH
Bigk) DRELODENRDEE. LI > T, RERBHEET U (CH T DEENDOR/INARDRK
STENESLKITBZ L, BRADIRDEHBZRESEDIDCHNRNTHD. TDEHIC, HE
HORIIFIEZDOEBE THEE T D. —DIF, BEBAMDODKRAREZLEKR T D L(CKLD, 'R
EBIROBRIBMRHZE T I ETHD. EOI—DEF, +RICHVWKRAZRHIDIZLICKD,
TKEBBOTREEZ LT3 ETHD. HERMIFIZEST D & TRAMBBOERE
HIE TG LN TSN, REAS(INE<RD, REEBROTREEZ LIFDZ&(E
TERM DTz, FEARTARY TR ET ILIC K> TRFAEBIRDOEEGFHRZETEED
CEERMBSZAS K SEDICLDFERNEMTHD ZENDOND, IREES ZHIHI T 5HE
BREET I D L TEEREHZEET.

EA4BTESNIEFNBEEEOH% Figure4.14 (L3RI, BO ZiEfE, FM 25 R, EP ZiRR T
xRI. FIRCIHUT, BO FRAERS L, U MBERL, EBRHOREFEOEAERN TR
S TREZINGE (BRI THSD. FM (FEBERAICINE, KEZHREL, REMESH BO
KDEBNEL, U (NSWVER E7RD. EP (FREBRE ERIG U, IBAIEOE AN ZE TS,
REAS(E FM KD/NSVERE/RD. FMHEP (FRERE ERERIGHEESSEFELT
WBTE®D, painMKEL, BO & FMHEP ZRE(C TEMEHMZEMIT D &(CULE.
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EP

EMeEp =G X X X

Figure 4.14 Mechanism of expression of friction coefficient
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51 #EE
ARETIIE 4 ETHESNIEERENS CORERDHENS USZEHRINRIEH] F—>
Ry I 2518 2RV TRBRZIERCR T SR ZT o .

52 H&
52,1 EE

ARETIIE I ET NVIFHBEZBIUEF T — 2Ry O BEBANTIYrI0T A4 > &
FFT 7 SAYZ&EURSETHMBEZER U (Figure 5.1). AsEaik(E, /\U T —~EFD
BHEEIA2OTA>TsHAIL, FFT 7FHSAYE2BWTT -5zt o .

Primary

Chain pulley

Driving motor |m Torque meter

Torque meter [ Driven motor

Secondary pulley
FFT analyzer [ PC
Microplf_‘li‘)ne y

Figure 5.1 Chain box noise evaluation method
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522 A&
HEUHZ Table 5.1 (ORT. BAETEEZERBCBEEEHMTLEZ 2 > F)L, BO & FM+EP
BXUFI—> CVIF EULTR<KAVLSBND DL T LRIV — & FM+EP (CHIRTZ
FM+EP+Ca D&t 3 > J)LEF T — My OXTIHE LIz, #E(EE 4 BEREER, MikFT

—> CVIF &D 1 & <E‘ELE.

Table 5.1 Test lubricants

BO FM+EP | FM+EP+Ca
polyalphaolefin [wt%] 100.00 98.64 97.64
oleylamine [wt%] - 1.00 1.00
tricresyl phosphate [wt%] - 0.36 0.36
calcium sulfonate [wt%] - - 1.00
viscosity (at 120°C) [mm?/s] 24
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Table 5.2 (CF T — >Ry IRBEFHEABREZ N ZRT. 1>Tv bNLDI%Z 1~150 Nm &F
T, X207 4> (INEFAIZS - MI-1235) BEKU FFT 7F S (NEFRIZS : DS3000)
ZARAWTCEELANL (dB) ZEHAlUTZ.

Table 5.2 Test condition of chain box noise evaluation method

Test condition
Speed 4250rpm (Primary)
Speed ratio 2.2 (Low)
Primary oil pressure 0.1 MPa
Secondary oil pressure 5.0 MPa
Input torque 1~150 Nm
Oil temperature 120 C
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53 &R
53.1 EtzAVCESTHEGER
REHIER%Z Figure 5.2 (TRT. HitBh(C dB 8, #&#hH(C1> v NNLOZRY. BOM
2, FM+EP W'k, FM+EP+Ca WV Td 3. BO (F1>T v b NLOZESIFD & 85dB 12EF
TEENRETD. FM+EP (F82dBEBEFTCTLERTD. UM UHILEZTARILIRR—bZE
Iwt% =B 2 & T dB ENHIEAN S EHNVS T, &K 6dB EEINICERESE DI ENT
&z,

86

84

82

Sound pressure level [dB]

80

78 1 1 1 1 1 1
10 30 50 70 90 110 130 150
Input Torque [Nm]

Figure 5.2 Test result of chain box noise evaluation method; test lubricants: polyalphaolefin with no
additives (BO by black), with oleylamine and tricresyl phosphate (FM+EP by green), with
oleylamine,tricresyl phosphate and Calcium sulfonate (FM+EP+Ca by purple); temperature:
120°C; speed: 4250rpm (primary)
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532 FEWZEAVC MNLOBFEFHbER

Figure 5.3 (CEB 3B TR U NI OBESHMMAC TEHA UIEiERZR9.BO (L 185Nm
FM+EP (£ 155 Nm THBDDICH L, FM+EP+Ca (£ 192 Nm &—ESUERZRUE.

200

‘190

180

170

[y
L))
o

Limit torque capacity [Nm

150
BO FM+EP FM+EP+Ca

Figure 5.3 Limit torque capacity result; test lubricants: polyalphaolefin with no additives (BO by black),
with oleylamine and tricresyl phosphate (FM+EP by green), with oleylamine,tricresyl
phosphate and Calcium sulfonate (FM+EP+Ca by purple); temperature: 80°C; speed:
1000rpm (primary)
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54 ER
5.4.1 FM+EP+Ca OEMATHIFER & BETHMER(CDLT

MESRDI=D 4B TEEUIZ/R—)LA > T« X258 8R T FM+EP+Ca &5t U /= #ER % Figure
54 (RS, FM+EP+Ca (FMMEERIGDEBREHN /N E <, HEBREBORANHMELS, U HAKREN

JEOESEMIRELICK<WT EZEIRAUE.

A

10-1

order of measurements

101 . y
FM+EP+Ca_ /
_ 7 78O
L 10-2 1 E 10} .
= :6 /’
= /
£ FM+EP
/ FM
JEP
10-3 ! ' 10-1 / !
10-2 10-1 100 101 10-2 10-1 100
U [m/s] R, [um]
Figure 5.4

Ball on disc test result ; test lubricants: polyalphaolefin with no additives (BO by black), with
oleylamine and tricresyl phosphate (FM+EP by green) with oleylamine,tricresyl phosphate

and Calcium sulfonate (FM+EP+Ca by purple); temperature: 120°C; normal load: W =37 N;
slide-to-roll ratio: 2'= 5%
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54.2 BRTHEER S RMREEROBMGR
% 4 BT BO IM—BEBENRBEUCKWEEEL, EMFHEZITO /N, EBRICE
FM+EP D757 BO KD E 3dB IE/NSVER LD, BEARTHETIEKRES L (CHBIR
TETRVLEDFTDHBEADREE XD e, —75, FM+EP+Ca DEMAREHEFER(E Figure 5.5
(CRT K DIMBERIHD 1 Z TS, UsZ EFDENDZDOEERERIRL, ERRICEHT
REZINZ SN TH D, BERGHERER EREREFZR/U DI DER EIRD T, BTSSR
CEMERSRREROHEBZEH IS ECDVWTIISEOREL T D.

U[m/s] % Y%

Figure 5.5 Final goal of low noise strategy
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Figure 5.6 (CEMEFEET ERHRF MNLOBEOERICDWTRY. BO [FRFMNLISE
A 185 Nm &£FE<, EHEEE 853 dB &£EL). FMHEP (FRFE MNLIBFEN 155 Nm &K
<, EHESTE 823dB & BO LB UKL, FM+EP+Ca (FRF NLOBEN 192Nm &5
<, EHRE(E79.6 dB E—BEVEREEDODTND. FERM(C FMHEP+Ca (F CVTF & U
TR NLIOBTENEL, BEENNESVEVWSEBEENRMFEEB LTV ENHASHME
122 12 [RAFTAIC DV TIIRNADFRE TlEH D0, HEHRIFZREiiacE 2 LT,
RARNIOBELESRBRZOIISEDIZENTEDIZEMDM DTz,

Bad 86
. O ro
-
=84
(<))
D
)
5w O
2 FM+EP
a
©
c 80
2 O
FM+EP+Ca
Good /8
150 160 170 180 190 200
Bad Limit torque [Nm] Good

Figure 5.6  Relationship between Sound pressure level (Figure 5.2) and Limit torque (Figure 5.3);
polyalphaolefin with no additives (BO by black), with oleylamine and tricresyl
phosphate (FM+EP by green) with oleylamine,tricresyl phosphate and Calcium
sulfonate (FM+EP+Ca by purple)
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55 %=

ARETIIEE 4 ECEBNH CHEDIRATHMENSD D f2 FMHEP (CHILE DA RIVIRR— b
fEETET FM+EP+Ca DF T — /Ry U GREBE S HlEZEML, BO (RIIFIEZIN)
Xftb 6dB EEEF =G ST czRE L.

Figure 5.7 [(CARETHESNIEFMREICDWTE EHSD. BO &EHE, FM ZFHL, EP 7R,
Ca ZEDO=MARTKRY. CaIHHl/IREEZRHRL, SEEILT DN M & EP ZHRBRLS
DT ETHRIERIED ¢ Z T, RAZEIITESIZET Us ZALESE, FTI—2
CVT DIRBNWB JUESZHIFI T D ENTET.

COXS (THBERMIBZ KBRS S ED & TREESHIEO DO Z/AIR L,
EHCTIREIZEOMRAMLSZARIRT D ENTEL.

°FM — EP A—Ca

_

FM+EP e )=o)

FM+EP+Ca = p— s oo )

Figure 5.7 Mechanism of expression of friction coefficient
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6.1 F&®H

F 18, #RCEAMROERE LT CVT OFFiEim & F T —> CVTF DO&EEI EERRE(IC
DNTEESD, BEHERIFICLO>TFI—> CVT DIREIEEERIFITEIUNA EZD
BHRZEEIAT D EZAFTERNE L.

F£28, BMEOMARTIEF I —> CVT OFIlERE, FT—> CVIF OEREFE, A K5
ANy THRRE KEEERINFIO—MERMERICDVNTE EHZ. TORER, FI—>
CVT DIREIERE (FCNFTHMERET TR LU THE D, FBHRIFIIC K DIRBESHED
i AL(FERYDEAF TH D 2R, RBRSHEDZH - DOMIEEIIR LT,

HERD HMERIGOEEGREE T (T2 & CTEEBGREORESNRZRITSNCT B.

HEEQ ERFRE (Ua) Z LT3 ETEEGRROREGNRZIRTISNCTD.

%38, EAMEHRTEMISF T —> CVIF &M% CVTF ZAVWZERMRERRE U
TFI—2RyOZRBRZERML, TDERENS, TOVIA> > TiER%E AU TEET
fli(C5& & LiAdr, CVTF DEEILRER CHDIEEBMREBIEICDVWTIRET Uz, FITHEREST
A ME-ROEEESHHZERRL, BEEFEEIEDANZXACDVNTH LU TS, BEE
FREUE(EER LTZN, RERRCTFI—2REOREZHRUIL.

E 48, WD INRDHERTIEFF T —> CVIF (EASND 2 BEORINF (B
BlEUTALAINT I EBERIECTRIILDIILIART7A b)) ZRWTRHRUZ
BRI (C KD TR T DA D IARDIFMEERER (R—ILAS T« A UHER) ZEEL
JZ. TOREREHFNBTN S, BERRINFINEE 2 ECIR U DDREMIEEEICK
SREEESATVD I EZHSHCUE.

BERO IRMERBOEEFHEZ T TS ETRERBOREGDEZIZTISMNCTS.

—>INIBIZFNNY D Z & THYRRIBMEE SRR T =872

HEZQ ERFIRE(Us)Z LT3 ETEREGBORESNEZRITSMNCT D.
STNFERINTRAZAEL, BRFERE(UL)MERUTE.
UL, BIIEIEFINY 5 & TRFRE (Vs HMET UTZ.
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FEARSANY THREEITET ILNS, RFABEOBEEFRHREET B LER
HHTZAES L SEDCLDFEENFMTH D ENDOMND, RBREZINGH T SHE
MzEEt 9 L CERIEHZSIE.

% 5 5, B CIREEHNMIFZRERS S E D ETIRMES RO Z DOEHR
ERIRL, EHTORBERSINE ADZ XA EIRBESOMRMLSZRE Uz,

F6F, fbmm ClE, ULDRFZEL TESNIEARZERATDIERE U TR LD,

6.2 SEROEE

KX TIFFI—> CVT [CERZHTHRZEDTN, IREES (U TEENREX
BHICEDESHBEZIITTVNDEE, FIT—> CVT I OER(CT U TE, 1EROEMESET
ZE(CLDIRBEREERRBLC T TERL, HEHNIEZROWIRBRE BRI ZIRE U
TS, KO THRARICE > THEIX MR, FREIBEECENDEEZISND.

FEHE 4 ECEEREHEIMMRIIREFERICHRERNG D LEZRE LTINS, KRXTE
RN Z AV EREBEROREES (CDOVWTERL TV, T-UXREZS 3
v RIS M2 3y hE-Z20%1T0), T—-UREZHL< I3 & TRBRS 2R
TERCEMHESND. Lo THBEBRIIFIRSKIM T — U RENE Rz EH»ED
B3 ETERDIIEHRFEBN RIAFNDEH, S5 CVT A—H— EHETESERIC
BDBEO T EZIREFFTLTND.
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I8 A INDERROREMH

Figure A-1 DI RAFAICEWNT, (FRDETH ke LBEEN R MDDESIKROAIEE
FEREMS [102]-[104] . BENFEMCEDOESTENTETE, MEOYMEEESFIC
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