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1.1 FAOHEYERIZONT

1.1.1 I ANRBY O 5

I AT EEIL 1803 FAZT7 T ATH R HE WO 285 E TGRS,
1886 4F (A 19 )12 A AR THRAO LRGN L SV TR E -T2, L
T 1904 DA —R>T7 T2 (CB) IZLHT LOHHFRDIE D 100 FLL LD
WL, ZDOMICA—T7 v a— Ui Ty T OB ARRME A RSN T,
Table 1-1 |2, ZDIRMHIEDFEIFR AT . 1905 F12/\yF D E PARIR I
ELTHIO T, MEFBEDORWERR = —Z — NS, D%, SR —3%
P, WA RA =y I ARIEH S I, RUFFEORBIZ NI = — 4 —
1%, 1930 FRITIEZRMEO=—F —LLUTHRASNZ. £LT 1960 2, [EE
WO MER =— & — 3 sk S .

TABLE 1-1 — Chronology of an invention of mixers for rubber.

TR FEIRF A—h— FEA4E
< AF A —H— (masticator)  Thomas Hancock (£) 18204
MR —
il — Edwin M. Chaffee (3%) 18334F
(preparing machine)
AL — Edwin M. Chaffee (k) 18364
(coating machine)
P R.Brooman (%) 18454
AR = — S — Werner & Plleiderertt: (1) 19054
RN =TS — F.H.Banbury (&%) Farrel# (3£) 19164
&A= T A R.T.Cooke () Francis Shawft: (3%) 19344
IMERY = — 45— Baker-Perkinsft: (%2) 193041

Fig.1-1 |12, ZNOHOIERME O R Z~7 . HAREMEEIE, Fig.1-2 1[OR
FTHRANEITEE RO —F—L, BB ORI FIEDEWNCE>TEDS
Ney 7 R7 EIRERIRA T 208 2 DIREHE Ch 5. #n—2—Lid 2 Kon
—Z =D EWCHNAICHERL T AR E DR A S > T 2 Wi G IR, A
DEE En—&— M THEHZ RO AW 1% 5 2 DIRFgECHD. —F, laXn
—H—LX, WG IS MY AE AT 5 2 KROa—F—3 & & W 5 AN
[[#EL, m—HX—LRAREBEm OB AW H%E, o—2—RCEMEE AW %
MEHC G- ZHIRBIETHD L. Fo, Ry RTHAT LT HR AN LR HIRA T
HORT BT, Ve T HICHEH T 2247 ThY, KR A XA 7 LIXIR A
ZRHRL CHEH R A O BEE 2247 Th 5.
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FIG. 1-1 — Types of mixers for rubber?.

Drop door? Tilting mixing chamber

Tangential mixer Intermeshing mixer?2

FIG. 1-2 — Internal mixer.

NN —H AT DI I Z A LI THEDONDZENS L, IRV EN
R T, A& 200 LA 2RO EK IittkbH 5. —F, IER=—2 — 3%
& 200 L RGO/ NIH AT, TREHT ARG T THEbNAZENZLL, BA
NZ B RMER TR ENOEMIENCEE T30, A #IT CR#
HA LR EZEIZHWSIA.

Fig.1-3 1R T X912, T ADEBIZT 200 TPy BefE R, #haan T, Ak
TE, IER) O CREARLRDRANATONDLIM LTI THY, tho ZEREO B EIC
KEIRBE RIFL, RO EHERFO IR LD, 203 AOIRMEITIL, 43
B, oY, e —BMEO 3 SO BMRHS. T, e ok
i, FAHIZ CBRE OFHEM O KRBLAEFE SN IRV L C, 2 LD
MtE7e Lz ESE 22T, RIS HC- B — MRS, T LFR0EDEH B IR —
FRRER DI LT, ALK ERE R ESHHIEEIET. BRIy —EMkE
%L, By MHDNE, By MEDO AT Y X2/ ST, TLADOWEE LR ESHEHIET
»H5 3.

wD 1.1.2 ETHEHVICOWT, 1.1.3 HTIRMBVIZOWT, b5,
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FIG. 1-3 — Manufacturing process schematic of tire.

1.1.2 FEHRY

FIO LV R, HARA MmO LM RIS 3 UL TR AT
W% INA 5y F U (5 R) IS LIy FEHZ B L C, S50 a2 N TL
LT WL AUIFHETT D8 E. Lo IRA] (RTZAF—) BV E D305,
mastication. |EFEISIVTWS L FEFRVIZIRARVEOMN LA UGET ST IZR
0 TREOBNIATOBIAT Y 7 DM TREETHA L, R TRO Y TR Y)
(AT RN 2D A B b 245456 O @Ikt LT, BEBITHNL TV,
BETIE, ROIORFLHBID 5. IR ITELBLA OB AN THET DL, &
WNZT 22 AL, JEY, ATELEIT 721212, T3 mE AN, FIZTREEM, Al
N N Z T T 1EZ TR A IE (F L NE) JEFES 5.0 Fi2, M OFa
SCZIIR D IO 72508517238 % . Processes occurring during mixing which are
likely to have a great effect on the properties of a compound, include carbon-
black dis-agglomeration and mastication of the elastomer6. Z D L&) S
ST TH HARLFARRIZ, mastication 1ZZ D @IZHWHILTNDHOL -
ND. 7238, AWFFRICBITLHRMLIX, BF DOIRMY DRAINATIEE L0 v
==

JFBFT DD FEFIZITT LD FHEZIESITIERBHY, £y FEHUIMAMT
DONLHIOP T m v ALL TR IDGE L, o F#HUEZ DR T mERELT
BIH5G 60805, ZOA LG FHEII TR OWTL, RO2ODHI13HLT,
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—OUL, AT L, FFIINBRAREIZEBWT, HBHEIO B4 —7 m— LTk
PRI, TEIZHEHRVEITORWER TR THAOEL A AIZ ) — IS w5
ZEMTERNEVIEITHD. ZOHRED L—=—F5 B3 BBV IF L
IE—TET, ZOBRIEIZL D THHUIMNIS EVEITLR2WD, ZO L7 T D%
BRENGS, 9 —2l%, A—7 0 a— L IZEXANBROEZEHVICIH T, m—/ L]
BRICE T EIE A2 <58, ATEEEE ~DOFEEIT/ NIV, JREIEICEN T2 — D
BT LA SLZ LN TEHLEVIBITH S, KIRT LOLEITHEMVICL>TE A
OGN, 2B TENS. — T, AE AT RIRT LI
RCHFHOUIRT AL ZVEES, BT FHOBECRKE AWV DORER, 5y
e DY, M OBRFEMEE D AREEE L TEIE, 2RO THNA0. ZD LD
IZHEEO X, 2 T O EICESD LT, BRI A2 T L3 <3 28ETH
L.

ZNHDJFRNT LD 53 - SHOINT0 0 FEHDIES L EIT 2D, FIZLD e
DRI DN TUFIR DB Z 1355 1B DN AT D8 em A, HHWE
BIZRERAR— VYA XD AL, FBHVICES T EHE LN, Tl THiLL
CEEIIBIOT LAOW AT E RN O LS., umA—5 — DA XD
B 1272> T, Mooneybid, ZOMK 2L Ay /L=y e fHiF-12.18,
ZOL ARV A=y NMIOWTIE, IROFBANRGS. FRNTREN¢ 20, 3% 4
B oD 528 CHRAR D BEIF 1= D 43 113K AN BALE A28 2 D DI LT, SR
TIEZEDMHANENE DL ETH > TH A TII R IIZBIET5H. LHLAEn
D, RAEHZ e BEAEZITHEHMERIIMEE A E L, L7k 1 CF AL
ENKANCE DD, ZOMWBE LR -3 A ay v a2=y N ThY, ZoL 4y
TV =y "N ENTHZ LI, EILRWNT AL TND I LR AL

ZOERE L T AW E 2 TR ICE Z A R ADREIE, A—=—k5EFHTD
= LRGP OWE THOND LY — REE AR IZBLILD 14, Fig.1-4 1, £DOMNLY —
Reff] iR Z2~97. ZblE, A—=—HEFC SBR1500 % 100 °C T 4 45f# T #4
L7222, 0.05 rpm 2>5 20 rpm F ClRHREA 2 2 T 252 E LIz RFORE F
Thb. —HF FOREHEEHE(0.05 rpm) DR, LG EIZHEIT I DIFRAEHI L
TR e =238 T, ML ZEIII DR T m—R72pdh#i e s, L
UZRING, [REREN ERDIZHON TRV IZE =3 ke, —&F Lo &Rl (20
rpm) CIXARE/R ML Y — I MBS, ZORf, B —JfEFE TOMNLY OB KA Gl ék
FHONBRETE IS, MRS BRI R DN, 2O — 7 M E
BT LAORE S THY, ZORFIZLAa o=y N ELS.
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FIG. 1-4 — Torque-time curve of variable speed Mooney viscometer 14,
SBR1500, 0.05 - 20 rpm, 100 °C.

Fiz, ZOJFEE AOMM AL DOBLGITIR DI IZFR ] TE 51516, A—=—FLE 3}
WO JFUENT A8 ) 722t AW 252 1 TR O M B TE 2 R TR BED D, Z D
PRI D Z DRy H A T B & AT Cor - 8H U, HDOWIE R B0 N E =20k E
~NEBAT D, ZORICAET DT ADOFRIFN, LAY L=y THY, T D3
EOMITERI T T QLA ud o=y NI BT o0 FEITHE T Aol Fu
DA A=y NMIEVIAA TN T 8HZ 5 EHRNTZD, F-BGEBNZ > TEIAE
V0T 5, QuAny o=y Nt 3550 FHITEHNICED 72505 T
RRICATT 2, QLA rT o=y M IRFEIZELES> TARVIZMNLZTE AR
IZEEL UV, v A ay o=y sNOG 8O, oL 4ar o=y
SOHIAR LG | EHREDN BRI 5. ZOBBLIRREDS, B LD L—
=— ¥ EREICB TS EFIRETHD. Fig.1-510, b—=—¥EHZ H T
100 °CT14 M FRLT-%, 4471, 2 rpm THIE LB DML 7 — B dh#R 2~
0 —4 — D[RR AREZ ML 13E —2IEL, ZO%MLZIEED L g, 24
BV SN S iReANGANE I
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FIG. 1-5 — Graphs of time-Mooney value of Mooney viscometer 16,

1.1.3 RV

ALDIRMVIL, Fig.1-6 ITRLT- 4 DO BEREA R THEITL TV 17, 20D
AT 7 THLHFEEE LO AL CB D FEHEM 2 4% AT HHEFOT LADIRFEIZ
DNT, =T r— L CIRMD T AEOT AD T % Fig.1-7 [Z77 18, IRV
DI MNIFMFICESTIND 4 DOREDOLTE, HDHWE 2 D)5 3 DOIREE
ond. A —7 o a— /L TOI LOZEHE)) Regime2 DRFIZTREEAM I TFENT A ITHL
NIAENRT LK, CB 054, ik, Wb tEALST V. ZhickL T,
Regimel TILFIEMITFEIT AZHVIAENFEL, Regimed TILFIEL D/
LN, F72, Regimed TORMVILFIREIZDS, =AY TILZ20.
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Step Condition

, O% 2020 Subdivision
8 g %% of polymer
| ioe oy Incorporation
2 5| o o2l b
52 820s of CB
o> o5y Dispersion
3 R N L p
s - of CB
4 S . Simple mixing
. T (Distribution)

FIG. 1-6 — Image of rubber mixing progress divided into 4 stages!’.

Regime Condition
) The highly elastic rubber will
not move into the mill nip.
5 A good elastic band is obtained
on the roll.
5 Rubber does not wrap around
the roll and bagging occurs.
4 Rubber sticks to the roll.

FIG. 1-7 — Behavior of rubber in an open mill divided into 4 regimes!s.
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— 77, B DO MBE L LA TR O BLRD, T LADRMVOIMN THEER L
X% Fig.1-8 (I~ Fio, Ko THEFHEZ# L7z DRY, GOOD, CHEESY
\ZHRHET D, A—T m— L LN R —Z AT DIRFHE T DR H D= LD
Z#hE Fig.1-91 919, 2512, DRY X Fig.1-7 D Regimel, GOOD (% Regime2
12, L C CHEESY (% Regime3 (245 % %t~ 5. DRY OEEIIFENE 20k E
DN TRAFHE IS BV A Y VR AEZ, CHEESY O fEI 3= A BfME L RE M 3BT
L72IRBEZ /R L C, BBV S E LS. — 7, GOOD DfEskIE, FUEFT 27 kE gt
ROZFEZ Rl Tr— /R — 7 — |DRE X3, BTV, 205
B AR Hh O ZE B &SRR OB IA B B O BRIE, A—7 v e—L, N
V)= AT DI IR N L o THRIER OB 2~ T. 2235, KU A
DZNHOZEENIEEEECIEIEICL > TEDDLDO T, BV RO TOREET
INTAEN BAELI2 BT WOIRBEICT DI ENEELL .

;v

> 10 ELASTIC BOUNDARY—
& | DRY |

2 - |

z | ___ GOOD

~ 0.5| CHEESY |

< |

= I

& LASTIC BOUNDARY
ﬁ

(& ] 0 i 1 1

I 3 5 7 9
EXTENSION TO BREAK (A,)

FIG. 1-8 — Mixing processability of a raw rubber from the viewpoint of

extension ratio and deformation index!9.

Deformation index 0 q :
The ratio of an ideal elastic material to the actual
elastic material in the breaking energy density.
Extension to break Ay :

The extension ratio at the maximum true stress.
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Region An open mill A Banbury type mixer

DRY

GOOD

CHEESY

FI1G. 1-9 — Mixing behavior of a raw rubber in an open mill and

a Banbury type mixer!®.

ZIT, RRA LR T B DI D3I DL WAL EASBRE A — 7 m
— IV TCHEMOTDHRFITH S, NI AET BB Z B AETHHHOBTRIZ S
WCRET. B/ BIZT AHEXfE, —MIET B ZELSERNIIICT 5121,
RIUF72BEMEEBLIDOME AR L, v —MIET HERAEIERND
DR EILREWH OB L0 % . 38 B 7028 /1 IR A3 — L[ B A @i 5
DIRFIZZ T AT LTS DR E T E RN ETHY, ZHULHE
EREENRENZEZIFEL TS, ZOv—h EOZLT BITEENS 2O &
BLMEZE T B ST NS L CRZI|E, 2D AT A ERILICIREE, &35
RHZENTED. LU D, 201%, FHONEDRIZONTINLIZNTAD
BIREEBIZRATL TV E, RAFRR— VBRI EE R T 191272520,

Fig.1-10iZ, % PARRME T LR 3 2RE0, — i) Reb] — & ) #hifi
TR WIDIERIT 2 ZF L, IRICCBER A TS, Z20bEUET AT HEHVRK
TREEVS ISR b A, JFRRE AZEWIAENTZCBI, &R LT 7 rAL —
NEREHER), B/ WAL THLT 7V — R (—REHER) ~ L b ST,
JFUEFT MZEACBOEIARIZ LS TENFT—KUIC EFLT, HF1v—75402 5.
FHIY—27 D%, CBERVIAATE 7R — )L ORI LR 132D FK A CB
(BN OT LRI T-E7320, ZNHNREEWIZIEVIED T, BT RIEME~E
59, ZINHE ORI LR 7[R LR AL TRERYLRV RO L EFHUVE
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TN EFL W&, 2R — KL T 5L2ATHE—I2 12 521, ZZETORIC
/R — VIR R A CBEHE T2 R m S RS iy, CBEEEE R D ZEfR~
DIFEFT LDB AN Y, CBOURHERI MBI TR L S ETe. ZDAA—Y
Z, Fig.1-11ZR 719, 2L T, LS CEFRIT 20 L. 78772 CB&H:
fitL, CBOMAMEABDIK Y. ZOHE2E— 7 TIRHMVT LEL TR D, FIKRD
CBDOIRAHEFE T TR EB 25TV, 2Ok, CBIZE AHFCELIZHH
fbEH— bt Z, EINFIRTFL VK. FIE —I 0L RAIKE T ETIET LECBD
PEf R 3 T E DML (wetting) B EZ 2 DD END, CBRADLAIKE T
FTORIZBWT (Black Wetting Time) LIEENL9, JFEHE A2 L HCBOEDIA
BT IR TR LESND. FLTE2E— 7 ZCBNT ANERICHDIAENL Ty
FNR— LT R EL THALD T, CBHERAMNLH 2L — 7 £ TORMIZBIT
(Black Incorporation Time) &EFEIFAL, IRV ESDOFRIEEIND21. 7 PRI
BETIINT DT LADRFEZ B IRMEGR T DZENTERNIEND, ZHiFT 208k
RED WA B L CTESH WGBS,

) 7—OHE

ryFO—Eit

A3
Sy WU 23—

I rrmzonn | :
_[\ R BeUaRRONE |
T o '

O BWNT BIT t

FIG. 1-10 — The power curve of an internal mixer?6,

O
Filler O

” —
A © s
Rubber

Filler Occluded rubber

FIG. 1-11 — Schematics of morphology of compounds?®.

14



728, ZORMEY IS Z DB 21285 CB OEWAZ, CB O, k=
Lt CB LOMEEHDONE, CB O¥—/3E /Rl 2 oWT, EIZHI-TWDHIE
ZNAIZEE T ZEILTEDN, TNbITE 4, WATLUTERZS. £, HEAARHEEAN O
MEHIE—2 —ROX v 7 DIENEZ AR B LN BB ENLL O, v
—H =IO F T IV T T A WV Tl A0 0, T 550,
IRV AR 2T 5bDMNHY, /A — /UZBW T AIINLD BB %
P T DT TR 1L, L3> CR/rAr— LG, IR AT RE—7
IHEE RDDNE U THD. LNLRNRS, Ze~InAr—)LCRH5E, B
TR Cai UNTIRBRD U723 A, A0 - Al M & o - ) — 1D RV IR B L R B
95 22,

1.2 KHHFEOTE 5

CB ffigh= M35 PAANEMEE CIRV SIS L, Bl L7=d51g, JREk=E AL CB &
DIy EIEETER TS, ELT, TLMMHIFZEDOI7 e BiEE I E SV T
BEnb. INET7uyiilEE0—>OfIETHD CB ik, #iln—4—
DI\ —Z AT DI 2325, A TR 626, IO DM )7 227 2 W,
IRBIER LIS BB DM SN TE 2. &512, CB EREER 2831 DFIZE°, H4)
747 — K53 (EFVF) 8233 BB 3435, IS LUV NMR D Th R F 3637728
THAFFES N CND. Fiz, FUESIZE > CRIF SR [ ) BES 85 (AFM) < —
ADT )TV~ o T 3840 (LR, F /i AFM) EFEIE AR AT 03895,
ZHUT AFM O 7 4 —ARY 22— LDJE LT, 5B S5 53 A % i oy R ED >
DSEBIICEALDT, F /A — LTI AEFOIZaOMER LR 151 E T
HIENTED, ZHIUCEY, S FTEETEe) -7z CB #is= A1 5= AHHIK
K O¥, CB &= AT E O [ D S fEI DR e A E BRI HERE 52 L3 TE5H 8D
VAT

— 7, ZHETIZ CB OO WHNET U EENTWA. filz1X, CB oo HESITIC
1L Fig. 1-12 IR LIZET A5 4442, 77, ~/axr— Lo 1 A7y (Fig.1-
12 (a)) CTIE, JFEIT AN RERE A ST CEOREENR KL, 2212 CB 234%
ik 35, ZO®%FEEIE AMIFEFIL T, =0 CB ZHiATe. RIZ, I/ AT —)LTD
% 2 A7y 7 (Fig.1-12 (b)) TiX, M bSiv TR IR R U7z R 2035
1 A7 7 THVIAENT- CB &L, CB ZMiibst5. 728, ZOFESE L0
A bEX, R A ER I AW SNHZE T, AR WNWTEEED pm 4 —
B =D A XOWHLAIZETHIESND B G AT, 0 Fig.1-12 Lo Fig.1-
6 1TV THE CB D OEITE2RLIE-ET L THLN, ZHHITITRREENGS.
T CB i3 2B, Fig.1-12 (IR 20ME I TOD DI
T, Fig.1-6 [3F AT 20300 T 5T, CB OANBHENNTNHZETHD.
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| L2l la] o5 &
(a) (b)

FIG. 1-12 — Schematic illustration of mechanism of CB incorporation4!.

JEET D532 T, Mooney Hlidb—=—F5 R EHEA - FEBR 12
FOZDWRL DY AR ZHMEL TD 1213, Bl L7 KIKT LD —FE THHX—/L
Jv—"7 AF L7 EY I N(SBR), 7/Ve= AT AT LA (NBR), B
LT F 2 AIR) DFEEN AW T, M bS ki 7O A 213 pm 4
—X =15 20 um FRECTHD. Mooney HiE, ZOJFENT AOMKL &L A4y 1v
2=y b AHTTZ. Fig1-18 12, A—=—}EHIE POV 7V NIcA KRS,
LAY HN 2= DA A=V kT O L —=— R ORI ERCY LD
VNGB BOE 58, YT E oy 7 A NEi@-> T EF~EBET5. =
DBEG)H Mooney B, BB A0%E KL 72 AW A 32 1T HE Y0 7 L NITHOE
FNER S, ZORRL iR B —T — D& 2L C Rt 2 B S B A S HERIL7-.
LULeAs, ik CB 43T vl kiéimx&—wf®%2XT/7&U
JFOEFT 203 L SN TEL AL A ey b=y M, EEEORRRY TlIR”
SHIUTULRL.

shear
—_— e

Rheological unit Looo 53

°'° 0107 D 1 Upward penetration

: of the dye.

22 €0'®
o ©©
oW 0020
0000

P —

Placement of the dye
/ on the bottom edge.

FIG. 1-13 — Cross-current transfer by rheological units rotating in

simple shear.12,
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LAY N a=y bV AR L T, RIRITLEEHRAY T L2 A (IR) D
IR COWrE BRI OV TIROHED DD, —D1F 0.3 L D/ Y —IF
=% W R AT O RIKRT LO Wik FHE A R L2 0T, BV ATI
86~90 nm, F V%L 64~73 nm THD. =, ZNHD 1 um KDOIra7 )L
[ZOWTIE, FHOFTIEAR 99 nm, EHVEZIL 75~92 nm T, ZIHDH A XITHT
MBI D L2 72T720 43, 69— DIFTIRMDRER D72V RIRT AL TR D 1 pm AT
DI7ag v OWr i R RN I S TRY, RIRT AL 93~136 nm, IR 1E 109
nm HHUME 250 nm THD 4. ZNODOY AR, FHIZIV/ NS ENTHE
TED. ZOIDNTHELEAT 1 pm LS+ DSOFE AORRL - DA,
FHVTELSD pm A —F —DH A XD A uy o=y ChoHEEbis.

CB ffiffid 2037y B EL LTI, Fig.1-14 (ORLIZET AR DD, ZOF
T X CB 28 1o 7 I AF v/ DIH72 M E %> Agglomerate Phase &, CB &4
FanT LAROME %L D Free Polymer Phase SFFIENAT AFHD 2 FHIZ 537034
TW5A. 728, 20 Agglomerate Phase I, #ififHE L TEEII > TS 45,

EHIZIRD 2 DO —AIZEBWT CBITZIEMNT /S, 0 BUZ B3 D IERE
BRESND (1) CB & ANERTOJFERT LOARREDS, K2l O B 28I il HE
REEN R TGS 19, (2) FMVRFROERIZED, R A0 K&K iEHE2 CB
CEEfT AL 46, Lo L7edD, FUBIS ADFEHNZ D% OIREEY , Iraby i
i, TLPNEICRIE T E OB IR E SN TR, Fe, FMICET 52
NETOWIED LT, Ray X RT RO AN —Z A7 ORI ME ST,
e n—&—&, KRIRAHE, INEEZ R 2 72 % PR ChoMER =—4
— % WA FRIZ DWW TS, RIS SV TUR 0.

Agglomerate Phase

Loosely connected
‘micro—gels Free Polymer Phase
Many chain ends
Restriction byltrlne Well crosslinked
particles long chains
( Plastic-like) Less chain ends
No restriction
(Rubbery)
CB @ Sulfur crosslinks
O Crosslinks from free radical reaction

FIG. 1-14 — An illustration of a micro-dispersed structure in a CB

reinforced rubber4s.
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B, TAMERE CB ORHEOTT /VELTE, 2 ALYy T EE) 2 S
Az 2 O RN ERFEDS CB O JE AT Fig.1-15 OET D305 47. ZOm i
PEFRAHDIE T 5~10 nm T, Zhb 2 FHTATURIAN—ZRERKL TS, JTRL
7= F /fili#2 AFM (%, Fig.1-16 (TRL7-7aOiifEsR 48 OJIEIZL-C, 2O &
PESRFHOAFAEZ KFEL TS, ZORERLY, TAFIII /v A s —nZB 0N, R
B)—IoiiE CToHDLIEN DD,

H (3~Bnom)

Carbon Black

F1G. 1-15 — Interfacial model of CB in vulcanized rubber4?.

5
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£ 3]
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0 .
@ 9 i0 20 30
sample deformation /am
5. b
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- 3_ . . .
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- o
L 573 £ 08 MPa
04 . :
(LI 10 10 30
sample deformation /nm
rubber region
10 100 1000 (MPa) £ o
(MP2) £ 74201 MPa -
5 &
O experimental data = || i
— fitting curve to O ) )
Hertzian contact © g 10 20 30

sample deformation /nm

FIG. 1-16 —The Young's modulus distribution image of NR/CB compound and

force-deformation curves4s.

18



VI E, ZNETIZh > CnAZEELL N ITRT .

-CB 3 OEITHET LS TNDT L.

/B Ar—/LTO CB S HOETET MIEBWT, BRI A0MIpEIZLS,
um A —X —DL ATV =y MDA R REINTNDHI L.

-CB #& it Agglomerate Phase %>, CB 0 ET /LA REN T
WAHZ L.
-CB # ARED JFUEFT ADIRHED KX 70k Wi i OV B Z5 T AT HEZR 22 Eh AR L,
ZOREIeFREFED CB LHHL 25512, CB BRIy BEhDZL.
XIBRAT = VIZEBWT, T AR R L A SR E TR S LD R B —
EETHHIL.

— T, RIS TNRNZEELLFITRT.

B ADFERRD N D% OIRBED, vy, 22 kIE T o
T OWT, REHSITHESI TN L.

CEBEROIRBVIZEB T, LAaY =y NSRRI TV N L,

« EFED CB 0 BGEITET AN, REAIGUES TN L,

1.3 Ao By

%2 I, BAAREBIEOMER = — 2 — 12X 55 M RART L (IR) E CB ©
RARIZEBNWT, IR ORI KT TR EE MR 5. 770bh, CB AR
® IR OFEODIRIEN, ZDH%DOIRKEY, J7/a/ywikE, I 2P KIF I w5
ZIHGNCT D, SHIZ, BRI ANEHVICEY pm A —F — (2T bah b
Fa vy OB A& SBAIZE T, RIEHERSIN W WL A aY o=
VR EREEOIRFED K O, I/ 058G DR EDBRE BT 5. B ARIFEIC
BIFHFEMO LT, T LOEMOOFANATIRET LD AR ETET.

% 3 T T, IR OFEMVIF R DOEVIZED CB # AFFOZHERY IR OYREENR, R
TEODHEITIZEED, T LDOI7 03 S O AGEFEC KT T B2 BT 5. &5
12, BEICH SN Q0D CB I 787 L2 AL C, 22037 a5 E D
RGOSR AR,

WIZ, LFEE 2 BEE 3 T IR/CB #iTh= A2k D IR OFEM Otz i,
A% O LORBODO—BIEIRDIEEINEL T, L FDF 4 BB 7 O
T o7.

%4 FE T, Y7 —Rr D FEF q—R A —ARr D HAF (255 CB fioiE
WS, 27 AR IE ORI LI E T B E R 5.

%5 ETIL, =—4 —TIRMVLI-% D IR/CB = 25, A —7rn—
JVOEEUBRVIZ X D7 a iy Wik g e A~ D B R 5.
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6 T, =¥ =LA =T LORBMVDENCLD, IR/CB #iFR= 2
DI7 5y HE Gz 5.

57 T, IRMIHSEOEWICLDFE MR KT T HEOE LT, =—F —
LN Y —H AT DIRFEE D TRICB #iifi= AOIRM Z i35,
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525 A MRIRT LOFEMONE D% DIRMY, T LD/ ik,

S WAL ANy QEIrn-Z B

2.1 B

IR & CB ORARVIZEWT, IR ORI OE, 3725, CB BEAREDFE
T IR OARBEDED, TOHDOIRMY, J7a/riiid, 2 2 &IZ 3 E
ERRETT 5. SO, JFEE ANFFHVICEY pm A —F —IZE TR bESn L 4o
TNy OB EESFHICEWT, KRS TN A Y b=y ke
FEBROVER LY, J7a 55 E Ok E DBIfREE L35,

2.2 B
2.2.1 =—X —ITLDFEMVEZLDHDIEHRRY

Table 2-11Z, IR(AAREAY, HA) D CB fiffiT AOF AZRT . T LD
IL, K& —2 —Z2 8L+ 5 Fig.2-1 (ORI MERM=—& — (B KA
VRAEIYE, R 2.5 L, AAR)EHWTTo. IRV ERIORT. £7°, IR%
0.5, 1, 3, 5, 104D 5 KYETHEBVLIZ. &IZ, FEF# CB(N550) &5 Te% D,
ETOFEMEZERAL, BEHOE 2V —JI0ETHETRMVLIZ. ZORFTINEZE
Z 1 B ETFEhEt, &S50 3 MR ARG L%, T 228k LT-. v—&—[a]
521 80 rpm —E T, 7V 7 77X —INMEZ I #E Y 7e0rE T ETEId5 0.75
TITo7c. ZORMVGEHET, BAIOFRHO DAL HHFZMY IR &, fxfd FTRMHD
L7z IR/CB #fiih= 2% 457-.

Table 2-1 Recipe of CB-reinforced compound in IR.

Ingredient without sulfur with sulfur
Isoprene rubber (IR2200) 100 100
Carbon Black (N550) 40 40
Zn0O 3 3
Stearic acid 1 1
Sulfur 2
Accelerator CBS 1
(phr)
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FIG. 2-1 — A kneader with a tangential rotor.

2.2.2 FHD IR ERMEET D> — Ml

FHOLT IR ERiEE S F720 IR/CB fifiiR= AIZ2WTC, £, 60 °C IZIRFAL
e 8 AvFA—7rm—/L(FEle—L, BR)ZHNT, 1 XA Ty —MELZ. K
2, FDOI—F% 100 °C T 5 SHRIF VAL ZICEKIBEFTHRLT, &R —
FBOH L. ZORIBIZED, EAH) 2 mm OFEFD IR =5 — R L
—haf37e.

2.2.3 Ik

WA E e IR/ICB M= AZ2\W T, 150 °C T 20 SOV A E1T-> T,
JEHHK) 2 mm OIS L —b e f57-. 72, T ~Fvm g 575 s DIN iR
Bt 7 0, 150 °C T 20 SO SIETImLT-.

2.2.4 I LYPEORIE

DR, A=k, B IO HMERRE L, & % Waters2695 (Waters, K
), SMV-202 (5ERAERT, BHA) L, AR2000ex (TA Instruments, K[E) % H
WCHIZELT=. Table 2-I1 (TR MR ORI E S 2~ 7. 5I5EMIEIL ISO 37:
2011 1296V, 35X YLK, 500 mm/min @D 5| 3EH E T AG-1kNXDplus (&
BRUERT, BA) ZMOCTREL. 7~ 7 v i 57wk 1% IS0 132:2011 126E
S>THIEL, DIN EFERER T ISO 4649:2002 (24> CTHIEL .

Table 2-II Conditions for viscoelasticity measurement of masticated IR

and a compound without sulfur.

Masticated IR CB reinforced compound
Temperature 25-105C 80 °C
Shear Strain 0.5% 0.04-6%
Frequency 1 Hz 1 Hz
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2.2.5 FALOITFPEROHE

RS LD 7 aiitERY, AFMR—ADF /filii2 AFM3840|Z K> CTRIFELT-.
T, /b —2Z N T LOME R % -120 °C T TERLZZ. KRIT, AFMIC
NanoScope V (Bruker, kK[E) %, 7 F L /3—IZOMCL-TR800PSA (A V> /XA,
HA) ZHWT, 74— AR 22— AREIC I T SOOI a3 L& ) 21 E L
72 (Fig.2-2) . 7 m it 2 I Johnson-Kendall-Robert (JKR) £ fil /) (2 F-S0
THEHL0(1-120) O T, KUFIE TIZZOI7 a2 JKR SR LR 5.

force

cantilever deflection

piezo displacement sample deformation

FIG. 2-2 — Schematic drawings of force measurement responses.
(a) Schematic of force-distance curve with adhesive contact.

(b) Force-deformation plot converted from (a).

K:(Hwaﬂrz FA

3 RVYZ(Dn — DA)3/2
(D A) (171)

K pfpE=R
Da:A HCTORELEE Dp:B A TORELERE
Fa:A 5 COfE R ERE+D £
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2.3 FEREBE
2.3.1 FEWEEFOERICLDFEHD IR OREEOZA L

Fig.2-3 ([Z=—4% —CHRMVIFMEZE 2 T(1~10 43) FHoL], IR Oy &
DDA RT . mo 'R, FMOKRRH S5, Fig.2-412, F#f
D IR OXEBMEDIRE S #E R T . BN EL2DE, IsHMER G 13
L, RHMER G LHRERIE KT S. 70, BEDO EFRIZX->THRIEEOME
1728 3,515, Fig.2-5 1R UTZ#E#0 IR D& T FROIREE L E 0 00 BER D,
FHO IR OWREITHFEMOREMEIIC EH35. LIz3> T, FMVREHROIERIZX
DG OB E G EEKEBEOR KL, KOBEEICEZD. B0 L FRE 208
FEMEZ IR TTREIZ CB IR/ BENADZEDD 19, ZOFRBVREM O IER 13
CB OEWiAZMZ [ BT 2R H 55 265,

10 min
1.0 'Ymin-..}:'\\
5 min=7, &
= o8
¥
= e "\ Mastication
= : Y\ time
= .3 min
o &7,
N
0.9 1 min
AL
\‘\;
0.0
4.5 5.0 5.5 6.0 7.5

Log M

FIG. 2-3 — Molecular weight distributions of masticated IR.
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FIG. 2-4 — Temperature dependence of the viscoelastic properties for masticated

IR at different mastication times. (a) G, (b) G", and (c) loss tangent.
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FIG. 2-5 — Relationship between mastication time and the temperature of

masticated IR.

2.3.2 FHOPEMI KT T 58

Wit 5% 2 £72\ ) IR/ICB i = L& F VR (2) 0.5 47, ()1 47, (0)38 47, (d)
5 4r&(e)10 43D 5 KAETHERMOLIKFD, =—XF =D — ), IR RO
B0 F v —% Fig.2-6 (TRT. WIC, M0 h O FE#YIERE & BIT (Black
Incorporation Time) DBd1%% Fig.2-7(a) (2779, BIT (X CB O ANLETIH
2 =7 TORMTHY, CB ZHWIATIRSDOFRIE THS 21, BIT (M 3 0 E
TREEMSN, TORITIRXITERSND. LIZD-> T, F L7z IR ORbE
DAL, T ARMICIHTD BIT OMEMEIZHETS. Fig.2-7(b) 12, FHE0EERH
Eh—=H VDT LNIRFFOEE B ORRZ R, Z0 IR/ICB =T A TlE, 1~3 /D
O Th—2 /L OIRFRY R 3/ N E70 D . DFED, RHVRFFA M OICEIRT 528
T, M2V ORI 2 G2 LN ATREL 72D,
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FIG. 2-6 — Mixing chart of the kneader as a function of mastication time.

Mastication time: (a) 0.5 min, (b) 1 min, (¢c) 3 min, (d) 5 min,

(e) 10 min.
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FIG. 2-7 — Relationship between mastication time and (a) BIT, (b) the total

mixing time of the IR compound.
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2.3.3 FHODT LIEIC T I R
Fig.2-8 |2, IR OEFHVIERILRIMFET LD G (0.1 %G’ (4 %) LD BIRE T

. FHROBHOIER LD G'(0.1 %)/G' (4 WEHITHD L, VDDA 3R 51

DEZNE, CB DML LT BZENN1%. 20 TRICB #ih A5 IR

DFEMOBEM ORI, BIT 24412, CB s iikhb i LXt5. 7=, BIT

(Flg 2-7(a)) OBEILFIREIC, CB 4 HUEHY 3 5 ETIHEREIA L, Z0%k%
IR A 1Zm B35,

G'(0.1%) / G'(4 %) ratio

0 2 4 6 8 10 12
Mastication time /min

FIG. 2-8 — Relationship between mastication time and the G'(0.1%)/G'(4%) ratio
at 80 °C of the IR compound.

Fig.2-9 (2, IR/CB ffiii= ADE MO L5 s ML D B2 %~ 3. Fig.2-9(a)
FlikiRE & (b) MW NI FEBMO RN R RD LD UK T T2 M AH 505, 2
L IR &+ ER OB BIRRE RGNS, —F, Fig.2-9(c) M100 1%, F#HD
RFF & EBITH R T 5. 2L, FHVDOIERIZE ST CB s ELIZRICK
HHDERLID.
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F1G. 2-9 — Relationship between mastication time and the tensile properties.
(a) Tensile strength at break (TB), (b) Elongation at break (EB) and
(c) 100% Modulus (M100).
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WIZ, Fig.2-10 (a) IZH VIR &7 ~ T v i@ dh i 55 kB O AR B X0 Bt
AT, G LM ERIERI, FHVEFRA 3 DA FTIFARAKNEIOEITHK
TIPS, TO®%RITIEFE—E LS. Fig.2-10(b) 12, FHVFEEH & DIN BEEER
BROBFEFE RO BGRERT. T F YT OBMRERILIZIIFRIC, BFER
BUIFEH 5 DETIHHKRL, TORIXTE —EIT0D. [ IR IREEDE
I%, CB S EEUTHI, SOITE T EETERM DM FIZHFH 5T 5280
LYIND.
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FIG. 2-10 — Relationship between mastication time and (a) the crack length on
the De Mattia fatigue measurement at 5000 cycles, (b) the wear

index in DIN abrasion measurement.
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2.3.4 FHODIT 3 EE I KIFE T8

Fig.2-11 (T, A= A0 JKR #ERE, B /1% & TEM B2 ~7 . JKR 7
PEERAG LIEAS 181, A%Y 88K 3.0 um DT /filii2 AFM (2L 47-. JKR Pt
FTHRIZBNT, BAEHIX CB THY, e H AL, &~ m JKR IR LK
VW JKR FPEROT LFEIRE RS BEE MBIV T, IBUVIREEILERS ) MK
VY, EIZ CB O 7TC, BADWIREGERILE LEHIK THD. 0.5 /0E 1 OF[DT
%, BV JKR BPEROT AEIRIC P EN - K& CB BEEMN R bN50, 3 7
DOFFOO%, TNOITHK L. TEM B CHLRIERIZ, 0.5 OFRMOTRER
CB ORHEM AR TE, ZNOIIRMVIER OLR LD D7D 2 Enmh
%. L L5, TEM g Clixk CB OJE O AR O R EZR & &MIZFEHG 5
ZEIITER. BT, AFE TR /il AFM (I2X- T 7, JKR MRS E
e NG oT DIy il EE B 2 5.
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Mastication time /min
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(b) Adhesive force mapping images
37 Snge 3 G Bl

FIG. 2-11 — (a) JKR elastic moduli mappings, (b) adhesive force mappings by AFM,
and (c)TEM images.
The scan size of AFM is 3.0 pm and that of TEM is 2.0 um.
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Fig.2-12 |2, Fig.2-11 ® JKR #MERGEOIE(LG AT, Znbid, JKR
MR TXYENT- 3 DOTLFHEIEHE 15D CB U7 D 4 SO TR ST
% 52, ZOPMEALAG DIERITIEIC DWW T, FEfD 5 D& Blciiii 4%, Fig.2-13(a)

G B DOEANT T THY, I AR E W CGEEILIZe AN T Al AR L
“Cb\%f). KEEFS )2y CB v —7, mikkss N AEkoy—27Ths. Zo=
LB DT 4T 427 T, B —27{l% 2.6nN, 3.6 nN, 4.3nN &7°% 3 DDl
BCHERR S TS, 2B O HfELE DS, CB O/ 0.122 #1457, ZOEIE
FlAMBREE T2 CB RS R 0.17 T D UKW, 1ZIF RS L A1 5.

Fig.2-13(b) X CB DAFE =R 0.122 & £72\), I AFEHIKO 0 JKR iR
DEANT T L% R TND. EAE NNBEDCANT T LDT 4T 4 7 FERNBET 3
DD T LG IR G T 4T A4 T U2 A, MR T 4T 40 7 iR A 2L
T, B ITEFE 2R 0.122 D CB # 1 fal L, fhoEFfE5y 2R 0.878 D=

Ll A JKR SR 3 DD T 4T 4 7 MIERD 2 DDA ETE4EI4 5201
Ko TH. Znoo =45E U7 AEIZ DWW T, JKR ROV TG, (K
JKR 7 ¢4 e, H JKR MR, & JKR HMESRMEIEMSZEET 5.
Fig.2-12 1B HHF M, R BAOMHEBIL, ZNEiUE JKR HPERGEE, §
JKR @a}i fEik e R JKR MR E R~ T ZOREAOE JKR HMESREIIL
7 CB OFEBICIFEL, Fig.2-14 OFH 1 43& 10 450 JKR FHIESRB O W H
X DOFNTRENDIINT, NIRRT NN—%2ETr 20 nm FEELL T OELOHE CTH
5. ZIEFRBRDE AT, ZHETIZHE S TUS 40,53,
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m Low JKR elastic moduli region m High JKR elastic moduli region
m Middle JKR elastic moduli region o CB

FIG. 2-12 — Four-valued mapping images of the JKR elastic modull.

Mastication time: (a) 0.5 min, (b) 1 min, (¢c) 3 min, (d) 5 min, (e) 10 min.
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FIG. 2-13 — Histograms of (a) the adhesive force mapping image and (b) the JKR
elastic moduli mapping image without a CB area for 5 minutes of

mastication.
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FIG. 2-14 — Thickness of high JKR elastic moduli region in part of section A-B.

Mastication time: (a) 1 min, (e) 10 min.
The scan size of AFM is 3.0 pm.
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Fig.2-12 OMUEALEIZOWT, (a)0.5 47DOF I, B JKR FMERFEEIC
lizmt CB & JKR MR NRIE T ORI/ EHEBL L R X722 K JKR FHIE
E\ﬂz@:ﬂbkﬁﬁbﬁ%mé [FERIZ, (a)0.56 ZTDGELVIFT/NIWVD, Zhbik
(b) 1 3 DOFMITH HD. &;%7% IR #(c)3 WLl EFMT 5L, ZOKRX
77 CB BHEIL LK JKR HMERFEIROBLIT B2 72<70%. F7=, # JKR ML SR GE
I3, K JKR PR GEI OB O B i 35, fufiifb Stz CB O JE I E S
539272 %. ZoruiyEiEEOELL IR OFEMY 3 0B E Rish, =
X CB 0 DFEIETHD G (0.1 %)/ G (4 %)tt, T ~F )@ i 5738 oo .24
i EREERC, DIN BERERBR O BRI EFRICME THD. LTzh>T, ZHDO %
PEITEWEE 2D, LLEDOFE R LY, IR/ICB M= LI T, EE 1230
IR DIRAEICTEZL , ZAUTIRICT LOI 7 HiiEEICRITS CB &%é%i%&ﬁ‘bﬁﬁ
WO AXIZZEL, CB Oyl AT 2% KT 3 EhmmfhiT 5. Sbig, 2
IR — R AT AEL, BD JKR SMESRE TR ESND, R —7
g CThHDLERGRITTD. Znbix, T /filEe AFMIZLY, 2700 AFEORES
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FIG. 2-15 — Relationship between mastication time and (a) the volume fractions

of JKR elastic moduli in three rubber regions, (b) the peak values of

JKR elastic moduli in two rubber regions.

39



2.3.5 LAY a=y O ENDBE LT LR OMEITEI I m S
DAL

LA rYIiva=y NI Mooney LR R LT, F0E Lo TREN 22
LI-BRICAELD, EABWTEEESZ um A —F —DH A XDk Tdhb. CB
*ﬁ%ﬁﬂA@Efﬁﬂﬁ% BWTC, LAy ha=yhiid, CB #fTe JKR M

PRI LR CTHET 5, um A — X — D AXDIK JKR SRR OILEE 2

TWo. Fig.2-12 ® 3 pm ADONEGIZ, ZDOBESNLLA Y IV a=y e
MR OFE M TR

EARU7Z IR OFEREY, FEVEORKEY, 22075y 8, WONZ CB 2k

DFEFNZONWT, LA r Y b=y hOMEEE SBEICE W TE 2 ThD. FDEF
MZIERT 5L, IR ITE0 FREES DAL, HREEPE KT L0 LERIZ,
MMbEh, ZLUTHFERRBENE KT S, ZOIICHS5IcHEZHVLZIR T, &h &
A DA T A ZENE NS A RDL AP )=y b3, ATV HRD
INEV ym A= — DA XDV FrT I a=y MO ERERD. LT, v/r
A — )L CTHIAFINTZ CB O#EEMRIT Fig.2-7(a) ® BIT OEMEIZAONDLD
2, EREEA R R LAY L=y MR BICEIAENS. $7-, LAY
71711/:1?—/%@47“4275>/J 27 HE, CB BRERDZEFRA~DJFUEIE LD ALY
I AepEEbis. S5HIZ, Fig.2-6 (e) DIRHVT v —R o, EHOH 18—
LD DENRE N ZPREIHBITE 27 B1FE1, IR & CB OB bifE-
TIEATIRBEL 72D, TANELEFVIED TOBRERITLILNTELETOIREDLE
ﬂ:ip#% (ZIRNZED 0D, DL BRI EZ T, FEEVRFRI OV Fig.2-12(c) ~ (e)

Z, A% CB TR ENZ, 1 um FEAEE Qi’(/ﬁ/ﬂ%d é<-ﬂi€l SN EES U
éI/ZLD DI a=y e R TWS. ZOIIIZ, ok r A ey v
=vMZ CB ##& N7 %L, CB ia_<1“‘)‘£n‘ﬁﬂfl:éh7b>o i’j— W2, K&E7% CB
BRSO AEI D 22N T ADI /S B E N SN D EE 2 5.

ZHUZHL T, IR OFHONA+53703551%, CB O A#%IZ IR O R[¥E1L, #
531k, CB OEWIAZE, CB OfHi{b, B —b N FEIRFICHE T 5. F72, CBITHK
B/ SN IR OIRFETHEIAEI, I ESI TRV R E LA T
)=y N CB L35, L7223->T BIT 13E<AD, CB 0 SEHZ L HEL
<7¢%. Fig.2-6() DRV T v—F b, BHE 1 B —27% 07 ATIRETORN

TBIOHMNEL, WIZT LN FEEFS TRERIT LN TELAED THE S K OBH
SIS, IRV OET BN LR 0D, LIe->TC, RV O Fig.2-
12 (a), D) ITRLTZIDNT, HEHRFIZ 2 pm BREE D REZOLVArY IL o=y hRFk
D, KR&7p CB EHEILE K& 7eT AN TFTET S CB /0 BB NI /1Y) %ﬂ%u:
5. BRITHE, CB i oTTix, CB #ARID IR OFMEEOMLIC
TCT&D, LA NN a=y DOV A RTHBINLEHEE 5.

40



Zoviuvina=ybrOBEIL, 81 FEO Fig.1-12 (b) IZ7rL7z CB s D
ITICBITD, IR —)LTOH 2 AT v 242 OERITHDHEZ ST THDH. A
ZeIXL AT v =y NOBEEZ SIAIZE W T, BV ORI AICLD CB @
HBiA#, CB O, LTI LD/ G LA T I LN TEEE X
TUWA.

wiZvFAav o=y s"oOBEETHN, A FRIELE IR/CB fiii=T ADI/u
EEE %, Fig.1-14 1Z/R L7 CB M= A7 a5y Bk &£ 7 /L 45 Ll 375,
ZDOFET VL, TTATFTvIOIH72MEE%EH > CB =& T agglomerate phase &,
CB Z& £\ I MR OKEZAT O free polymer phase @ 2 DOFHIZS3 73 HL T
%. IHIZ, agglomerate phase (FoEGEEEEL TER>TWA, Ziud Fig.2-12
D (a) FD 0.5 5L (b)1 2 HITDH, CB & JKR M RE N RIAE T RE
7REEESL ST AFEIR OB U LRI TS, LnLenis, ZOKRE CB EE
B2 AFEEIIFEHD 3 LI TIZ A<D T, Z0 IR/CB fiff= A2k
TIE, ZFOETFIVIIEBONEVEEICORANTHY, BHVIEHZEEL T
INCEMNEITHIE, BHEWIE DRI,

2.3.6 =—X—btA—TFru— k5 IR OEFOO L

BRIC, =—X —THRBHULE IR & 8 A>T OA—7m—/L (il 60 °C) iz
BEFTTZEHZ ORI LOIRREL, 8/ F DA —7 L u—/L (R 60 °C) TIR
TSRO LT RF DN R ADOIRAE LA LLIG L T2 R ROV TR T SR AL,
=7 ra— LTI LERMEVTDHRED, 1 KOa— L OLEFIEEfWiea L%
fad. oB, A—7 o — /W IAEHOOR R FHN, X—/ b8 HLZIR Y
Oy &k F—F oa— AL, IR 3a— L REPW -2 AR L TND
BlAELTZ. 454 ORI KT 2/ R ADIREER Fig.2-16 (2, A—=—%¥f
& LD RI%E Fig.2-17 (R

N 25 L =—F—b 8 A FF—7 1 m— ) UZLAHEMIL, FE0RRTIZxt
T HNURI LORIEE L —=—FEEE N RS ThHD. N RITLORREIZONT, TR
DFEHD 1 3L FORFI ANV RI LR BBDHD, ZNHDORIE 3 LB TIERS
N0, SHIZHEBMOEMEZ RS T HE, NURITLAOHPUTELNIT/R-> TV, Z
AU, FHD IR OREFRER], SPEZE TR [EITE SR TR /X7 203 a7k g
B, FBHOPELIZONTATUAOINIZIREBICBITL TR THD 20
White!8 |34 —7" L m— /L E[EERIZ, % PARRBISIC L 2T 20IRMIZE N T,
—X— I APEEAIARREL T HZ LD, BV IX v Thn b EoRL
TW%. F7z, Tokita & Pliskin® (&, JFUEFT ADEM H OZEEIZOWT, A —7
=L RN —=IF Y —Z A T ORI L RER DR THHZEERL TV,
FlZ, ==X =285 IR OFMITIE, FHOEEH 3 HaERMRET DM, 2

41



LD, T LMMEOENDHHIEE IR, ZOA—T o a— )L DFE
DIZBITH R RIT LOFERNDY, EORBOEER] 3 DTN HDZ L HEES
hb.

(A) Mastication by a kneader

(a) (b) ()

FIG. 2-16 — (A) State of elastic band in an open mill of masticated IR after
mastication by a kneader.

(B) State of elastic band of masticated IR by an open mill4.

Mastication time: (a) 0.5 min, (b) 1 min, (¢) 3 min, (d) 5 min, (e) 10 min.
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FIG. 2-17 — Relationship between mastication time and Mooney viscosity of
masticated IR.

B, A= a— VDG E IR MR D L T E A JFR T A 2R
ASHAHZENTERND T, NURI LR ETRENS L2 FE YL TH
SFRIEMEOEANEZRRGT 5. —F, BHAARBEEO LG GITHE R LD FE DM
R+ ThH> THRIBEM TS MR ASHELZENTEXHDO T, FHIZ+072
REf 2T D2 b 7eny, T ADIRBIZEWT, A —7 v m— 0 )5 53 AR
TR LG FEEEM DN B NI ENHS. LNLRRSLZOR LY, 2T FEiEs
TR DFEIT LOARREDENREDRK EE 2 HD. LTcd > T, 5 PR
T LDORMVE A — 7 a— )L TOIRMEVIZIE ST TR, BT A0 3
RORFR 2R T D2 E DA DR FED— D& R D,

43



2.4 FEim

B2 K&y 7 M EL D>=—4 —% T, CB ARIZEITS IR DF%
O DARFEDE D% OIEMY, I7v /B, 2 2T T RELZ BNl
7-.

FRROEEM LI HE B IR OBy F BRI L, G KT, G HREAE
PRI R LT, ZOFEMD IR DARAEDZALIZL - T, BIT 135720, CB O4r L
M BT 5. ZAUESHIC, 7~ F v Rl RO B AR E RS DIN BEFERERD
BEFRERR DT LD A EXE5. £, T /2 AFM 5, IR OFRERD R OE
W3, CB BRI AFEIR O A X5 52 LB L. BARRIIZIE,
IR OFEMONAR T4 DEE, CB & JKR MR DNRE T D RS/
RERME JKR MR O AEIR AR SIS, ZHUCH LT, EHivE+431
1Tol- 84, TOREA CBEHESL L JKR JME RO AFE D72V, CB 4y
B 2 R ATk E L 70D,

INHOFER%E, Mooney HIZL> TIRESIZHEMDFIZL > TRET A afifk
LTZBRITAELD, EAEWTEEED pm A —F — DV A XDWRI - ThoHL Ay
FVv =y "ORE S Z SEEICE W TIRDOIDIZELZ LT, IR ORIV 2L, IR
DI AASEE, LAY L= DY A RN KEVIREET CB 23
ASND. ZORER, CB EOERMEFE D/ NS ED D CB O L AL, K
X732 CB BHESLERE 70T AR AR V. UKL C, B E+01247-
25, VAuY N 2=y OV AXFTNEL, EDOVAZXDI3AD/NTYF /NS
VREETT CB MR ASIA. ZOFEE, LArY o=y NE CB L2h=Ra Iz HEfih
L, CB OHEVIAHZNBAL—AT, CB OALEHS, B2, SHITT A
FEIR DY A XL /W& %, ZDIHIZ, CB oS TIE CB # ARID IR OFE D
BREDOHTLIZE S TTES, LAY L=y OY AR TEEINAE ST 5.

44



3 E FBHVRRE OBV LD/ BB EOIEERR I &IE T

EA
R

N

3.1 B

IR OEFHVIERIDENZLS CB #EAEOEHY IR OIREEDE D, T ADI
Iy B E O OB KT T A2 e 5. S5, BRicHlESh s CB
SEEITET LV Z AL T, 2 ADI7a5y B S OB m RO & X A2~

3.2 Fhr
3.2.1 =—X —|ZLDFE M EZ D% DR

BLA 12 Table 2-1 @ IR/CB #i5&= 2%, E#HHIC Fig.2-1 D=—4%—%ZH\T
BV EIToT. £, IRE 1 3L 10 450 2 KHETHEFMOL-#%, CBEZEHLZED
2 TOFEMEE =—2 =R A L. RIZ, &% O BIT % =0 351K
fElEf ¢ 122\, (@)¢=-0.33 4y (HEEL=EIH 2 B —27 @ 20 BRilcHkEt),
b)t=0 43 (G 2 ©—ZRCHEH), (=1 53 (G 2 ©—21%%, 1 SRR
f5t), (Me=38 47, (e)t=6 43D 5 KHEDKFH TIRMVEAT o7, T 22HEH LTz,
m—4Z—[alfRE0Y 30 rpm —E T, 74N T 774 —1%0.75 TiTo7. 20D 2 KUED
R0 E, 5% 5 IKHEDZ D% DR DRMIZL ST, 10 FOT L& F57-.

3.2.2 RIFid LD —bkTE
2 2.2 2 RLIEFIETIToT-.

3.2.3 i
2 7 2.2.3 [IRLIEHTIETIT- 7.

3.2.4 I 2MEONIE
RhopeatEr ) S~ T v i g o R L DIN EREEaER A, & 2 2 2.2.4 [TRL-
FFETITo 7.

3.2.5 JKR MR OMEIE
2 2925 IRLIEFIETITo-.

45



3.3 fEREBE
3.3.1 FRRVNT LDI7 by BEIE DT RGBT AT 3 2%

Fig.3-1 iZ, 1 M DOH#FVZIC CB &AL, (2)t=-0.33 47, (b)t=0 47,
©@t=1 47, (Dt=3 47, ()t=6 53D 5 KHEDKEH TR LT-=—4 —DIRHHY
F¥—baa:7. (b) ~(e) D BIT 1% 258~265 e ELTRY, EH 28—
? 20 BENCHEH 52 % -7 (a) t=-0.33 23D CB % At ORI ]
244 WL, PR TEDHL~ILEZ 2D,

—JB 972 CB fliiR= 2D, JFUEFE A0 CB ORVIAARIZEDENH 1
— 7D, LSRR LD FEPHIZ CB MM ET 2772 ATIREE L7220, Zd
K2 DBV EIRARTE ST OWRENDIR 2 [T LN FEEESTNE, 5 2 B —I LT
KRERI LI LEI2 DM TE RS . LT2R-TC, 2O 28—, [FEE 2~ CB O
BALIE T D HZESN TS, Z0D t=-0.33~6 /DIZBITD, B TOHEHT A
DIRFEITR DY THD: (a)t=-0.33 731E, RELRILIKRE/2> TODDRRET T,
ZORENITELBDIAFEN TR CB 35T A LIREE, (b) =0 43id= 0k
DREIRBLEIRHSTWDEN, fikdEFIZ CB D ULAIREE, (0t=1 2y LAEIT= L
FHIOCRDRHY, BIRBOSNI-ALOIREE. FEin 1 HOBRE, H 28 —r0
I IR 2~ CB DB AILSE T LTV RoT7.

46



@

(©)

14 140 14
12 120 12
= 2 =
=2 10 100 3 = 10
o) Yy, 2 ol /
E i 80 £ z 8
1) bnd g 1) 7
5o o & F o5
- =
S 4 40 O T 4
[} = 5]
— 4-- —_—
C hV"! N C Fﬂﬁf
0 0 0
0 2 4 6 8 1012 14 16 18 20 0 2 4 6 8 1012 14 16 18 20
Mixing time /min (b) Mixing time /min
14 140 14
12 120 12
= 1% = 7y
= 10 100 3 = 10 g
- / - = /
[ = (]
E 8 / 80 £ E 8 /
g ” : g ’
6 ~ 60 & 6 2
g v = g =
2 g 2 P
g 4 1- 0 2 g ¢ w
L 1nd ; o
0 0 0
0 2 4 6 8 101214 16 18 20 0 2 4 6 8 1012 14 16 18 20
Mixing time /min (d) Mixing time /min
14 140
12 120
E P ?
= 10 100 3
5 7 g
z 8 80 £
2 Jf s
S 6 % t 60 2
£ v « =
g 4 1 - a0 @
= 2 H:ﬁ 1 20
0 0
0 2 4 6 8 1012 14 16 18 20
(e) Mixing time /min

FIG. 3-1 — Mixing chart of the kneader at 1 minute of mastication.

Mixing time ¢: (a) £=-0.33 min, (b) #= 0 min, (¢) £= 1 min,

(d) £= 3 min, (e) £= 6 min.
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FIG. 3-2 — (A) JKR elastic moduli mappings and (B) adhesive force
mappings by AFM, at 1 minute mastication.
The scan size of AFM is 3.0 pm.
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m Low JKR elastic moduli region m High JKR elastic moduli region
m Middle JKR elastic moduli region o CB

FIG. 3-3 — Four-valued mapping images of the JKR elastic moduli at 1 minute
mastication.
Mixing time ¢: (a) £=-0.33 min, (b) #= 0 min, (c¢) £=1 min,
(d) =3 min, (¢) =6 min.
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FIG. 3-4 — Relationship between mixing time ¢ and the volume fractions of JKR

elastic moduli in three rubber regions at 1 minute of mastication.
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FIG. 3-5 — Mixing chart of the kneader at 10 minutes of mastication.
Mixing time ¢: (a) £=-0.33 min, (b) #= 0 min, (¢) £=1 min,
(d) =3 min, (¢) =6 min.
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FIG. 3-6 — (A) JKR elastic moduli mappings and (B) adhesive force mappings
by AFM, at 10 minutes mastication.
The scan size of AFM is 3.0 pm.
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m Low JKR elastic moduli region m High JKR elastic moduli region
m Middle JKR elastic moduli region o CB

FIG. 3-7 — Four-valued mapping images of the JKR elastic moduli at 10 minutes
mastication.
Mixing time ¢: (a) £=-0.33 min, (b) #= 0 min, (c¢) £=1 min,
(d) =3 min, (¢) =6 min.
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FIG. 3-8 — Relationship between mixing time ¢ and the volume fractions of JKR

elastic moduli in three rubber regions at 10 minutes of mastication.
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FIG. 3-9 — (A) Relationship between mixing time ¢ and the peak values of JKR

elastic moduli in two rubber regions.

(B) Relationship between mixing time ¢ and ratio of the peak value of
middle JKR elastic moduli / the peak value of low JKR elastic

moduli in two rubber regions.
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FIG. 3-10 — Relationship between mixing time ¢ and the G'(0.1 %)/G'(4 %)
ratio at 80 °C of the IR compound.
Mastication time : (A) 1 min, (B) 10 min
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FIG. 3-11 — Mixing chart of the kneader.
(a) Mastication time = 1 min, £= 6 min.

(b) Mastication time = 5 min, £= 3 min.

Table 3-1 Comparison of total mixing time and rubber properties due to

different mixing conditions.

Total mixing G'ratio G’ (4%) /MPa De Mattia DIN abrasion
time /min at 80°C Crack length /mm  Wear Index
Mastication 1 min
11.8 1.21 0.96 5.0 98
+ Mixing time £= 6 min
Masticati 5 mi
astcation » i 111 1.24 1.00 7.3 108

+ Mixing time £= 3 min
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(a)

m Low JKR elastic moduli region m High JKR elastic moduli region
m Middle JKR elastic moduli region o CB

FIG. 3-12 — Four-valued mapping images of the JKR elastic moduli.
(a) Mastication 1 min + Mixing time ¢= 6 min.

(b) Mastication 5 min + Mixing time #= 3 min.

Table 3-1I Comparison of the volume fraction of four-valued mapping images of

the JKR elastic moduli due to difference of mixing condition.

Volume fraction

Low JKR Middle JKR High JKR
elastic modduli elastic modduli elastic modduli
region region region
Mastication 1 min + Mixing time £= 6 min 0.62 0.16 0.22
Mastication 5 min + Mixing time £= 3 min 0.64 0.30 0.07

Wz, BIHOFEHD 1 47E 10 2B 2@IE#HVT+—F, (b) G’ (0.1 %)/G’
(4 %) ttd, @UUELEG D —EOfE R T Lzt 0% Fig.3-13 12737, (b)
G' (0.1 %)/ G’ (4 %LOFERLIY, FHY 10 3O FBEFH 2 ©— Itk OB
DIRFRVIEE T CB B KEL A LT 228030005, 20728, T 1 43FED
(D=3 s3LHEMHD 10 HEED() =1 47, L UHERY 1 53D (e)t=6 47 LFih
10 DD =3 77D CB /pHMEZEEL72D. Lizid-TC, FE+0I1i7oF%
D 10 23 D0, 5§ 2 ©— DR ORIk C R if72 CB r#afsol L
NTE, 5 2 B —27% B LR O TRFHIZ A LT W e 0D, 2
RITUT, BN EN 1 4TI, 56 2 B =70 b R ORI S LI THY,

IRAHD DR T R 2RI T — BRI 2O EEL . F7- EERORMDEE
IZBWTH, FH0 1 0L LE/D 10 D5 CB &A% DIRETEDHD CB O
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FIG. 3-13 — Comparison of (a) mixing chart, (b) the G'(0.1 %)/G’(4 %) ratio

and (c) four-valued mapping images of the JKR elastic moduli.
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FIG. 3-14 — List of Four-valued mapping images.
Dashed line : Before the formation of middle JKR elastic moduli

region.
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Fig.3-15 — Mixing state model of the CB reinforced compound before and
after the second power peak due to difference in mastication
time.
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FIG. 3-16 — A conceptual diagram to show the formation process of the micro-

dispersed structure.
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%2, %3 ETCHWYTMI—R D FEF 36/ —K A —R 0 HAF 124
FBLC, CB fEDEWICLAEM IV 0y HEE ORI RIE T L RGT5.

4.2 FEBr
4.2.1 =—X —ZLDHHMOEZ D% DR

Table 2-1 ® IR/CB ffi#i= ADEL A5, CB FiD %Y 7 v —HR D FEF )
HN—RH—7R 0O HAF (N330) IZZEH L7= Table 4-1 OELA T{T-7=. Table 4-
IT 2, 260 CB OREMeaaA/Z VEHEE RS, 7ok, RH D NoSA (EEFE K
EHFRIE) 1L CB Ofifla e bR, IAJORKE )L CB OXRIffE
Z R T ER R, 24M4DBP 1L CB %2 T JEHEL7=#% ® DBP (Dibutyl
Phthalate) WIN E&HE TS CB OANTI/Fv—4hETIEECHS. IRBIHIC
Fig.2-1 O=—% —%ZH\\C, IZ#0ILE 2 & 2.2.1 ® FEF L[FIC, ROSEMTIT
7. £, IR % 0.5, 1, 3, 5, 10 43D 5 AYETHEMOLZ. w2, HAF 2&T%
DI AETDFEM B ZEAL, BHDE 2 & —7CETHETIRMOLZ. ZOENE
Fx 1 [\l ETESYE, ST 3 HRIBM Ak L7212, 55 PH LTz, m—&—
[BlEAEE 30 rpm —E T, 7AW T 772 —I1% 0.75 TITo7z.

Table 4-1 Recipe of CB-reinforced compound in IR.

Ingredient without sulfur with sulfur
Isoprene rubber IR2200) 100 100
Carbon Black (N330) 40 40
Zn0 3 3
Stearic acid 1 1
Sulfur 2
Accelerator CBS 1

(phr)

Table 4-1I Typical physical properties of HAF and FEF carbon blacks?.

Types Particle size Ny,SA TA 24M4 DBP
(ASTM) mm m?/g mg/g em®/100g
HAF (N330) 22 - 28 78 82 88
FEF (N550) 40 - 45 40 - 45 43 88
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FIG. 4-1 — Mixing chart of the kneader at 1 minute of mastication.

Mastication time : (a) 0.5 min, (b) 1 min, (¢c) 3 min, (d) 5 min,
(e) 10 min.
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FIG. 4-2 — Relationship between mastication time and (a) BIT, (b) the

total mixing time of the IR compound.
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FIG. 4-3 — (a) JKR elastic moduli mappings, (b) adhesive force mappings by AFM.
The scan size of AFM is 3.0 pm.
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Mastication time: (a) 0.5 min,
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FIG. 4-5 — Relationship between mastication time and the volume fractions of

JKR elastic moduli in three rubber regions.
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FIG. 4-6 — Relationship between mastication time and (a) the peak values of JKR
elastic moduli in two rubber regions, (b) ratio of the peak value of
middle JKR elastic moduli / the peak value of low JKR elastic moduli

in two rubber regions.
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FIG. 4-7 — Relationship between mastication time and the G’ (0.1 %)/ G’
(4 %) ratio at 80 °C of the IR compound.
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FIG. 4-8 — Relationship between mastication time and the crack length on

the De Mattia fatigue measurement at 5000 cycles.
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F1G. 4-9 — Relationship between mastication time and the wear index in

DIN abrasion measurement.
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FIG. 5-1 — (a) JKR elastic moduli mappings, (b) adhesive force mappings by AFM.
The scan size of AFM is 3.0 pm.
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FIG. 5-2 — Four-valued mapping images of the JKR elastic moduli.
(a) With an open mill mixing.

(b) Without an open mill mixing.
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FIG. 5-3 — Relationship between mastication time and the volume fractions of

JKR elastic moduli in three rubber regions.

(a) With an open mill mixing.

(b) Without an open mill mixing.
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FIG. 5-4 — Relationship between mastication time and the peak values of

JKR elastic moduli in two rubber regions.

(a) With an open mill mixing.

(b) Without an open mill mixing.
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FIG. 5-5 — Relationship between mastication time and the crack length on

the De Mattia fatigue measurement at 5000 cycles.

(a) With an open mill mixing.

(b) Without an open mill mixing.
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FIG. 5-6 — Relationship between mastication time and the wear index in

DIN abrasion measurement.

(a) With an open mill mixing.

(b) Without an open mill mixing.
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FIG. 5-7 — Sampling of AFM-based nanomechanical measurement samples
from test samples after De Mattia test (10,000 cycles).

(a) Tensile direction during De Mattia test.

(b) The broken line is the sample, the solid line is its

measurement surface.
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FIG. 5-8 — JKR elastic moduli mappings after De Mattia test (10,000 cycles)
by AFM.

(a) With an open mill mixing.

(b) Without an open mill mixing.
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FIG. 5-9 — Four-valued mapping images of the JKR elastic moduli
after De Mattia test (10,000 cycles).

(a) With an open mill mixing.

(b) Without an open mill mixing.
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FI1G. 5-10 — Relationship between mastication time and the volume fractions of

JKR elastic moduli in three rubber regions.

(a) With an open mill mixing.

(b) Without an open mill mixing.
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FIG. 5-11 — Relationship between mastication time and the peak values of JKR

elastic moduli in two rubber regions.

(a) With an open mill mixing.

(b) Without an open mill mixing.
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(a)JKR elastic moduli mapping image. (b)Adhesive force mapping image.

FIG. 6-1 — (a) JKR elastic moduli mapping image, (b) adhesive force mapping
image by AFM.
The scan size of AFM is 3.0 pm.
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FIG. 6-2 — Four-valued mapping images of the JKR elastic moduli.
(A)An open mill mixing.
(B) (d) A kneader mixing (mastication=10 min, mixing time #=3 min).

(e) A kneader mixing (mastication=10 min, mixing time #=6 min).
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FIG. 6-3 — Relationship between mixing time ¢ and the volume fractions of
JKR elastic moduli in three rubber regions.
(a) An open mill mixing. (Total mixing time is around 25 min)

(b) A kneader mixing. (Mastication time = 10 min)
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(a) An open mill mixing. (Total mixing time = around 25 min)
Measurement temperature = 100 °C
(b) A kneader mixing. (Mastication time = 10 min)
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FIG. 7-1 — (a) A Banbury type mixer2, (b) A kneader.
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(A) Mixing chart of a Banbury type mixer.
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(B) Mixing chart of a kneader.

FIG. 7-2 — (A) Mixing chart of a Banbury type mixer at 1 minute of mastication.

Temperature /°C

Mixing time ¢: (a) £= 0 min, (b) £=1 min, (¢c) £= 3 min,
(d) £=5 min.

(B) Mixing chart of a kneader at 1 minutes of mastication.
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(b)

(A) JKR elastic moduli mappings.

(b)

(B) Adhesive force mappings.

FIG. 7-3 — (A) JKR elastic moduli mappings, (B) adhesive force mappings by AFM.
Mixing time ¢ : (b) 1 min, (d) 5 min.
The scan size of AFM is 3.0 pm.
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(B) Mixing by a kneader.

m Low JKR elastic moduli region m High JKR elastic moduli region
m Middle JKR elastic moduli region o CB

FIG. 7-4 — Four-valued mapping images of the JKR elastic moduli.

(A) Mixing by a Banbury type mixer at 1 minute of mastication.
Mixing time ¢: (b) £=1 min, (d) #= 5 min.

(B) Mixing by a kneader at 1 minute of mastication.

Mixing time ¢: £= 1 min, £= 6 min.
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FIG. 7-5 — Relationship between mixing time ¢ and the volume fractions of JKR

elastic moduli in three rubber regions.

(a) Mixing by a Banbury type mixer at 1 minute of mastication.

(b) Mixing by a kneader at 1 minute of mastication.
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FIG. 7-6 — Relationship between mixing time ¢ and the peak values of JKR elastic

moduli in two rubber regions.

(a) Mixing by a Banbury type mixer at 1 minute of mastication.

(b) Mixing by a kneader at 1 minute of mastication.
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FIG. 7-7 — Relationship between mixing time ¢ and the G'(0.1 %)/G’(4 %) ratio
of the IR compound.

(a) A Mixing by a Banbury type mixer at 1 minute mastication.
¢ Mixing by an open mill.

Measurement temperature = 100 °C

(b) o Mixing by a kneader at 1 minute mastication.

Measurement temperature = 80 °C
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e

AR ZTOCHTVELT, S AN LRIV E LR 5.2 TR, KIEE
DO FREA G F U7 B L3R E B T 5Bas b R ko —A
D FE 2z | RS BTN e LT

W TERFZO FBRERE, KPR, BiIEEAER, Y EBIEREEZ I
X, OB/ EEZ B EZ W& F U, ESRHW-LET.

DB A T Y AR O RRE TR 4 BB I2IE, fa X DL, HEREDO BT
LDTHE THHERWEEXELS. EURENNELUET.

x7-, TUEBWFTEE DO RAHZ 7 OEFREIZIX, Vo 7 VO VERL T 1E M| E 3 E O i
VEJFIERY, TEIZHZ QTR EELT-. HOREHI T NWELT-.

B2, ZBSFRMtEER MY, H AR RABIERERASHEICIE, O 51T
NZHT-VEL DT 1 Wi=7"&F U=, BALEL RiFE9.
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