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Summary

Toward development of new FEM models that can represent the macroscopic and
microscopic behaviors of silica-filled rubber, we proposed constitutive models for rub-
ber and gel phase based on the non-affine molecular chain network theory, and then
performed simulations with Finite Element Homogenization Method(FEHM) with the
microscopic unit cells containing many silica particles and two-silica array.

First, we extended the previous non-affine eight-chain model that accounts the effect
of the changes of physical/chemical entanglements during the loading and unloading
process. Additionally to reproduce the experimentally observed large stress drop at
the loading-unloading switch, a new constitutive equation accounting for the strain
rate history dependence has been proposed. Then we employ FEHM to investigate
the effect of heterogeneous distribution of the entanglement in the rubber matrix and
gel phase, and reestablished a simple scale-upped constitutive equation. With thus
obtained constitutive equations for the rubber matrix and gel phase, we implemented
FEHM on the microscopic unit cells with many silica particles. After clarifying the
isotropy of the randomly arrayed silica-filled structure, we discussed the macroscopic
stress-strain response and internal microscopic deformation under 1 cycle loading up
to maximum stretch of A\y=1.5. The result showed that deformation concentration
occurs at the rubber matrix in the narrow channels aggregated silica particles and also
in the wide channel between silica particles arrayed in the loading direction. We also
performed the FEHM simulation on two-silica array to discuss the fundamental aspect
of deformation concentration. In the result of silica array oriented to loading axis,
extremely large stain occurs on the gel phase that connects the silica particles, and
their non-affine irreversible effect contributes the large hysteresis. On the other hand,

the deformation concentration was relaxed in the 45° inclined zig-zag silica chains.
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(d)Molecular chain.

Fig.1.1 Inner structure of rubber®.
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(a)Bunching structure. (b)Role of crosslinking agent.

Fig.1.2 Microscopic structure of silica-filled rubber.
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(a) (b) () (d)

Fig.2.1 Concept of hierarchical structure of polymeric material®?,
(a)molecular chain, (b)segment, (c)chain network structure,
(d)macroscopic continuum.
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(a) (b) (c)

Fig.2.2 Molecular chain network model, (a) three chain model, (b) four chain
model, (c) eight chain model.
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Fig.2.3 New visco-elastic model consists of revised 8 chain model A, conven-
tional eight chain model B and dashpod D.
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Fig.2.4 Concept of viscoelasitc decomposition of deformation gradient.
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Fig.2.5 Tube model.
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Undeformed Network
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Deformed Network Deformed and Relaxed Network

Fig.2.6 Relaxation behavior of polymer chain.
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ERIND. T2 Tl IS T8E, 6(t) I reptation BRERIZ X 2 FEFEERCTH 5.
HPER P Lo F A BRRO L S IR SN 5.
M (1) = l;? —1+a (2.34)
ZZTay>0, 05<a3<1.0THD. FFffIf 2D L, O X H12725.
Ay = agast® (2.35)
X (2.34), (2.35) LV 7V —7HEEEFIRKDOIHIcRIND.
Ay = ag(\, —1)® (2.36)

ZIT, a1 >0, a2 -1 THD. LnL, 7 U—7HEIIRECINKET D LS
NHDT, FMEEAMOTHAEELLLTO X S IZR L.

§ = Chl\, — 1) (2.37)
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ALEIEDTFERT X LICHE LM BEMEEZ AL, MEO#EGRE LTIRD %
D K& RIT PR OIAREAIT L DLFEME R &, TN E 10550 /)
ICE > TG L TV OWBLEERICOETE D, RORTRAGENRZ N VD Z &
1%, EARBOSFHEIDEY, TRbb 15 F#ENS7T0 O ' 7 A MILN »
INENWZ EITHIET A, BRIEEIZE W TOF#HBE D 3 & Z8ESDHEI L, &
SHONELT D Z ENERIITRR I TR Y 0900 il L7=9ET 7 4 v 5y 18
HETABRESN TS OD:68 M EREE DB TREARENBD T2 Z L1tk
T, 1 F#HBIZ0 O 7 A2 MEN TN 5. &8s e 1A &
AT R LTS, K27 ICHXMRT L D IS SN RE T 5 & AR+
Doy FEEE (= ne +ng +np) 1T L, ERAEEOR EEHPEDIK T2 7267
AWFZETIE, BT AL MIAN BoF#HA MLy FAAUKET 2 ERELT,

Junction point Junction point

M =) > “ =

1 2 1

(a)Before (b)After

Fig.2.7 Schematic view of extinction of junction point by decrease in physical

linkage.

N(A) = No+ f(Ae) (2.38)

N, =nqNy +nsNsg +npNp = constant (2.39)
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Ca 5 _Cl

kgD P T kgl P T kT

(2.40)

Ng =

ET5H. 22T, N, IZREERDOEET A ML, Ny lZie 7 A M ech v,
T A NN, M EHZEAOBIETH 5.

WIZBAEL f(ON) WD WTEBT 5. —IZ, @0 M EIOZEIBERIZI W CTIHERT
LD DIIFEETIOFH NG R OAHATHH EEZ LN TEY, BFREINTWDHIE
T 4 T AT L CD08) 2 BRGSO B DRI KIE LTV A, L
ML S, FEOAFZEERE I LV &y T EIOETREBE O YIRS I\ T, b
B S OTHBS BB 72 5 ARRES RIS T\ D ), 2 Z TARBFE CIXmBREEE
AL ALERRE AT TN OEIRIC S LB f(O\) OREEEZITV, ThHZRAL
TREHKD L ORI EERIET 7 4 Vo8B ET LV E2IRET 5.

FT, WHZUE S OHEBRIZE D 15 FHETZV OB T A MIUN OZ b Z R T B
fon(he) Z FRD LS 12,

fon(Ae) = ag + arde + as)? (2.41)

ET Dy, ar, alTEBTHD. KIALFAE R OBERIZERIINC S < BET D
TEMNRBENTND Z EnD, B fa(\) 2 FrRD X 1T,

fch()\c) =ap + allog()\c - ]-) (242)

EREAEWTERET A2 L& L. EICWPLEE S S LB OEIR A RS LT
FHTT-DIZ, FNENORELBREE w THET 2 ROEERIIET 7 4 VBTV E
HEEE L7z,

fmm()\c) = wfph()\c> -+ (1 — w)fch()\c) (243)

w OFED 01233 < 1F EALFLUE SHEE OB BN K E <20, K 1IE-3<1F
EPRIARE RO BN K E /2D, K 2.8(a) ICEABEEOMEE 2 AL ST
WEOSERJE 7 AL MEIN EA R Ly F AOBRERT. 26 BIRTOIRKTIRD
ROA Ry Fad4e L, BHEEwOEICKLTIHE A MIN KA MLy
FMN3DOREDFEJE T A MEIN ##i— LI 1A 7 V53O N OELTHD. A
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Fig.2.8 Comparison of (a)number of segment - stretch relations and (b)true
stress - stretch relations by weighting function.

TN BERFICBIT LT D OSBRI R AT# bl L, RyIal—vay
TlX 2V A 7 /VHUBOBAMFIZBWT, AoV A 7LV TZITTRRKA Ly FIT
B LR WEMEL CIX e 7 A RN ZE L Lenb D & Lz, TIZER N ER,
HiOV A 7V CZFTRRA MLy F52B25 L, BOR (2.38) 1280 N BE(LT S
HLoLT 5, 7K 2.80) ITIFATHI TR LI SEHET VA OFHEI (2.8) D Ny io& s
Ay NEZEER (2.38) A L TR LI ROEIS /-2 F Ly FRIRE, Zh2h
X 2.8(a) D2 A v NEZLICHRG S CRT. BERRIC & BIE N EFE TR I
BT AVRMEN LAPL Y FANCOREIFT D280, B A MIN O—ETH A
Ry TN 3O TORIEIZ—HLTEY, ZORESITSIED RPN
boTWh., EABEK wOEICEDFEE LT, v 0IZEWET LV TITARER%
BN THINNFHAE T, 1A 7 VOERICBITHE AT U A A F/hE0,
BT w 23 VISEWE T LV TIRAMETEE IS W TS HEIEA R bh, e X7 U v
AR APRELBRLMEMTH L. AFRTII NG ORFEERE 272 1T, KFEA
2O EERFEROAFRHI I T 2 AWMETEH OIS LA AR & o i, ©
ATV An R BEHPRDNT A—=Z ZRET H.
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2.4 ZEREREBREKREFE

2.4.1 ZEREEBRBEKEFHEDORIR

FAEOES FTMEOEBRICBIT I ATV U RAEKBOA =R L E LTI
22%:%Lk%%ﬁﬁ%@z&mmﬁbk#774Vﬁ%ﬁﬁ%ﬁgﬁ&LT%%E
TN D COG) U UZedS S REHPMEBI R A EAIEAL L 722 WNE E OIR O T R ECFET
T 4 VBTN X DA I IEE OB N S VRO T RBEBIZ BN TH E AT U AD
FENAONDZ D, B AT UV ZAORFUIE LIS THIOBERNFET D
TENRBEND. T TAMETIE, TL0OMY IR LUEEBERICBWT, ARTH
NEAET DHIGAERERICHEALDBEL, TADEROETE L HITHEMI LTINS
FERFERICEA L. Z08G%%, BREFRNEAET D E T LNEHO 1RO 18I
T 5 JEH D FEH O OWIRFRL 720, RIS MEEERITDRNVERETRE R
JISNDEAREL D, TR FHOMMEN—RFEIZ B/ L7z & 72 LTRET 5.
Ik EREERBEKANE) & LT2H0 I LREMEROEMNE T L (X 2.3) D
WA A9 o Oy, T72b B (2.8) O 1 THA 2 B JE K A S R BLH Sk
HE ok L7z,

ARFZE TR B (2.8) % 1 HHICIH T 2 ADMIWEZ KEF 585 A—4 13 OF,
VN, D2OTHY, EHHH23F TR LIEIET 7 4 VERIZL D BT H 3T A —
A ThDH. T TRFRETIEIING DT A=A, #Hiz/ed LOMPE ST X —
2L UCEEEIRIE ST A —4% € AL, & (2.44) (R X 5 1ofERpk 4 21
JE BRI AN R BLHDR 5 U — b L7z

{Oﬂf_yw (f_>ﬂ$¢_'z (%%)}%(m@

EIFAMEFITIZ0 & L, LR EERBBKAEIIROTHRHERMET, 2EV O
THREIIEEKGFTHL O THA Py F ANZDOMKFT DD L LTKRAT
e

§=ap+ amA.+ az)\z (2.45)
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Fig.2.9 £ - stretch relations.

LY A 7 NVOETBIMFRZEBIT 5 EDEDOEE X MLy F N ORERO—H %X 2.9 (2
R ZZC, KON TIER A TH D Z LlICEE SNV, KT ORAITR
T X OICEBBRICB T (1) ARFHIIZE OMEIZ0 O E £HB L, (2) AR
k%@§®ﬁ%&5:&TﬁA@W%®Lﬁ%ﬁ%%%K%ﬁTa(@%LT%@%
BRAF S ET O IEIPEDN B L, € OEN—FICAICR D K oI5 2 & THEERRE
RE2RITDHZ L 2R

7212, EREERBIKAGEDS T AOERINEICGZ DHBORKE ZIZONTEHE
BREJICH DN STV RN, B INGERDO EDE— 7 EIT1, &5\ T 2(J
PEIZH & D215, HDHWT3E) LIRET H. AEITIIZ D ZEANLTEENMROT
K, ROT AW THRET 52 L2 MR T 572D, OTAREEICLD
e, mRBITRVIFOR b Ly FICXL D, € DEICK Dz znznA (2.44) 2
FAWTIT 9

2.4.2 REEILODZEEEREBREKEHEOBKE

\

X 2.10 [COTHHEE ¢ = 107°, ¢ = 107 OBD 1 A 7 VOERIZET 5 (a) BEIG
H-A Ly FBIR, (b) B AT UL R2a RERT. 7B, OFAREENSOFE L&
UTETOHFEICBWTER2LIORTHOE L, BEAEKwIX05 T 5. £ DHEIZTO
FTHREINTEELAFETHH 720, OFTHRHEDOI/NMIED LT 2.9 F &9 I2HER
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Table 2.1 Parameter of revised new visco-elastic model.

Cg(: ?’Lak’BT) Cg = (anBT) Cg(z ’I’LB]CBT) Na Nﬂ NB
0.275 0.40 0.50 12.0 12.0 12.0

Cy Cy m’ cP cP m?
3.0 x 102 —0.50 6.4 3.0 x 10° —0.50 4.8

LTV HDE LTS, ZZTET EDMIZBRMIFZ LOE(L Le W T2 D AMIRED
Jis 77 AR TS SR R IR AT D5 A & TR LR A3l > T DL IRICAT iR, BR
FIEDIS IOV TIZE ZEALEET LD FRRELSAMEFLTEBY, £
AUTHENE AT U VAR ARRK LTS Z Enbnd. e AT U A ADH
IMRE T D L, OTHBEE ¢ = 107° OEAITH 1.88 1%, ¢ = 107! DEHAITH 1.44
Lo TEY, OTHEENNSWREOT N EDFENREL RoTND. Tt
K (244) D2ODHED I H EEBEALTWDHE 1, DF VISHEERIT T 5 kL

R DS JENMRENTEDTH D, LEDOZ LD EEFEATAHZ & TIROT A
HWEDFEMT Th > THAMKIBROREZIGETRLE A7 Y 20 ZDHRER
BIHIK D Z L BB, LU D, B TIRICHE B9 5 & IERITR X 225%
BOPTHNRFEAELTNWDEZ ERNbND. TLREDOESFHEORY K LEFRICE N
T, OTHEENRKE U EREEDO BT X 5 IGE IR TR TRFICIIFR R O T A0
BAETDHZLERHMBATVDN, {EFEAT DL LROTHEEDOLE THEEOT A
DIEHIIREL o TLE Y Z &b oT-.

WITK 2.11(a) IZHRGIIRVFRFOZ MLy F &2 X =2.0,A=3.0,A=40D 3/ "F—>
ICELSHTRED £ L A MLy FORMRERT. HESMAE LTOTHAEE X e =101
LU, BREERBEKGE RO TAER CHRAT S 2 205K 2.11(a) IR T LD
ICHRRGIEVREOA MLy FORESIZHDLLT EDEOE—2 %21 THR—LTW5D.
72 2.11(b) ICHIES-A b Uy FREMRZRT. RRBITRVFFOZ MLy F3 X =4.0
DFEOT HFEIBIZ B O TR O K E 2R IR TR R 65 72 € OB iR
KBHD, AROTHEBRICE O TIE E OF I L 2 KE RIS FIERBHER TR0,
ZOZEMS EERBALSS THUROT HHEEIC I T 5 AR LRI A, 72
bHRERIGEHDIKFORANBA T+ THDLZ ENbhoT.
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Fig.2.10 Comparison of true stress - stretch relations by strain rate.
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Fig.2.11 Comparison of (a) parameter ¢-stretch relations and (b) true stress -
stretch relations by max stretch.
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Fig.2.12 Comparison of (a) parameter £ - stretch relations and (b) true stress

- stretch relations.

KI5, OFTHEEZBES TG LR, BEOTABRSLS RV TELZ L

LY oYY e

LLEDBR G, EREERFEEAFIEOEAT L 2 0T HEEDOKR/NIBED LA
TR DO R E RIS TDE TR 2TV 2 20 ZAOFRBUIRFTH 120, KOTH
TR TR0 TH 5 2 & CBRMIK T RO O 7 O KA O B A A L
7. KX D4 HLETOARREZEGIEC L D) D= LD TIE, A b
Ly FRN =20 REDROTHFETEL L TWDLERZDN R DA HDLT20, £O
WL A LR, LEdi> T, B RIERIFTEE RIT 5 120 OF 1= 721k
RKOBEIARETKRDY L L, 4 HEUBEOITIIE T EERERFIEZ ZE LR

A E N THED 5.
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ARETIE, 228N RIS < WEALEDO AR 725 2 ik _7-1%, L
OHERRETH T 7T ¥ 2153 < B ER O 0 ITBEAT DL Z LiIcky, %
ARIEMRR L CEREEEEH L, TORBRERF RN ERT

3.1 HERBAERICEDCHEILLFE

ARHEITIE, 2 2% R BB R (2 255 < SEARTE D EA 228 2. 05 & i BT~ 7z
DL, FALMOWMEARETHT 77 0¥ 2 RIS S BERE B9 O 8 AT 5 2 &
(Z XY, HHRABR R BRSNS T 5.

X 3.11ZR9 &K 9 eefiiE X OEEROIEIZRNT, RETAIZEHEZ 6o
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X oo @
®® Y
®
X S Yi= x/n Yi

Fig.3.1 The relation between macroscopic continuum body and internal mi-
croscopic structure.
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WS Y DFIET DB UE L, s SR E KRBT D EER v, (i =1,2,3) &
yi = x;/n OBMRZ R T HDWMEAMEE L KR T D BER y; D2 EBEEANTDH. 22
T, 0 IEBYE RSN O AR BALEIRO R r— V2 RS BIATIREBIZE T 2
ROEEE Q, KEifbz S, MBEHO S, LICEAT2EENIEZ P EL, EYD
NEEWE S\ EDOENKEELH 2D, Z0LE, BH7 /70 VaikzAns L,
AR R FRio & 9 icke 5 60,

/ (S]z + Uiji,m) 0v; ;dV = P,ov;dS (3.1)
1% S

72121, Si; 1% Kirchhoff OIS %2 F+. —J5, 3 (2.11) Ok TR0 BIRR

(61)

: v .
Sij = Sij —Fijri€ns
1
Fiju = 3 (010k; + 0101 + 01:0k; + ki) (3.2)

ERAWHZLICE ST, KOL D BBICHINRT 2 LN T 5.

Sij = Lijricn (3.3)

B, Lijn X2ECRLIEEEAR THD. —J7, MIEEIRAN OEE RO ZEH

VIFAT— N NT A —=H 2k, RO LD ICTHTEMTX 5.
v=uv(z,y) =" (z,y)+ ' (z,y) +nv’(z,y) (3.4)
K (3.4) 2 OT Bk FE & AN FE O B
. _1 (%i 8vj

AL, REANHFELND.




wiz, A (3.3), (34), (3.6) = (3.1) ITRAL, nIZOWTHUCKRBDOEZFEIHT 5

&, UToXNGELNS.

1 0dv; oY v
il L€ - e = )
2 /Q ( imich; (V) T ayj>dv 0 (3.7)

sz [ (B )+ ) G4 o) 5

n J J
o) Ovl\ Odv; ) Ddv;
v | (o + 5o ) G+ g Lav =0 (38)
: dv; 0dv;
) 0 1 90vi ;2 i
[z | (B o)+ at0)) G2+ (Bl o)+ u00)) G2 3:9)
o) v\ 9dv; Jv;  Ov; | 0dv; B :
+0mj [((hm + 3ym> oz, + (8xm + 3ym> Iy, } } dv = /St Piév;dS

—7J7, Y-periodic &% 72 3B U (y) 12k LT,

7,1351/ ( >dQ |Y|// y) dY dQ, (3.10)
nlg(%n/ ( )dS—> \Y\// ) dSdSQ (3.11)

WERSET 5 ©2) 2 2 ¢, |V IEMEEEOFRETHH. X (3.10) 2V, X (3.7) 1D
WARFEND.

o oY
|Y|/ {/ [ oy, ( ”’“a_yz”mjaymﬂé“’dy

ov o)
—|—/S (Lijkla—yl; + O'mja ) njédeS} dQ=0 (312)

Suy WEETH BT, 7 (3.12) hHRADBEDLNS.

0 oY oY
— | Ly =L i) = _
3yj ( ki oy + o Jc‘)ym> 0 (3 13)
v oY
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Guedes H 2 o 1 IS, K (3.13), (3.14) 1D, KXEHED.

v’ =" (z) (3.15)
X (3.15) kv, ZBAodEE O RR (3.4) OF—H oY IXERR R EIER @ DMK
TLHZERGn5. Wi, R(B8) KL, X (3.10), (3.11) MWD&, RAEHEL.

vk Odv; oY Odv;
Li: i) =2 dY = — Li: i) —EZ2dY 3.1
/i( ikt + 01 k)éylayj /z( ikt + 01 k>8xlayj (3.16)

K (3.16) X 0° TR LTHE TH DT, v & E 3R BIRNAEET 5 62,

v = XEO (v) (3.17)

72720, x W XRFEAALE S & MEIE 5D Y-periodic Zifi &3 5 BT, ZNEIIT TR
DADETH 5.

1ok oM OXE | v v,
Liipm— Py Am O 2 LAY = | (Ly Op) ——dY
/Z;[ Jp 2 <8ym + ayp +o J-P aym ayj /;/( Jkl+alj k) ayj
(3.18)

K512, K (3.10) 1ICBNT, AAEAHEE jv IHEEICRRZ LN TESEDT, dv =

Sv(z) &L, GBI EAVSZLITEY, KADEDLNS.

: ol 9, -
H 10 g OV i
/Q |:Lz‘jklEkl (v) + Tijkla_xl:| oz, df) = /St P;ov;dS,

1 1 (c)Xkl 8Xkl
Lfg{‘kl = m/y Lijr — Liqu§ ( Py =1

dy, 3.19
. "oy, (3.19)

1 Ox
=177, (00— omg ) o

LIED D, ARG OV TR < R E RN REE x 13, RS DT & APEHE
BORMAFEL, EFMEOOT I, ISR ENDML L TRIFESND Z LBZ0N5.
—J7, BRGSOV T <~ E BEARY PG EAC (3.19) 1T E AL & L 7c EARRYRRE
B EDNFEZEA BB L VRO DN 72, S &M U ORI D Z & A TRE
LD,
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3.2 ARERHEFLEAEX

REITIE, WHERIISEACEOBANC X 0 8 5 B R (3.18) ROEARRY
TR (3.19) 2 HIRESREC L0 ERFRT 5.
FP IS CEM LIRS (3.18) O kU v 7 AERE L FICAT

/ (66" Lx, +0q" Qx ) AY = / ("L +6q"QR) dY (3.20)
Y Y

L=D —-FThd. £~ ) v7 RAIKRDOLIITELS.

ZZT
T 11 22 33 12 23 .31
€= ( €11 €22 €33 2612 2693 2e3: > o Xy = ( Xy Xy Xy Xy Xy Xy ) )

7 7, 7, % % ) ) 7 J
Xy = ( Xay Xz Xz X(z Xos) Xey ) o X(i) T g y; + Ay, |

T
q:<111,1 Vg2 U333 V12 V13 VU1 V23 V31 U3,2> )

[ 0., O 0 04 0. 0 0 0 0 ]
Oyy 0 0 0 oy o4 0 O
o 0 0 0 0 0. 0y
Oy Oy 0 0 0 O
Q= o.. 0 0 0 0 |,
Oz Ozz 0 0
sym. 0., 0O 0
Ozz Ogzy
L Oyy
(100 0 0 0 0o o o]
01 0 O 0 0 0 0 0
001 O 0 0 0 0 0
R = ;
000T1/2 0 1/2 0 0 0
000 0 0 0 1/2 0 1/2
000 0 1/2 0 0 1/2 0

_ 11 22 33 12 23 31
Xyla) = ( Xy@) Xyl@) Xyla) Xy Xy Xyl )’
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ST, BERANOILEDRIC
IDTNRCHRSE d R ORFEZENL x(q) ETERBIEL @ & ORIEREAIZ L > T, KD

% D
X [ B] 2 BB SN,

INCEIRT D, TIRBE & O BAKEIZ SN T,

(Y

&

fir

= ( XZ(]H) XZ(]22) Xl(?s:a) XZ(]12) Xz(jls) ij21) ij23) X(31)
T
U1 V2 Us ) )
(2%, 0 0 Oy 0
20y, 0 Oy Oy
20,, 0 Oy
(Oza + 0yy) /2 Osc/2
sym. (022 + 0yy) /2

Z7T
— ’

ZIZT, B, EIIRREEY EZHNTCEINDLI~Y M) v 7 ATHDHN,

ST X (3.21) 2 (3.20) IZRAT D Z LTk y, P

&I

ij

ij T
X(32) ) )

Ogz

0

Oz

Tay/2

Ouy/2
(02 +022) /2 |

B DENDEE v L OREEA R x 2 hth, %

v:qld,d:(dip dg d;) 7d§:<dzv1 dn, dN3>7

12 23 31

L

x7=¢x@,x==<x” x? X x"? x® xm>,x@ (x1>@ x?>,

_ 11 22 33 ij i T 4 T i T \T
xo = (Xt X x8 xth X8 X ) oxl = (xi X o xb )

ij T ij i
X (@) :<X&M Xipm, X, )

dy, x0T IRERER, EHA N FH

5. 7L, %zeI*JODU\?“# HEE e, ZBNDREAE g, Fr
W d fORHERAL x Z# N TENRZENRD L D

€= Bd> q= Ed> Xy = BX(d): Xylq) = EX(d)

(4 B] BB S hi, 2
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IR DENREER Sy, FetEZEAIR )y T
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CRFILMTED.
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WD XTI 5D,



sd" V (B"LBx(y + E"QEx() dY — / (B'L+E'QR)dY| =0  (322)
Y

Y
DL E, ARED 6d TR L (3.22) ARSI T D 210X, REDEITHA LT T
72 B 7R0.

{ / (B'LB + E"QE) dy} X(d) = / (B"L+ E"QR)dY (3.23)
Y Y

DONT, BERAPPERIZE S, RUCERREHER (3.19) o<~ v 7 2FR
T

/ (55TLH8 + 5qT7'Hq) dv = / sv' PdS,
Q St

1
L" = —/ (L - Lx,) dv, (3.24)
Y| Jy ’
1
H
T = E/Y (Q = Qx ) 4V
ZIT, P, xy PREEEUTIORT
. . . . \T
P=(h B B,

_ 11 22 33 12 13 21 23 31 32
X,y(g>—<X,y<q) Xyl Xyl@) Xyl@ Xyl@) Xy Xy Xy X,y(q)>

ET, X REROFHEEN x o, 2T, KATEES.

(g
_ _ 11 22 33 12 13 21 23 31 32
Xu(o) = EXag X(d)g—<x<d> Xy Xd) X@) Xd) X@) X)) X X(d))

WIZ, BEHAFEER (3.24) 120 (321) #RATHZ LIk, S ICB TS —
DOEFIIXT 2 BN E O, ROL TS,

sd' { / (B'LYB + E"r"E) dvd — /
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Fig.4.1 Schematic view of heterogeneous distribution of molecular chain(®,
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Fig.4.2 Simulation model for non-uniform distribution of segment number N.
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Fig.4.3 Distribution pattern of segment number ((a)normal distribu-
tion,(b)double peaks distribution).
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Table 4.1 Average parameters in heterogeneous distribution of segment number
in Fig.4.2.

|

Rubber matrix

Cg(: nakBT) Cé% = (nngT) Og(: anBT) Na N/B NB
0.275 0.40 0.50 12.0 12.0 12.0
] C; m cy ey m”
3.0 x 102 —0.50 6.4 3.0 x 103 —0.50 4.8
’ Gel phase
Cg(: nakBT) Cé% = (nﬁkBT) Cg”(: TLB]{?BT) Na Ng NB
0.405 0.599 0.758 8.0 8.0 8.0
o 3 m’ cp cp mP
2.5 x 10? —0.50 6.4 2.5 x 103 —0.50 4.8
20 ' T 201 ] T
Homogeneous model Homogeneous model
Heterogeneous model Heterogeneous model
=15k . = sk .
= =
P510 - . g 10 7
g g
& &
) Q
5 5+ . E sk 4
0] 3 ; o1 2 3 i
Stretch A, Stretch A,
(a) Rubber matrix (b) Gel phase

Fig.4.4 True stress-stretch relations (a)rubber matrix , (b)gel phase.

4.4(a) IZF LHH, (b) IZT VARBEA OMMTFE R OEIST)-A b Ly FRIMRE, &
RORE)—MWEEZBELIZGE EH—OFNZHKR L TRT. TLH, FAMEE BICHKHK
Fr RSB =53 A 2 BT 5 L ARTERBIGE S OR8N EF LT 5.
=y FEANICBWTEIVIRONTZE T A2 MM/ NS WESE (FVESR) TIEEERS
HZDIc <, ZREMI LIICEZ ALY MEMAKRE WS (85 200 BHE) ICETEA
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HErhT 5, PWOBENITLAONETRET A LICERT A.
FEOIL LY BAMEDIEFICRKRENVLDOEZFE L LRI UHSETH Y, BEIE
B HEO /NS DB W TSN IZEL 720, Btz 23 E& 0

IHLDOTHS.

FTEOIENBER LIEEEZBND.

Table 4.2 Parameters for constitutive equations Fig4.5 (a)rubber matrix, (b)gel

phase fitted to the homogenized FEM results of Fig.4.2.

ZDOBGITT Y L

ZDONEPE IR A DA OEANZ L VAR, K4410R

|

Rubber matrix

Cl(=nokpT) | CF = (ngkpT) | CF(=npksT) N, Ng Np
0.324 0.479 0.606 10.0 10.0 10.0
ox Cy mY ch cP mP
6.0 x 102 —0.50 6.4 6.0 x 103 —0.50 4.8

’ Gel phase
CE(=n,kpT) Cé% = (ngkpT) | CE(=ngkpT) N, Ng Ng
0.463 0.685 0.886 7.0 7.0 7.0
Cy Cy m? cph cP mP
8.0 x 102 —0.50 6.4 8.0 x 103 —0.50 4.8

Z DAL= A0 K DR A — 72 2 240 - 7 VAR ORI 5728, = LF,

FAFE BIZOTHEEE ¢ = 1071, ¢ =105, HKFEVEEOR b L v T % \y=2.0,
3.0, 4.0 LS ETRFOEIZS-A N Ly FEREHEMIEIZ L VKD, T A—X
TA4T AT uATole. MASIZT LM, K462 VOB OTHRREIZRK T HHE
JSH-A P Ly FREREENENWRT. T4y T 4 IR VB ONIRTA—F 2k
421277
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Fig.4.5 True stress-stretch relations of rubber matrix by simulation.
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Fig.4.6 True stress-stretch relations

37

T T T T T
Heterogeneous model(DP3) ]
Pseudo-heterogeneous model -

3
Stretch A
(b) Strain rate = 0.1

of gel phase by simulation.



4.1.2 V) ARFHEBEBEDOHEILEETIL

Silica particle. Rubber matrix.

Gel phase.

(b)Silica filled rubber. (c)Bunching structure.

Fig.4.7 Structure of silica filled-rubber(¥.

(a) All silica particles (b)Proximal particles

Fig.4.8 Distribution of silica particles Red colored particles are proximal par-
ticles with distance of smaller than 20nm(®.

U BFH T LI ATD) R T LT BRI E T U F BB LTIREE TS
ALTEY, EBIHEKRTDE (o) ITRT LISy Y BRF BT AIE N L CHEREE
RICHFE L TS Z ENBESNTWE W, £ 4.8(a) 1y U b= ANED v
U BIRLANZ DB EZ AT T3 WRITHINT AL L7 b DO TH D, KiF-FIERREEDS 20nm 2L
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T OHREMME L DK 4.8(b) (TRT. ZOMNLH YU BRI T o F DIThHk
L TWDARREA R R,  E 7ok FRIBEREAIER (T b D, DE VK 4.7(c) DL D
WZT VAR Z I LTRSS L TV D KD R b EAFMEL TV D Z ERIBE N
TS, £ I TEARETITFEROTHEE TICTBWNT T ¥ LIk #IGRET, 1o
T NVARZ AT U CHOERER SRR D3 - 2 M E 2 A 2 BB A BRELFRARAT D %5
T 5.

‘7 : T\ =
0 X; . :
0

Vi Unit cell

(a) Grid points model

0 - v .
y1
0

Vi Unit cell

(b) Random model

Fig.4.9 Simulation model(silica filled-rubber).
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BTN, ENUANOFRR T L~ N 7 2 THS. v U H, b, FAMEEERZ &
NVERICRO T Y, PEOTHEAE T Ty, go FINCZNEH 100 5EOHR 7 £
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T U LTERLUTCEET S5, (a) ¥ U BRFOIWD vy, yo FINTHFIZFAT & 72
HEDNZ, RITEALAY 2L REWSY v R EICEE LEHAR-ET L, (b)#]
HIFEFET AN S HICEERE AN TR F 2RO ST T X LET IV, O2FEE
B U, R 80E 36 8, k&A% 20%, FHESIZ2=y M EANDZ L
EIEN 88N LD X HITHEE LT,

FEATICIE, ARG 2 A DM B RN KRBT 5 BB R o, & IS 2 R
T DVERER y; D ZAE A A, BN A WG R 9 2 B b P Ik S & ERYE L
T A REHRE O & 5. AL CHEEAW 2 BB, WS, AREHR R
Lo BRI, sHRTPIEOZEMIC OV TIE 3 ERUSCHR [5,15) # 2B E iz,

BRI R AT 2 52 5 b0 & LT, BHREERD zo FANZ 4 = 100[mm /min]
D—TERLETGHE T, RO Ny = 1.512705 £ THRER 25 X %R 2170,
LA 7 VOEREBZ T+ 5. TLOIEMIELTHE S EH7DDXF LT 4
Bixp=>50 75, U R FORMEE, FTAIMORIMEICHSTHIRENES X,
AL YT AMETNAAHOHBOLZEN EFRERITIZTEAERELEZWVEE LT,
fEHMERRE E = 100[MPa), "7 YV bbby =03 & L7z, MEIOIREE X T A0, 7 VH
BT & Ak, Mzl L T—ETT =296[K] & L7.

KETMZOWT, RENZTET AVOFIREEIZONWT 2=y M DOEFHEME
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4.2 ERITETILOREE

AEITIH412 TORLEV Y B FEE I LOFITETNMCHONT, 2=y ML)
M, FRAGRE DRI, U IR I A0 SR O RS EE I W TR D

4.2.1 ETILOEAME

FEROL ) IFE LT X LR EEZZE L TWDA, §IEY FRICXk 5%
IREDENE VD b 0T, MREFENHZINTWIMEIEEX NG, £
ZTCRET BN T S EEO I L LRIRICE TR STV D 0ENEIX 4.9
DEET BV TIHRIET 5.
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Fig.4.10 (a)Unit cell model and (b)true stress-stretch relations of vertical ten-
sion and horizonal tension by grid points model.
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41



T e LA e —
i 4 i . .
SHE i e f%ﬁi ij al Vertical Tension i
T = r L . .
&f F i iﬁ Horizonal Tension
B i i —
LT <
e | <, |
P fiedEee: et =,
B e ==
*ﬁ vf;hwj i i EHHIE m‘i H N
0 R S 2
%## e pEaNTse ﬁ;ﬁﬁtﬁﬁ H 15} 2F —
e o R =
: e o
. B Hbr S
HI he *wa_:ﬁrﬁ-# e = 1F n
i EEE fﬁﬁ%ﬁfﬁ = ﬁ}
L S
S B | |

‘ 0 L | L | L | L
1 L 12 13 14 15
’ Stretch A,

(a)Unit cell (b)True Stress-Stretch relations

Fig.4.11 (a)Unit cell model and (b)true stress-stretch relations of vertical ten-
sion and horizonal tension by random model.
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Bx, AROBERCELMICRESE D Z & THEICAE U DB 78 & & HdEat
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Fig.4.12 Comparison of true stress-stretch relations by (a) meshing 100 x 100
and (b) meshing 200 x 200.
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(a)meshing 100 x 100 (b)meshing 200 x 200

Fig.4.13 Distribution of chain stretch A. at the maximum system stretch of Ay = 1.5
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(a)meshing 100 x 100 (b)meshing 200 x 200

Fig.4.14 Distribution of tensile stress g9y in the loading direction at the max-
imum system stretch of Ay = 1.5
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Fig.4.15 Deformed finite element mesh at the maximum system stretch of Ay = 1.5

46



4.3 V) HFE I LD AFEREEFTE

ATEIC BT DT E 7 VI DWW TORRGER R B, 720EI30 100 T, FIHENHTZ S
NTVWAHEAS FETLE T VX AETAD Y H, L 0BREOR FREISENT V&
LETNHERNTY Y B FE T AOEMRMINEOFMEAT >, RETIE, HKBIEY
B (\o=1.5) ICB T B, 12194 2 LOETGEIICE T 2IE R RaT 5 2 L ic
L0V B FET LD I FERE TS

4.3.1 mAEIERYEIZEITHLE

4 4.16(a) ICEJR -2 B Ly FRRE, HRIIEVRHIOWT, (b) AIREHRA Y=
MAEB T LIC@HT LImb 0, () DT8R MLy T A 0N, () 5189 HiiEh
09 DA HEDETRT. (a) DEISS-A b Ly FRIE KV AR B FREITEBIT L T
HRMRICHOETIEALNT, E AT U A ZH/NE0,

(c) DI TEHA R Lo F A DAIZONT, K4.16(b) @ (1) TR LIZERS D & 912
JH 2 W 0D RIS B E T WS T, 2=y MR AVOEMRICEONIER IC KX
REHRHAEL TS, £72K4.16(b) @ (2) TR L7 X 2 IZ58R Y FIEcl A 72k 1
R OBOEYTH, K LR FE2B I TN DEDPKENT A U RS,
WHZ 4.16(b) D (3) DX HITHIFEE L TS E ZATIE, & A4 #HBoE
T L EERET, TOIMUD T LFNCKREREEN R OND Z ENBRITDT T A
=R 1 ODNEHD X HIC5DHE->TND.

RIZ () DEIEY TET] 09 S0AICE BT 5 &, BUZRBWTROEA T/RIATY
DICIERE S, RLT A S8R @R 2 7 A Th D, T oM
X 4.16(c) D N\, D3R TITFFET HIEERZIVEZ R LTIV W, Ziud 2 A1
AR NAFOE LD, NENA Ly FIZBWTHRAETHZ LICERTS. £
PR DR E RISV E T 2T 5 L9120 LT D28 (K4.16(b) D
(2) =2 (3) F1IT), ZAUE N BEHERRE DT AHICHE L TWD. &b, HEEl
T —NR=R LT L DIZEIRY FMDISBA L RS T DI EEZ R L TnD. Z
T 4.16(b) O (4) 1R LTz & 9 ICH ok FIc B E - S 23S Th 5. O
3T, SR VIS &Ko TEMORLF-FES M O Z 75 LTI TICEALT 2723,
Z OBHTRI T op HAIDEMEELT-bDEBEZ BN,

47



41 _
5

3_ -
2 )
Ay
b
w2
(]
i -

2)
L I S T R F S W R
Stretch A, e
(@) (b)

A, c,,[MPa]

2.44 18.39

2.15 13.74

1.86 9.10

1.58 4.46

1.29 -0.19

1.00" -4.83

© (d

Fig.4.16 (a)True stress-stretch relations and deformation behaviors under 1
cycle loading with maximum stretch of Ay=1.5,(b)Deformed finite el-
ement mesh, (c)distributions of chain stretch, (d)distribution of ten-
sile stress.(random model)
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Fig.4.17 Change in distribution of chain stretch.(random model)
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Fig.4.18 Change in distribution of tensile stress.(random model)
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Fig.5.1 Simple simulation models to investigate the effects of the direction of
silica bunching structure in rubber.
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Fig.5.2 (a) True stress-stretch relations and deformation behaviors for an
average stretch Ap=1.5 distribution of (b)changes of average number
of segments, (c) chain stretch and (d) tensile stress. (0° bunching
structure model)
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Fig.5.3 Change in distribution of chain stretch. (0° bunching structure model)
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