2o #H 35 R 326 HAM SA 20154
Aeta Maleviae %awu/wd/z[a/e Sinica Vol. 32 No. 4 August 2015

DOI: 10. 13801/j. cnki. fhelxb. 20141103. 001

REBESGREAGMBNXKERAYN N F1EE

3a, L5

(1. BB e . B0 4300705 2. JERERY AL S WRERZE A LR, LAt 100084)

i %:%%%ﬁ%ﬁ%%ﬁ%ﬁﬂﬁﬁﬁﬁiﬁﬁﬂ%@;5&%%$ﬁﬁﬁ%ﬁﬁﬁ%ﬁ%%ﬁ%%ﬁ
%Mﬂ%@ﬁﬁﬁ%ﬁﬁﬁ%’ﬁ%ﬁ%%Tﬁﬁ,\)
HOEK,E%%ML%ﬁT%Wﬁ~KEEQ%'%,#&%Tﬁﬁé@%ﬁW%%o%E,ﬂm%m%ﬂ
VERTESIURL S FE R A A . B AT T KRB TR 5 BL T B = 4 B R A0 s O %

BH < R = G A LB R AL 2 TR b THO S FEAR B 1 R A TE 75 WL 1 2447 2+ ELASURE 1T 2R B L 23 A A6
U ) O RE ) A — 26 . IR ARIIE TR R & B, TR I — P MR TR T 25

KGR RBIGN; K ARTEAT A s SV ) 2R s BB AL @?

XHktREB: A XBEHS: O(®86 2015)04-1007-10
CATNEE S LRI 3 N

hESES: TB330
Iﬂi%ﬁ‘ggﬁﬁﬂzﬁﬁﬁﬁ%ﬁﬁ% 3% = %5

AR, H WO B BURL R AR R 5 ¢ R BURL 1Y CHOR” AL 1 B 25 5 1 B R A 22+ T 2%
A RES AR AL AR AE 224 T7 1 19 ) 244 ﬁﬁ(k”fﬂﬁzE@?ﬁ%ﬂﬂéﬁ%ﬁ?ﬁ%ﬁ%%ﬂ%*ﬁ

ORI R P (2 L T2 09 ONRAE . L0k B B E R . B AL Cas-

@%ﬁﬁmqﬁ%ﬁﬁ%ﬁ%%%#%uﬁﬁgﬁpOWMMﬁﬂmmmﬁ%&T%%%ﬁﬁ‘ aH

R U T

B L 10 50 B 11 02 CE RO R B

SR KSR AR B SOREE S (SRR & R PR AR . SRRt RR 3R B

PR BT R 0 I 5 OB O B AR RIS, USSR AT B A e b 6 B

ﬁ%ﬁ%mm%m%ﬁﬁ%§§ 155 4015 b1 ﬁ%ﬁﬁﬁﬁ~%%%<

RO BRI 77 . A 25 D8 % B 440 A LRI AL AR, e

D R R R A 2 S KR 2R R R ST 7 5 2 4 b

SRR LRI HE R . O A UL T O DI . B35 A b 2

W2 A o e R — RN 5+ — A I P A0 A
R T j&

AR B bR B R B 2 A SO % (A TR I bR . TR SLA AT G B
j—¢ﬁwgﬁm@§%@§@ﬁ%ﬂmex&ﬁj@%ﬁﬁwﬁ%ﬁ%ﬁﬁéﬁﬁEME%,
HIL (9 AL F 8 S 3l 750 T 5 2 b T BF e R R E B N E M. RIIA Govind-

RE 5 BRI N A R BE I — I BRI EC R | jeel ™ HENT I FURL B AL 43 A1 ) — 4E P HIA A, (H T
I B T 2 F AN A AR 15 1 A8 J] Tl R CRIP* 0 A% i TR 5 SR AE LA AR OR 2200 . BRI TG s A S
R AR BETROR” R0 5 — AN A8 S TR ™) 4 WL ) i 43 BT W0 45 5. Bergstrom Fl Boyce'™ | Li
SRR Bergstrom il Boyce™! i B[] H 45 1 5 SEHOUR ) — R s A T R R S T HE B (R B

KR EE: 2014-08-26; RAAH: 2014-10-26; M HARE E: 2014-11-03 07:55

[0 £& H Rt 3k . www. enki. net/kems/doi/10. 13801 /j. enki. fhelxb, 20141103, 001, html

ESTIE: |y m AR L 55 2% % 10 % 4 (2013-1V-109) 5 # & #6184 45 54 (20130143120005)

BIREE: Z5, W, RO, PFE M E R R AW E 1 %47 B RAE XL, E-mail; xiayong@ tsinghua. edu. cn

SIBB: EM. FF. RBIEERIKE AWK ETEMI S FEEAT]. BEMEFR. 2015, 32(4): 1007-1016. Li X, Xia Y. Microme-
chanics models for finite deformation of carbon black reinforced rubber composites[J]. Acta Materiae Compositae Sinica, 2015, 32
(4): 1007-1016.



+ 1008 -

E e H 7 R

M — R BRI RIE AR 59 22 TR 5L 507 e AT HER) PRI
Horp R s L on " AL E b BURD) HE 57 T 4 s AR
B2 A = AE R AR Y o (B 7 SR SE AORE 1) JE IR 388 2 Y
KR4y A A ML RE . 3T 4F 3Kk, Lopez-Pamies
SEU B/ NER SN AR PRI e S A Jm S R
o BT 5T R d B AU AE B9 Segurado Al
Llorca " ) TAHE, & JH FE AL 51 % fff (Random Se-
quential Absorption, RSA) J7 kM #Er T 8% Ak

éﬂiﬁﬁfﬂ?%%ﬁﬁiﬁi?ﬁﬁﬁ*ﬁﬂ, LAORE 3 53 AR 2
RS VSR E S F R PN “ibiﬁfb}k%&@&
(9 11 BER) 248 7% T 2 SR SEURE X AR i A @@
AL S AHLSE B 25 %58 14 D3R 0T 0RO 73 B —
s PRBCATI A A6 L bk Ay 8277 i
(14 7 2 8 i R T PR 3R @4 %ﬁﬁiﬁﬁﬂ‘%

H&Qﬂﬂ)u@lﬁzl»‘ﬁﬁ%m
BEX %‘ﬁf‘aﬂ‘fﬁ%ﬁﬁiﬁ'ﬁﬁ%%ﬁ
B TEAMMEI’J QH]XJLZIKVJEEW»&, I B

nJ A IR % ILEE’JIWF“*JLWﬁ”?@?ﬁHU
éﬂ‘ﬁﬂ@ FLf] 1 52 H B AR A AR T OR” 40 0
Jro BERD . LURAT S A i) PR BN OR . RS 7F'J
M RSA ﬁ%@ﬁiﬁiﬁﬁﬂiﬁ/ﬁ‘ifﬂﬁﬁf
R SFCTE AL RELRERY L HEAT RAZTE AR DL T /Y

PR OGS 5 Dy 25 %8 UKL 2R 48 200 % 44 s@fi
AERSZ IR, BEE 1 35T UKL AL AR il F14 795 i

XA I, RIVBORL 3 2 BEAL 3. PRz A % BE L 4>
fii o FEAG R 45 5 5 I 5 XFLE o

1 @AMAHFEPRE
1.1 NTHEERY

W52 ) T v 5 b RE A B R R Qs
JHL v 3L ORI AR S AR 4 o 1 R B A 1
Q) FQy . FER HIL RS ZE SRR
F10 A B SF- 349 7 A5 i 4 BE oK W RT3 o TR AR
ARG F R

W(F) — ij W)V
04 0
) )
—_— W(F F
= ol WAVt o] wanav
gmwm+mwwm
— W W)+ (1 — o)W (F) (1

s WORLF 23 550 g SIS G 280w ok e i) 17 2% i % 2
BRECRIS T2 B JEE K &5 AV R (R R BT s W) Fi

O AL

W (F) 3 530 by UL R 73 1 5 1A 358 73 1) A AR

AR B BE PR B o Dy USSR B AR 2 K
5 18 2 B F 5 0 ¢ R OB B L AGUREHE (A5 B

LA R AT ABL A Sy R WP AL B AR

R Y 7L BE 2 L AR A TT s AN, A

W(F) = (1 —v)OW"(F) (2)
FERE R UL, 2 (2) Y F O — A I ) S
Bk R, MELABAE . UL, B IEXT W)

- ¥4

QO) T 45 W MR TF » 445 FL 6 e Ay 3 P 4908 9 B

R
W= (F) = W™(F™) +
I*W™(F™)
JF*
high order terms (3)
2% 20 (3) iy B, U B AL (B
J Ak 75 3 ) AR RIS 2525 R R 1 B
S B 8 AR 1 1 78 BE R B AR G AR

W(d—v;)W (F™) (4)
(B (3) AR (O T F i 38 () 2 1 i 2

) 5 WREY) %R F . T AT W
T4 1 B 1 49 97 0 30+ — i A Ay 2R U
Bt OB BB 7 7 5 5 (O

WL 4 224y T 2% . p IO BRI BR L W3
SERTROF-34 45 SO0 T3 T 3846 @I

s AW 0

%(F—F‘“): (F—F™) +

T = (1— ) ~=
Jd F \) JF
= <1—m>‘?Fm (5)
[5 JF
Eidl

1.2 &

y ) W CF™) Xf N 45 15 ¢ 56 4% 11 °F- 3
%lx FEX — 7 T AT YA AR AR 2 A
SRS 280 2 P48 38 A0 I 0 A B K S T D 24T R
Ho T B B e 2 A SR Y 8 T A\ BE R K,
o7 75 5 BE R R Fe ik N

o b1
E%ﬁ)ﬁil(%)

/)

W:nk@N(g %Hn

(6)
K n AR 7> T 58 H 5 £ 4 Boltz-
mann 8 0 W IREEIRE s N 574 0 BE B

BH.p=10"(/I,/3N) Ai¥ Langevin ",
I E A O B Pade JE LR JFC . Hoh Lk

Langevin &%, I, % —Hifi EAZE; a Mo A
G 19 245 5 8D AR B AR T DRI S50



B0 S i RINRAR RS A BB R 2 W g 2 R AR

+ 1009 -

ALY, 38 AR BE 8 B pR AT 2 PR m) s
BB IE N BER T 1 22 U TR

B LTI (L =3y
Tﬁ/‘(“ /ﬁ)[m—sn “< 2 )] D

Ao

{# = nkl
Am = VN
Hodv, X M ERAR . a 10 78 SZERSE B 2 4E Sy 38

A BB, AT R 0 2 0 2 56 B

1.3 “TBRHA"EE @
()T LU 2 B SLIR  5 ppoR

IR K T s A T A e MV 1y i G i

B LT I B R

BRI BP9 R F A8

7 56 B 25 ™ A SHE T

. AR
Mullins #1 To .ﬁ(‘

AT B ] LA B R Y

AR TR "R B
KA B Xo A REOR I 55 2

R

%ﬁ*ﬁiﬁﬁﬁ*4/J\§r:ﬁﬁ7ﬁ§ﬁ7fﬁﬁi+%z\ﬁ[O

(Guth-Gold K1) Yy @

E =E"(1+2.50 + 14. 1%) {@ (9)

Ao Eﬂiﬂt*ﬁtﬁmﬁﬂmﬂﬁﬁ% o 3 A
= (0]

3 o
Wit X, f A 5Kk ﬁﬁiﬁ%ﬂ%%%ﬁ

R ‘
KL T AT /N2 T A SO ot 5 2 30 R i I 1
YW
X, =142 50+ 14. 14} (10)

Govindjee ™ Wit 3 1 15 1 3 A7 W 4 A90HL 76 45

e S A e 4 7 55 32 Bl (B 33 5 R L Ok A e gy i A
AR ) B AR TR R TR B -

NQ

F* = (F—vRY/(1—v)
s RY UKL AR 43 1 F- X e 2y it

Bergstrom FIl Boyce™ M| % f& #F — A5 JE AR &
ST I, HR A — AR OR R K
It =X, —3)+3 (12>
s I7 R T0 43 590 A AR 5 AR 3505 40 i A2 4 41 )
PRI SE — AR i s X o R 5 22 [) O B ) s K 1A
T . ¥FR(12), Bergstrom fil Boyce 7 CHR[ 8 ]t
fe i X 9 o g, Ham i X A2 AL
# ¥ Neo-Hookean #5278 5K i /NAE TE 1) A 25046
HRIKXX, 5 Guth-Gold BRI AT R L, w153

B LA BLRY Xy = 1 + Ave + Boi . Hp
A=3.5, A—RIAK:; B =30, H kI

AR . AN A AR TR OR T BLE A IR T A
IF) 3 B2 S 57 2 RS TE 5 AR SR AT 2 A2 T
(72 £ % & : Mullins F1 Tobin"® 7 g 37 K245 ¥ (1
CREETOR T R AR W HARME)T T/NERAIE T W

h-Gold #E#4 ; Govindjee-" 3@ 1 B¢ B F1 43 Hr W1 14

WKL I AE T AR DL+ 3E 17 25 1 A A2 T B B2 A K 5

Bergstrom Hl Boyce* MK Ky “ 55 — A 78 B LR ” %
RHEES T —WBIERE. WERHIRE, 4
TEEAR FEONR S — AR EHOR” KR . HIZRIK
R AR ORI B A EAR R . 5
S DA Z 8 H 1Y) . Bergstrom Fl Boyce™® )i 56 B
T%%FFJE%&@*Z“HU T R T AR 2 T A

1.3 95 ik, Bergstrom Hil Boyc im0}
“E-ANERBRTH T X 25T H R

WVEF I K AR 47

s A AR 5B AR T U ;*xﬁﬁwﬁﬁ#
L 1 2R AR T RZ I MBI . ASCH

fwﬁfa\ﬁﬂm@ A T SRR
AR ARG NS R . BT 55—
BRI T WAEZIL)

BB B AT R — T I FL A A T 1o
REURE . S 45 BB PR R 55—

3

>

SR

:AZ+2/A:<A2+2/A—3>+3 (13)

AR AR IS ARTR A 5 — A AR iy
IP=A"+2/A= A" +2/A—3)+3 (14)
TR, B ARAERMCREF R
_ I =3 _ A" +2/A—3

I, —3 A +2/A—3
51 A Mullin-Tobin® i 28 jift K" % (st (10)
FTR) s TEW/NETEBE(A — 1)F
X,~%Z:X§:<1+z.5m+14.1v%>2 (16)

AHEE . T2 1) 4 H 0 28 il K i
=X (10D Fr 7R ) JE AT 3 5345 31 19 55 — AR5 Bk R

X, (15)




+ 1010 -

E e H 7 R

F X, BRI AR TR A (16D E 45 i
JE— /N B R E . e 16/
R REE M T RABOREI OB, 18 T AR R
TR BT AR B — AN AL B HOR PR 5 B A R 5%
F.WmE 1R, wLUE R, HEE s, B0
AR TR PR B A B 7 A ] A

XFiX 5 R [l B 7 5% i T A9 3 (15) 15 31 i 26

— RAE R E RO X, S Berg-

- (o]
ﬁmmﬁwam%Wﬁﬁ?<mﬁﬂbi%ﬁﬁ§§$jwmﬁﬁﬁmo

HOR AT Cely (16) 3R 45) BEAT XS LE . 13 AR B

—AEREBERHE T HRESTEN KR, 2 B
No ATLLE W, R BN . 2)R1%

mmﬁﬁ%w@ﬁ%§?,m%§§%ﬁMﬁmﬁ

~

6.4
Carbon black content/vol%
<+ 0.05 = 0.15
- 0.10 - 0.20
-0-0.25
4.6

] e

Ist invariant amplification factor

1.4 1.6
Stretch ratio

and stretch ratio of rubber at different carbon black contents

755

- - -+ Calculated by Eq.(12) (4 =3.5, B=30)
m  Calculated by Eq.(15)
Calculated by Eq.(16)

)

Averaged 1st invariant amplification factor

0 0.1 0.2 0.3

Carbon black content/vol%
B2 AR 5 — AR RIOR A 7 5 5 B R AR R
Fig. 2 Relationship between averaged 1st invariant amplification

factor and carbon black content of rubber

BT AR T X, . %8S (O % i
W) 5 W™(F™) R TR, 51 AFBCRK T
(=X (16) fr ) A AT RERGE R (DA

g T RFIX 3 B AR R B R R ) T R
AT R, 5 2ZAEX L fi e B 2 — R A B A A
[\ % BB 4 B (4 52k 0,10, 3vol% . 17. 1vol% FI
2§§w@m%%E%Mﬂ«%ﬂﬁ%ﬁ%%

0.BSPA .BSPB Hl BSPC) () 5 ffif 45 B ] $ir it 1ij
TR 6 50HE A SR FH A 422 fak =X B8
EIG R 20k 5 R G R AR5 1, % ik B AR
RS B AR A JE AR RS 2SR L AR Y R AR T
REORM,

B, XA (5 R R KR R AR OC R
W= (F™) R 1.2 75 & IE NBERIRY, B AN
B e R 2l g F B i) LA X 58 B IF
D PTG NHS 3 FRAE AR e R BB sy 4 A
jﬁﬂ§%vQQL7N‘Am:&8%\a:4L%Z4ﬁ
25 . s 5 Lk 3 ARSI

YQW%RTNEMMWQ%H#%Mﬁ%ﬁﬂ%

(0]
% S i bR Q
ES%HW%%Mﬁ%WL“%g%%ﬁﬂ

XA ) 5 8 5 k4 SR AR 1 i1 54T 9 ) B
25 5 5K . AT RGNS AR OR” (M-

O
MK (G-S) 410 J1 %%

25 i 725 1 o AN FH T il 3 i R ik R
M 5 55 — R (B-B) il W g 2 46 74 % ]

Ber

by

Boyce ™ iyt K 7K 30, 13 2 i1 73
0 R A B e 22 5 R 2B 4R
1B IE ORI T8 30 A 09 T30 405 2R fe 4 b il

O
,g§;&ﬁo

2 ARNFHEHEE

HISE 1m0, BUA 9 T 40 ) 24 B 6 R
TEA 3R 5¢ S SR AR B 1 22 AT A AT AT AR B 2 AN
Ao Fibn b AR A TEAR B B TS B 2 S B e
PR AR 77 A R 22 A0 0L A AR [] ) J50RE 2 A1 T 50 5
AR MK LG PR Y 2 T A8 W) 24 AT
Sy EA TR BL . AR S A0 ) S A R T I LR
0 o ] A A1 5 R 2 38 1 ) 2 R il i ik 8 240 UL P 3R
HOREIE s 2 — AR OR 7 R R AR N —



J0. G SR A SR AR N AL B BB Y R AR I 0 WL 2 R + 1011 -«

140 SR 9 A A 15 1 AT i s {3 O
- - =M model : 325 ) e T 1 K
o 105F TR S HIE T RIS A L 349 50 5L A R A0 WK
S o Test datal" oF 19050 1 57 S AT TG 5 R« — 2 e AR A
£ ol W YW 4 B RG34 BLEL JT (Representative Vol-
| _j-:"" .’/,,-—""/ ume Element, RVE) [ 12 {7 # i 3 45 0 . LA
E ol AT SR 305 o 2 DL 6y AR e i P50
o RIS TR T A 19 1B AR B b . T 48
C | | | i§$%ﬁﬁ%ma%ﬁwﬂ%m¢m%gm%m,mﬁ
0 020406 08 10O R AT KRB S 015 B LB
Nominal strain SR 5 W AT e 1 25 1) o 2% 3L
(a) BSPA 2.1 KERERET
g c Sl 35 L8 A I A b R 30 AT 20 AR 4
RV @ . BRI K LKL Tk RVE ., FHBUE M 14
o L ) A 4 252 S TR 4 AR AR ] B BR B CELAR R o)
A i | BIHBURREIE, R RSA R
g 15f L L £ B o HERI B 5 % L AORL 5 R
s ] KRN T P 2 [ LA S0 TR 45 B
g e - ST I B T 12160 0 S0 70
osp gET T NQZ lnm(i)g an
G @O 6 L
el . . : D7 b % RVE i BRECH ©
T L B CL A R SOOI ) G SR 2 W S
Nominal strain AR S f P 8 1 23 T AR R — 11y B
(IBAER BT BT 5 R
. PERERR I . BT 1
- - - M-T model & KLy A A, I F5
--=- G-S model & )
----- B-B model ’ LY 43 AR TE
24F ——New model 2% N

O Test datal'’! 7

FER @ A BURL Y A R 2B AT A R A%

£ B\
s 0

Nominal stress/MPa
[o)}
T
\\
\
\
X
\
\
&l
7

4 RES AN 0RL S 2Z 0 A AT R — A RS R
| :,.’»5"” e o § AEAHZS . FLAB UL DR 5 fi /N A 1B (0. 035d ) L
,:;;’.';-'—- """""""" 6 T 4R 40 J0RE (1) 290350 X 35 11y A &) 4301 b Ah
0 02 04 06 08 1o CHISME RVE IRy R K I 0 BE B LA fig
Nominal strain i ( = 0.05d ), ﬁ%ﬁ?ﬁﬁﬂﬁﬁ%ﬁﬁ*ﬂlﬁ ’ %/i
(c) BSPC Wiki 5 RVE B 5 — il B & A M sS i, R b 4 s 1)
43 T 2% LA 5 — AT LA AR UL 4 A 1 JE
P33 R AT MOA A0 ) 2 R R ) 5 L B VESE R A R 1 B S Ak

B TR AR B ) B R ) AT Ay B T 45 R e A

Fig. 3 Prediction results of three kinds of “deformation

A T UKL, A T R BT A 2 A URL Y 47
S e S N7 N v Y e

amplification” micromechanics models and new model and E@J 1 /2 2% ’ﬁ:jﬂﬂ: ° é ?‘j‘g ’ 127‘?{2 7N & A ﬂ:@i%ﬁ

test datal'®! for uniaxial tension mechanical behavior of *j/ﬂ\ﬁz:j(% ( 4%4\ T 3OV01% ) EI(J iﬁiﬁﬁ%*ﬁ *"1’

reinforced rubbers with different carbon black contents RVE, 5 %2R B EBIKERL S E AAB T



+ 1012 -

E e H 7 R

S Sl
RO
[

S Par, L
b‘A -] ‘f\‘,\_
R TR

(b) Agglomerate random disp{:)rsign

PB4 e PRI SR B B A T GURL 4 43 A T 2K
Fig. 4 Two kinds of distribution pagterns of spherical particles in

numerical model of carbon black reinforced rubber

20. 3vol %0, i X —ZR

Ty — T2 UKL AT SR BE AL A0 A B R, 83K P 25 R
AR RELEER N 3.07d ERIE XA . B
FEFC A A B 1 AN JIURL . SR S AE B AR O
JAHE Gy 3 AN IEAE T I, BB 1.035d 4b) A 80 6
AR, NTTAS AT 3R . &l 4 (b) FiraR . TR BE L
Oy AT AT SE— 25 oy A PR O, R AR S T 4y )
W& 1 AERFRN TS 17)F 2 DR R Ir %
27, FEELEE, S m FEAL & B E 1 AL 2 A
B X I CHIRTIR BAR R 3. 07d IERIE X ) 1y v fir
B BE G AT I e AR RN AR B 7 S R B U AT 2R
() 3E 78 Ok . & 4 () s s TS B A 4L 5 2 A
AR, B AT AR I =22 TR) A 0 PR 45— A die /0N 1Y [ B
([A R Ry 0.035d ). KA1 F H b iy JURL AL & o

Ja s #TF RVE (942 =3 6] % RSA J7 k35 21 bl
A R A 1 AR AR BT AR R URE 5 22 i AR B Y
VA 5 UKL 2 A BE AR 22 (i /NIAJEEL D 0..035d ) . B
FEROREF AP BEEM SR, K5 8E 2 MHEEM
i 3 AR I A A Y A R R 23 A B T 4RO
py L

3.07d

= -

’ — Agglomerated particle Q — Other particle

@© Bl S 2 AP 3R A A R AR I B AR Y

CB@O

PR IS AL 43 A 1) — 2 3 B
Fig.5 Bi-dimensional schematic of internal pagt{e
distribution for numerical model containing two ers of

carbon black reinforced réi’.E:®O

2.2 BiEEiEsR o

32 B 1 %% ST B R R G TG v
DA SN A e SR 5 5 B 6 R
P 3B 4 A B, PR IS 15 SR A R 30 4
R A SR B R B A K A L 4% A [ 20 00

M S A ] . 45 RO X R . 25 BB RURL BE AL 7

PR B TTSE S R 43 o AR IR HE AR R TS & T K
AT ) A 5 TE /Y 10 45 3 DY TR R A 28 B OT
(C3DIOMH) , e J Ok R B IE 19 10 45 53 1Y I {4
TR HIG(C3DIOM)

B HE A 1) B RS B SR A TE BB AL, H 4
ASPERE SOk BT AR R A 4B BSPO [ 5 fi] 1
I, UL 1.4 T 2 g B g PRUBURE AT LA Sy 2 M
PRI PP RIS R R TR b R 1, BRI N
2 500 MPa, JAHA LR 0. 3. JF A K L35 24 ik
1 ABAQUS/Standard 6. 11 #F47 3K ff. 58 T ff



B0 S i RINRAR RS A BB R 2 W g 2 R AR

+ 1013 -

Fi ABAQUS Hy i P41 R T 72 )5 UHYPER 5 # i
ST A 35 A T 1 T/ TR 5 SR L U 3
— Bl i) 9 RS T B I 7E RVE (934 LT F 97 %
SBR[ AR DL 30 i 6 4 7+ Equation K it fin
RVE 7 3 47 1] _L i J 391 1k 391 57 4% 1

RVE fi§ K /Ns#HE G RVE f945E R+ L 5
Wk AR AE RS d Z 1 L /d R o) 43wt 8 45 51
P B — A e DA . AR T
S A TR0 A A 3 0 [ I S AT AT I AR R
FE. LIFEARZ % F RVE Ji'wwa@mﬁwéﬁ
RIS AR L/d — R4 3/1 % 10150
ﬁﬁﬁwom$ﬁ%m$ﬁﬁ%ﬁf§%a%@,

CHIAS [ BE AL B0 W /9 A [A] RVE Bl

O

iR 45 RIS T2 i&@o
A

S

S, B0 | j Ik 7

o i oy A s
T T 7T TSR A A
P o ATAVANAN JYAVAVAN - i

S YRVAYY, ONAVAVLY, 1K
NN A A E‘:&u,"'ﬁ
g REE e Sna S
L A 7K
R By vy
5"‘ . "‘ <1
i

- AW
.r'ﬂ#A.

A
"

6 RIS 17. 1vol 6 il UL 34 A1 BE HL 4 Al
3 M B e RVE UL 25
Fig. 6 Schematic of RVE model with particles regular random
distribution of carbon black reinforced rubber when

carbon black content is 17. 1vol %

g o
é) 10.3 8 10 10

F1 FRAXRBSEEESR=_HANHE
BT E AR
Table 1 Sample number of 3D micromechanics numerical
models of reinforced rubbers with different

carbon black contents

Sample number of numerical model

Carbon black Agglomerate  Agglomerate

Regular

ntent/ random random
random . . . )
@ 2 di . dispersion dispersion
ispersion
Scheme 17 Scheme 27

17.1 8 10 10
20.3 8 10 10

23 WEERSH®

P 7 7 R 47 5K A e 6 40 0K 8
ﬂ%ﬁ%%%5ﬁ§§%m,@¢ﬁﬁmTﬁ%
25 3 10 B0 AR 22N 4t T3 AR 10 0
S LI I 0 3 i 4 45 S -

27 MR A R SR I R e ) 5 BT s 44 R
RF 0.2 Ji» THEAE A o Tl g Bl . i 1 2R
BEAL A A BB 5 38 17 A T 4 2R 080 o B 30 1 0
. M TR LA B, B E & 20. 3vol X
W FE4 SR AR /N 0. 15 BTSSR B AL 3 A
BERTT % 27 WP R A R SR B & R A, (H
FUR figp aod A 35 ) 922 B A8 B A WS 8, T 7 T R AL
B {345 R AR T ik 0 s
MALER_E 50 #r m] R, £ 22 TR 4 By B AR S 1
P A UL 20 A T 3 300 T A R B AL A . HoIR
R R AL A 2R AR RO B I 5 T B A S 0
AR TE R i R0 UKL P SR I ke A A . AT 3



+ 1014 -

E e H 7 R

Nominal stress/MPa Nominal stress/MPa

Nominal stress/MPa

S
0 0.1 02 03 0.4 05§§>

Nominal strain )

(a) Carbon content is 10.3vol%

0.8 F

0.6 F

0.4}

02}

1 Il

0 0.1 0.2

Nominal strain

(b) Carbon content is 17.1vol%

0.8 -

0.6 -

02

0.10 0.15

0 0.05 0.20

0.2%

Nominal strain

(¢) Carbon content is 20.3vol%

- -~ Test datal'"l
—o— Regular random disperation model
—a— Agglomerate random disperation model Scheme 1*
—o— Agglomerate random disperation model Scheme 27
B 7 AR UL 43 A 2R AR RS 4 B R R
O 25 5 5 L s )
Fig. 7 Prediction results of micromechanics numerical
models with different particle distribution forms and

test datal'%! of rubbers

BT P 8 BURL 23 A1 1 DU AT BT A
S 55 ) ST BE AL A B TR 3

FOT AR . Il an i = ZERRE FEHLIE T
WL AR B L REAE — S P R T AL 6 5 AR
(9 RS A3 24 2k e rp URE P 3R B AL 2 A 45
TR TN RE ) B4 — 6, AR, L ATHE A A
RV #5070 P30 PAT 2R 5 H A AT 2R OB 20 380 1 0 78
@§%ﬁ,ﬁﬁﬁﬁ%@?@ﬁoﬁﬁ~ilﬁ
SR A T I RAR T SR 2R UL R TR 2SR
R TSR H B S 2 RSE 0 A 45 (9 52 i 2 A7 i Al
Gr AT . RIS IR wa 2B H Ll AR R A 52 A B R
O BRI BB BE A T 5 45 2R 38 A A e b AT 7E S
HI U HC TR 37 o I 8 TR A 5 [ A 32 s AF
DRBR A+ 7R 18y ) 4% Sz AN ] BE K 4. DA T 3 BBUIR
ot MR ) RVE # B A5 BL UL 1) 1L A2 S [ B/
ISR . i DRk — ] fL AT RE T 2T

G TR

T

; — AAEETOR”
s FHE] TR 5 —

<§)ﬁ55%#ﬁ%@%§%ﬁﬂi%%%ﬁﬁﬁ

%@g‘i R4 L R KR 10 0 T % B A

B o Ak 3¢ J 3 5 ot ARl 5 R M RE A R e, O
RETE— & 22 L B ORI 5 M1 2447 . AL
TURL Y 5 BEAIL 73 A B Y L R AT 5% B BIL S A A TR
(0 F5T0 RE ) ST 4 — 88 X SEEE IR BRI UE 1AL Y
FHE. WO PSRBT T 2%

S & k-

[1] Wang Y Q. Basis of rubber materials{lM]. Beijing: Chemical
Industry Press, 2006; 115-128 (in Chinese).
FHBK. BEARERE M. dba s fh2E Tl AL, 2006
115-128.



B0 S i RINRAR RS A BB R 2 W g 2 R AR

+ 1015 -

[27] Boyce M C, Arruda E M. Constitutive models of rubber elas-
ticity: A review [ J]. Rubber Chemistry and Technology.
2000, 73(3): 504-552.

[12] Hu X L, Liu X, Li M, et al. 3D finite element modeling of
the hyperelastic mechanical behavior of CB-filled rubber[]].
Chinese Journal of Solid Mechanics, 2013, 33 (Suppl. 1):

[ 3] Meinecke E A, Taftaf M 1. Effect of carbon black on the me- 117-121 (in Chinese).
chanical properties of elastomers[ J]. Rubber Chemistry and BH/NFS . X, 2R, 4. R I AR S PE S ERE
Technology, 1988, 61(3): 534-547. SHEAROCEEILT ], [ R ) 4R, 2018, 33T D
[ 4] Fu Z. Property and design application of rubber materials 117-121.
[M]. Beijing: Chemical Industry Press, 2003: 60-103 (in [13]  Li Q. Yang X X. Study on macroscopic and microscopic me-
Chinese). @@chanical behavior of carbon black filled rubber composite[ ]].
E. AR AR RE S BT R IM . dEat: fezE Tk @o Journal of Mechanical Engineering, 2013, 49(18): 132-139
., 2003. 60-103. (in Chinese).
[5] Hill R. On constitutive macro-variables for hetero s PG M H. e BIE TR E A MR A0 ) AT R AT
solids at finite strain[ J]. Proceedings of the R '(Pety of 0] ML TR 244, 2013, 49(18): 132-139.
London A: Mathematical, Physical and ering Sci- [14] Segurado J, Llorca J. A numerical approximation to the elas-
ences, 1972, 326(1565): 131-147. @ tic properties of sphere-reinforced composites[ J]. Journal of
[ 6] Mullins L, Tobin N R. Stres;n rubber vulcani- the Mechanics and @sics of Solids. 2002, 50 (10):
zates Part 1. Use of strain @niplifigafion factor to describe the 2107-2121.
elastic behavior of fil inférced vulcanized rubber [ J]. [15] XiaY, Li ¥ a g Test and characterization for the in-
Journal of Applie er Science, 1965, 9(9): 2993-3009. compressil@ yperelastic properties of conditioned rubbers
[ 7] Govindjee S. aluation of strain amplification concepts under f@@rate finite deformation[J]. Acta Mechanica Solida
OOslmulations of an ideal composite[ J]. Rubber @02004, 17(4); 307-314.
gl Technology. 1997. 70(1). 25-37. [@@ao S R. Mesoscopic mechanical properties of composite ma-
[8] Be gstrom J S. Boyce M C. Mechanical behavior of particle @ terialsf M]. Xi’an: Northwest Polytechnic University Press,
filled elastomers [ J]. Rubber Chemistry and Technolo%)o 1997 86-97 (in Chinese).
1999, 72(4): 633-656. \C{}: TrtEfli. EA MBI 2 Re M. Efﬁ:@ﬂﬁ%
[ 9] Castaneda P P, Tiberio E. A second-order iZition AL, 1997, 86-97. @O
method in finite elasticity and applications to illed elas- [17] Yatsuyanagi F, Suzuki N, Ito M, e fect of secondary
tomers[ J]. Journal of the Mechanics ar(l)d%h sics of Solids, structure of fillers on the mecano properties of silica filled
2000, 48(6-7); 1389-1411. O rubber systems[]]. Polym P01, 42(23): 9523-9529.
[10] Li X, Xia Y, Li Z R, eteal ‘\ e>dimensional numerical [18] Hazanov S, Huet C elationship for boundary condi-
simulations on the hyperela@xavior of carbon-black par- tions effect in he{¢rygeniecous bodies smaller than the repre-
ticle filled rubbers under moderate finite deformation[ ] ]. sentative V@I?.Journal of the Mechanics and Physics of
Computational Materials Science, 2012, 55; 157-165. 12(12) . 1995-2011.
[11] LopezPamies O, Goudarzi T, Danas K. The nonlinear elas- arzewski M, Du X, Khisaeva Z, et al. Comparison

tic response of suspensions of rigid inclusions in rubber; IT —
A simple explicit approximation for finite-concentration sus-

pensions[ J]. Journal of the Mechanics and Physics of Solids

2013, 61(1): 19-37. @

tic, thermoelastic and permeable random microstructures[ J].
International Journal of Multiscale Computational Engineer-

ing, 2007, 5(2): 73-82.



£ 1016 - E e H 7 R

Micromechanics models for finite deformation of carbon black reinforced rubber composites

LI Xu', XIA Yong*?
(1. School of Science, Wuhan University of Technology, Wuhan 430070, China;
2. State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China)

Abstract; In order to investigate the effects of carbon black on the hyper-elastic mechanical behaviors of rubber
composites, first, by employing the quasi-static mechanical test data of carbon black reinforced rubber composites
with different filling volume fractions, the finite deformation@terizing abilities of existing “deformation amplifi-
cation” micromechanics models which based on homogenjzat ethod were evaluated. Then, a new “lst invariant
amplification” relationship was proposed on the ba @Orational prediction results were obtained. Finally, by
using the random sequential absorption algorith ¢ spherical particulate filling numerical models which were
approximate to the real microstructures of als were established, and 3D numerical simulations under finite
deformation situation were conducted. r to investigate the influences of particle clustering effect, two forms

which were particles regular rand spérsion and agglomerate random dispersion were designed. The comparison

between computational resul(@ §t data indicates that the proposed 3D micromechanics numerical modes are able
a @

to predict the finite defo croscopic mechanical behavior of filled rubbers to extent, and the prediction

abilities of particle

posed models,_a proposed models provide some references to the fu elated research.

ate random dispersion models are better. The tE t@bs confirm the reliability of pro-
D

%
Keywords ; 5 ban black reinforcement; filled rubber; finite deformation' 59, avior; micromechanics model; numeri-
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