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Three-Dimensional Morphology Analysis and Finite Element Modeling of
Nano Particle Dispersed Materials

by

Naoki Taxano *, Mitsuteru Asar ", Takahiro Koupa** and Kazunobu Hasumoro **

This paper presents a three-dimensional morphology analysis technique by means of TEM tomography and
finite element modeling of nano particle dispersed composite materials. The target material system in this paper is
natural rubber reinforced by carbon black (CB) nano-particles. The average diameter of CB ranges from 30 to 122nm. The
main feature of this paper is that the interphase named sticky hard layer between CB and free rubber is considered in
detail. The Young’s modulus was estimated by pulse nuclear magnetic resonance (NMR), and the thickness was
obtained by measuring the volume content and moreover considering the agglomeration of CB nano-particles. The
Young’s modulus of the sticky hard layer was 5 to 30 times larger than that of free rubber. The relative thickness of
the sticky hard layer divided by the CB diameter was found to be very influential on the overall properties of the composites,
because its percolation forms the load carrying path in the composites as demonstrated by finite element analysis.
These results have been supposed to be the major reason to explain the nano-particle size effect on the overall properties,
which have never been understood by the classical rule of mixture.
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Table 1 Material Parameters.

Materials Young's Poisson’s ratio
modulus[MPa]
CB 10 000 0.253
Sticky hard layer 8.5 0.400
Rubber 1.7 0.499

CB :
Sticky\hard layer
1.7 : Free rubber

s modulus

g

Young

Distance from
the center of carbon black

Fig.1 Mechanical model of CB dispersed rubber.

0 HMEFREOFALSERREL, EiRaR 7
Mz X DEROENEIEEZ BT 3.

@ TEM E{RLOlBICIARIEETILLBIZCB
SERGRIR A S L TR RICRAEL, 3DCAD TV v
FEFLEERTS.

Rt & LTV CB OEYE I 30nm, 80nm, 122
nm (LUK, #h¥h HAF, GPF, FT LIE8) TH 5.
X 5 I fRRISTH A # 10vol% ~ 20vol% TEL EH7=. &
FAYROBLIZ T 25 OWERE RV, FHIEE 30nm
@ HAF20Phr (10.1vol%), HAF50Phr (19.8vol%), bB&
V'S 1 i 1% 80nm @ GPF30Phr (12.9vol%), EHEE
122nm @ FT30Phr (12.9vol%) &4 XD CB f#i@KR
TLEREE L

FEFEQIZEDER LT 7Y ¥ — &R % Fig. 2
=¥, HAF20Phr iz2W T4 D77 7 — MR & fE
B L, HAF20-A ~ HAF20-D &9, [z, HAF50Phr
12T 5{8, GPF30Phr {S2WT9 {ADERY &R L
7=. ¥, GPF30-A (1),-A Q& EL, TEMNHICEEL
TOTHELTWBEDD, FE LT EOH P A EEE
Tho7bDTH5. Fig. 3i2i, GPF30-A ()T
<€, FUEOT TEM Eif§ & BBIOF BB ET> TS
WEERT.

¥, FHIEE 122nm @ FT30Phr (20 YT TEM
R C < Eifih & SEM BRIS B\ E TS Y -
MIFER Ehadh o7k,

2-4 FPHUF—-FOEINT AT

}I1% 30nm 0 HAF & ¥i{% 80nm © GPF lzoWTHEE
+3%. ¥, 77— 1 EBIRRBALT, —20O7Y
Y= Mo L—o0BHREATILA. BTFEREDH
4 Fig. 4 1R7F, BPEMPEOE (10 @EMT), B
BEOR (156 ~20{H), SRTFH (5M@LLE) ioXBle
h, SRFBTIEMBOISDEIRELY, BREH
BIBRI= B 5 Z L tbh o7, T, REOEY, &R
SRz AN TE L, o2 ThDE, 77V —b
DELT AU Y—FEFTR, B1IETGRRERECKS
2 2 u MO TESRIRATE a7,

Kz, CBRTD v b7 — 2B 2I0ETIZY,
Fig. 51omT &5V vy oREHE, —20 CB R-FiC



FIRFARBOIRTELZ 1 0P L HREREFV ¥ 425

GPF30-C GPF30-D GPF30-E GPF30-F GPF30-G

(c) GPF30Phr
Fig.2 CB agglomerate models.

(a) TEM tomography picture {b) Styrofoam model

Fig. 3 Comparison of the morphology for verification.
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Fig. 4 Relationship between length of major axis of an
agglomerate and number of involved particles.

(a) HAF50-A (b) GPF30-A(2)
Fig. 5 Typical examples of linkage model.
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{a) Basic units

%88

{b) Combinations of basic units

Fig. 7 Basic network structures in CB agglomerates,
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Fig. 8 3D-CAD model of a CB agglomerate with sticky
hard layer.
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Fig.9 Flow identifying the thickness of sticky hard layer.
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Fig. 10 Volume contents of CB and sticky hard layer.
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Fig. 11 Relationship between thickness and volume of
sticky hard layer.
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Table 2 Estimated averaged thickness of sticky hard layer.

Phr Vol. of Thickness | Thickness

carbon of sticky / radius of
gel/ Vol. hard CB

of CB layer(nm)

HAF 30 1.51 7.8 0.52
(30nm) 50 1.54 8.0 0.53
70 1.49 1.7 0.51
GPF 30 1.24 174 0.44
(80nm) 50 0.89 13.1 0.33
70 0.86 12.7 0.32
FT 30 0.75 12.5 0.21
(122nm) | 50 0.48 85 0.14
70 0.46 8.2 0.13
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condition.
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Fig. 13 Principal stress vector in CB and sticky hard
layer under uni-axial tension.

~—» Main loading path in CB
""" > Loading path in sticky hard layer

Fig. 14 Schematic of loading path in CB and sticky
hard layer under uni-axial tension.
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Fig. 15 FEM models with different CB volume fraction.

1/4 (= 1.95nm), BRERHBZThThH I8 HER,
M8 FEETHS.

2 HEOHEOIRO 1y WA 2 — ¥ 2B HaMmE
19.5nm [EBR T L -8R %4 Fig. 16 iZ77%. CB #&#Hi
SEOMMIZE OGO/ S —-av -2 3 YV ORE
MRLEE D, PHBOBHESAEL EoT BT LM
b3, BENSBHAREVE NS T &, FOEYE
LTEHREINZEREHIXE I L RT3, mHED
ERUTLIIEA—THY, MEOY Y rEXRHFERV
FTAROERIGHIZSE LI &6, CBkRSEOMN
Mz PMGo/s—ar—2 3 R RENLBEERE LTY
YIEOWMMIZ D2 ENEZ LB Ehi,

4 & g

KBTI, TEM b5 7 4 — i & 0 Rgke
L kol d BT A ORBENE L ERN L HhEN
BEOMBREERTEED, FI/RFTIIF—bOE
AT x P -5l L HIRERFFIRICOn Tk,
CB#H#RRIT &R L, dHEBIEBLT, 8T
ARETENRIL TENEMNEWVEEERHNLZY 7R
NEAEWSITEMROA H 2 XL EBAT~HRE
Fote, REMEERELTIZENTS,

Q TV OEATFuP—5FRL R
BxpRIEEEAFR L. BEAZ7x00— 21T, BiELE
TS RICL AL 2RANEBH 6N, iz CAD
EFLERIA LT PG & & PRI EROBIR
AETR 4@ E®:, TXVF-FOELT 1V
C—EERULVIBAOPMEE E L3 30% &\ S 5HF
BEMR SN,

@ HEMNEEE, PRHGE & ERETHR L8
WEZBAEWILHHENE T o7, HHE X IZKE
LTHhBoMEE (S—av— 3 Y) OREFELNE
H3BZEk, LA NMR CHIE L 2R EGOY > r#id
ZY—BD5~30{ETH-/zl,hb, TLTxuP—
2EEL-BHEOMZ-LY, Yy rEOF I RTFO
FERTEE AR T & 7=,

3 FHBRICRE L2 MR & & R L - RS
WET -7, MEOMBAROEEN~S FAFRRIZK
b, HHBAHHREESKE LYy 7R A ST
BAK=XLERIALT,



F/RTARMDIRTEL 7 A 0P -SH EAIREREF) v 429

Loading direction

(a) 30Phr model (b) 50Phr model
Fig. 16 Von Mises stress distributions in CB and
sticky hard layer.
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