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Investigating Local Aggregation Effect on Mechanical Properties

of Particulate Composites

Student : Cheng-Wen Hsu Advisor : Jia-Lin Tsai

Department of Mechanical Engineering
National Chiao Tung University

ABSTRACT

This research aims to investigate the effect of local aggregation on tensile
strength of particulate composites with an embedded crack. Particle size,
volume fraction, interphase thickness and particle Young’s modulus were taken
into account in the exploration. A micromechanical finite element model
(FEM) accounting for the configuration of particle distribution was employed to
study the particle aggregation effect on the fracture behavior of the composites.
Basically, the concept of strain energy release rate anchored in the linear elastic
fracture mechanics was adopted to evaluate the fracture behavior, from which
the “normalized” tensile strength of the particulate composites with respective to
the pure resin was determined. It is noted that all analysis was conduced based
on the continuum mechanics approach in an attempt to efficiently save the
computing cost. Results reveal that increasing particle size can deteriorate the
tensile strength of the composites associated with the same volume fraction.
Moreover, the declining behavior becomes more significant as particle
aggregation taking place. Similar tendency was also observed in the

composites with different volume fractions. The increase of particle volume



fraction together with high extent of particle aggregation would dramatically
decrease the tensile strength of composites. Basically the ratio of particle
modulus to matrix modulus exhibits less influence on the normalized tensile
strength of composites. In addition, the introduction of interface layer in the
vicinity of particles also depicts little effect on the tensile strength of composites.
When initial crack is embedded on the particle/matrix interface, the tensile
strength of composite with good particle dispersion is not influenced by volume
fraction. However, when the degree of aggregation increases, the rate of
reduction in tensile strength is raising with the increment of particle volume
fraction. Comparing the energy release rate of the composites with an
embedded crack either in the matrix or on the interface revealed that when the
crack size is much less than the particle diameter, the composites with crack in
matrix demonstrates higher energy release rate than that with interfacial crack.
On the other hand, when the crack size is compatible to that of particle size, the
strain energy release rate calculated in both cases are quite close. In light of
forgoing investigations, it is concluded that particle aggregation can
considerably depreciate the tensile strength of composites, which is in a good

agreement with experimental observations.
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AR AR AP AR | PR R AR EAR G chvh 4 A Ak A A8 - Zhao
¥ Hoa[l7]# * F *T -~ % ;% (Finite element method)4 474 % #+ &2 (Clay)
MEMK ARSI I panf ¥ b4 BRI RIES FDe? o T 5§
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FoF ERAHE

2.1 BPFHEZ A BRSR.

FHRORE R R he B 2-1 4Tn [21] 0 T A S Z B i
FAH F - AR5 (Mode DAL 5 B A #55% (Open mode) » K % 4
Wb ps R T g HHESARAES 2L F % - AT (Mode
ID# % 3 A $-7% (In-plane shear mode)> H{ ¥ F T £ & - T o F ifpF >

27 = %258 (Mode I AL % 44 4 #73¢ (Tearing mode) » 4 ¥
A

hAEM 4 B Y > Anderson[21] &3 P BRI 25 - BE R G 2a

B2 B R AL BN k4 o o 4o 22 Fr 0 1 R4 A s R
i i AR & St F 1T B A S AR RS el 4 R4 R 5

K oo OVl @ )sinf 3
O'xx—\/ﬁcos(2 {1 sm(stm(zﬂ (2.1.1)
Ky oof Ol @ )sinf 3
ayy—ﬂcos(z)_hrsm(zjsm(2]} (2.1.2)

Ty = \/12%1’ cos(gj sin(gj COS(%) (2.1.3)
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K, = lri_I)I(}\/zﬂTO'yy(azo) =0,V (2.1.4)

AR SR R e A R G

u, = K, N2mr _(2k -1) cos(g) — cos(ﬁﬂ (2.1.5)
Surw i 2 2
u, = K, N2mr _(2k +1) sin(g) — sin(ﬁﬂ (2.1.6)
v Burm ] 2 2

B ¥ op i %4 sic(Shear modulus) > @ k & d i 4+t (Poisson's ratio) s = 2_

(S

3-4v for plane strain
3 (2.1.7)

B-v)/(1+v) for plane stress

T EARBFHEL I T S 4B 23 17 0 AR L AT R

Ny

o, = —Lsin(g)P + cos(g] cos(ﬁﬂ (2.1.8)
2mr 2 2 2

o, = —KTZT sin(g cos(g] cos(%] (2.1.9)
K, oj’ . (9] .(39)

= — — 1= — — 2.1.10

Ty mcos(z _ sin ) sin 5 ( )
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ER D PR ER 7€ =10 Y SIERE

K, = lri_1>13«/2nrrxy(9:0) =S ma (2.1.11)
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L ARIT R B A B

u, :&\/_{(2k+3)sm( j+s1n( } (2.1.12)

Sur

u, =—&\/ﬁ{(2k 3)cos(§]+sm(ﬁﬂ (2.1.13)
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HY Ui i pg®in AZARxed  f5*r REGHAKE B o J&%
Baagr kg A @£ - [ REERPF > KALRE R Ho g
Fofl¥ - BRG | BRE S L da> Irwin[22]4 &0 B =M P
4 ;% (Crack-closure integral method)> P24 2% A XK Xt 4 @ @ B £ B
E - R oapE s BB Bt MPSE AN N A ey
FlA e b B AT i B E o 4ol 2-4 41 0 B LA R4 s S R BL R
s BBaERF G AP PARENT
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G, = hm—j o, (6a—r0)u, (r )dr (2.1.15)

a0 2 Sg Y0
Gy —;algloﬁ o (Oa—r0)u, (r,7)dr (2.1.16)
u () =u,(rr)—u, (r,—n) (2.1.17)
u (r,m)=u(r,m)—u (r,—mn) (2.1.18)

?’KJG}’Y TXYP&»!EE‘BIJ‘#7 }@7‘ ’ﬁxl—fﬁﬁyﬁqu}}}\q%%“ii I’Li—r/i.%.ii—r%\'
moep A o 50 [ F S odfE 3 A ¥ A 4R > Rybicki¥® Kanninen[16]#%
A HRBPFRAZFE AR AERF BB I F 2 RFLHARE

R GafF R ishang gl > AL Al 3 E GatdapF o JEA R L Hdak 4

w

KIPT Lo 2 gip s 7 REM PO L B A XE & it £ - &lih

2 Sun[23]¢ L iE- H &S AR E =K & (Virtual crack extension)#

B TARABL SRR STl X RRATES B TA R
PELEARHP A E SR - B AR AT SE A

#lkeda®? Sun[24] 7 & % e~ & 2L~ % (8-nodes element)2. J& % it F 3 5 3+
E22 0 B 250 JI* gkt SHErH REAGE A F 2 BREEL R

% G(Total strain energy release rate)

G,=G,+G, (2.1.19)
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G, = 11m—[f1’3(uf’1 u? )+ fru? —u” )| (2.1.20)

G, = hmi[flﬁ(ul’1 u? )+ frur —u))| 2.1.21)

&0 200

/jf‘;’{iéfilﬁ% ’ r"’);.‘u‘i’—}:fn%ﬁ";“% TR ' P1~P4

{5 884 sus B4 > 0a s B3

f‘% Efﬂfll‘!«‘ﬁ;%i > P1 ‘pl‘A’\ ‘;V'J%\T’F)f“irii - ‘E\\i ° é@'/i 25\“ ’ ‘}\“TFB?U

SES F 2 B SR EEy SR LR L F

y
¥
s
h

1™ 7

22 BEHKEA G 2884 TG,

BRIt R s AL e 5 8

2

R BB TR Y R o B

- s enth 4 R AR K R E R R R B R

’33\)»

ST AN PR L B 26 5 RSP H TS L HEEI T

FoHEAR 27 KRS 22 LL R X2 7 R B - Sun & Jih[25] % &

et 5 &R T+ K &

KI:\/E[G —2er,, ]/ cosh(er) (2.2.1)

K, = Jma [z,, +2&0,,]/cosh(er) (2.2.2)

N
A=
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g:LmH'wj /(klﬂ (22.3)
27 H K H, K

B 3-4y for plane strain (2.2.4)
- B-v)/(1+v) for plane stress o

12 A A R (P 1) T R R 2) o SR %R A e

T % 0 Sun & Jih B IR R L AT R Frenfd > § 0=0pF

o, (x,,0) = %{K, (a) cos(f; 1{3‘—3} ~ K, (a) sin[e h{;—;m (2.2.5)

7 (x,,0) = %{K, (a) sin(e ln(;—;ﬁ + K, (a) cos[g 1n(;"—;m (2.2.6)

prrb ek R AR LRI EH IR O LERARET

o AR M U, (r, ) =u,(r,7)—u,(r-7)

_ 2r k,+1 k,+1]

u,(r,mw)= - L+ 2 " {K,(e)H, - K ,(a)H,} (2.2.7)
Al+4e’Wr | w0 u |

_ V2 (k, +1 K, +1]

i (r,m)= r L BTk @ H, + K, (a)H,) (2.2.8)
d+4s’Wr | o |

v

H, - {cos{eln(ij}+2gsin(eln(£jﬂ (22.9)
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N FEA | INRVES) | R

Sungz Qian[ 14141 * &) & B B 4 A j% #42.2.5-10) % » (2.1.15-16) ¢ » +{% i 5

EE {%%i}(}l N Gllvﬁi);@iz‘ g’é& I‘?]':}K[ N KHEF ﬁ”?ﬁ@ l/,éf‘

G, = %G+C[AR(Kf ~K})-2A K K,] (2.2.11)
1
Gy :EG_C[AR (K% _Kfl)_zAIKIKH] (2.2.12)
He
G=G,+G, =i{k1 X, Ly +1}(Kf 1KY (22.13)
16] 4, Ky
A, =Re(A4) (2.2.14)
A, =-Im(A) (2.2.15)
Aa -2ie
A= B[—} (2.2.16)
4a
B= ﬁ[lﬂg}l{l—ie}/l“[l—ie] (2.2.17)
2 |2 2
_ cosh(ﬂf) k1+1+k2+1 {1+£} (22.18)
(1+4e" )| M, M, 2a

[' 5 #r3f & fc(gamma function) » Re( )& Im( )4 &3 F 8 frm 0« G F 7 2

AEHHMEREAHR I TR HE TS, u T PR RELE
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wylug BE R FB227)8(228)3 S Apk o FEET KEK, /K, 20

7L
B

K, H -H, x(u, /u,)

2.2.19
K, H,+Hx(u,/u,) ( )

EQR21D;N BT IS P EEF I F M TSRS FOK Ky

=
cN

PRI SR FIF AR B BlE o B [25]Y H GG EF
Bk ek A 8ah e om R a0 R B RSN %S GG~ Gyehdr)
¢ 2 - B

FHRNBLAA FEHE NG > HOTHE SRR b B2P 8
$E A H PR o hk® B - WA vk R S B A 6 K o

AR g B A 0 AN hpRk 1 - SRS &R

¥ (Mode mixity) [20] » 7 12 v g & 3 o5t p ik 2o v B o

K
=tan'| —L 2.2.20
v [KJ ( )

FI# A pE Y K /K 2 E(22.19)58 0 i w o KB EH AL A 5 A

- v

YA P ABE NN E R UBRN R R S o
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2 2 l';l,‘{_,—% ﬁ:‘j.l:l .',’:E?Av\*ﬁ’%-ge

Vs

i
1

TR Y 3R A XA KR ol H U a R R el R R -
F] e 'FH;’%—E} FUORM AR FEGHEN A E M FAER TR EFR
MM R T ORE TV RI BT MBS F A G RERT
Ao i fled o LA &7 o APfIr § IR i

ARz i f@ad  Ds itk a ks dHm o

31 4F & HHLF AR A 2,

ARy EH R uE &R A S ¢ % AP (Vinyl ester) o AF 55 444
52§ (SIODMAe & AR e R T d ¢ R[3]@ 3] 2 § R R
Feig T d 2 )I%[l]%? 3] > @ H i it (Poisson’s ratio) | ¥ & < )1%[26]
B B 5874 31 57 387 V23 MR AR & H
B AP BRI AR E B AT E Y SR BRI AN
R 5 0lpme 7 Y g € RIS FEAE R R R o g * 0 R F 4R VR
(Embedded Model)[18] - B 3-1 7 4222 -4+ LB - B v feE = %
2 AP EA A o L AR R R 0 AR N itA & M2
PR B BRI REPTRAER RS LE > A
1121pm % 1680um o & 4L 5+ 15 18 ~ & (248 4#  ~ (Representative
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Volume Element, RVE)[27]#-3] k35 - B 3-2 5 ~ 2 M RHFE ~chw LB

BEE L7 0G.1.1)#FF -
v, =R’ /I (3.1.1)

HY o Vig A 3R T B A S o Rpa A RIPR DL - T T 6
4 (Plane stress)if i+ » 172 ~ & BT G < % Plane82 22 = H 5 "L & R > 3%
AFABFLEETFIxyI B o pd o AL PHBEE A5
F 148 B i 2 (Periodic boundary condition) » ] ® #-3] = R R+ a8k
EXFmini g s TR SBAY S e o B S RER S &
ZLAXF w2 ER P FEAY S v AR o 3 3
Bos b H S 2 04 PR A 00 o FIF B A HHEE P LA oF REF

v B TV R E AR S s o R 28191 § LR
EESUGEPE R BFEAARE L A2 B W R AR
4 S 4eB 3397 od B SR Tt TAMBRILY BF2 kTS %
Bliripplend i s R Lo F P AT A ¥ pr[28] e S A
AP R TR E P T AR F-FEHERBE AR T AR
AR L L AR, L TERBZLTAAYL ALE SLoLL A

HA 2 BEE > 5 S 4 L E A 2 A8k -

ETTRS

T AR e FREI G R A S B E RO
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HlP R R AP E AP REA P OHREREEDEY R TS PRIk
FiE- B 3-4 s HEFFTLR > 2RNLT A2 HERDRE - HREFHR
T A RESER RSP LA AR B35 AP FREDEHEERET LB
di 323 A4k d o BPEE > dyp s BRI 384 0 FIE > dy/dd% ] %
ﬁ%imlfu‘iﬁéﬁii °

Bl 3-6(a) s AW At d 283 L RS 2a 2 AR LA
Rod R TE LR TR RSP E RV R R
2. —HA - B 3-6(b)2 A Ain 2 EAEARHE S 2a 2 A RAr
4T e P o d RS L EAL B 50 R0 FEV B4R MR
HroR 2. 2 A2, — A o BEA) 2 ¢h 4 2 B R i 1 A w] e B 3-7(a) ~ (b)FTT e
w2 — iR o R BRI R S R R S g eh X 2
wpd RATLS 0o AT FR L ARFRIP haghpd mdod o A X
MAE LY S e pd RE A 00 afCF| P SRS IMPa g
Rt e s a2 — Al Y o R A R R R R S R
FIX 3o pd BRES 00 afdt 2 2 T3 R %3 IMPachy * b5
FEEEA B 3-8 AN AAWY BRI T H KAz R AR
TAFAFERIEII A A AR ENF  F(THRE PR
A HRMPL ) B 39 2 ARG A RT A Rk
foo PR ANNRMBP R A ZNEY > W RO FGTRIFL T RRS
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BOFERR B R B AL/SL T 4 SR 2 Bk i
F2 P o223k Sum - LS F 5 10% FEHEFERZ/ G A 5
= 4L/SL 2 6L/TL &7 I #HEARR T i3 R e i 25 2 3
GREEZ A A 320d BEFRBRAETR L 4L/SL 2 2% 2 6L/TL 2. &

5 FA 7 A2:E 0.1% TR TR B 4L/50 ¢ R d Eoaair i

BB A s B

32 JER T HARBEFT 5 PP

B 3-10 5ApF8AF A 5~ 3 BRIt 2 A RFEHET LW -
FHAEASF 2 ARER L LB FE AR AR A PR 7
BERAP A DAL EA AR E RS BT TR AT RFHER
RAF AP AR AR AN S AR L RN R PR
AP AL FE 0% T HAXER a b 0. lum 3L 24 W 5 Sums
0.5um ~ 0.1pum 2 4% 22 ;N 73] - L pFspsk 4w 2 P EE d 730 & 3-2 5 25 4
IMPaz y * m353 ¥ 4 > SN ARBPERFLZEHILE

g o B 3-11 A=k <t 7 FERAAFEN RN T

mv

A
T ARALBAHY Ak E R A R R Bk o R B g
SRS B T T ATRAR L AR A B 2 PIER AR T

2 RS AR i AP E Y B R AR F B e W ORI o
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B P H R 2 A A o B mm e s %R

RS REF S R ea P AR R BN S Gept o R
Feff Pl Aarand £ A 2 pUfe Bt 5 0 U NIRRT ST & 1

Hag BB B AP E 54 LA 2afl RenHAHEA AKE IMPa
RN L By T T8 LS TR LB (N

LR £ Al S AL S SR R SE S el R T L

ey
14
=]

B A AR ek W e 4 Bas A BB A ek W ek 4 2
WO o T A A e (2 55 & (Normalized tensile strength)[4] o )
3-12 2467 kb t ot R AR OERT A g kg o
BAR e R A ST SR AT SRR A5G sT AR AT & A e
BR o ARBERFAFRI DR EL P K o

RN S SRR UV ELR LR S R e TR Rt R
A R N }P% e Bk oy ot # o Nakamula % A [4] 0 3R ¥ * 72/
B BPaAF & PR G W s RAEF RS A L o Kiss ® A [3]d EK]p
FIRPLATAR & R Y A T g IR - AR R S F A R LG
FAK o PR S RAR] o dE T 2 0 AF & PR Y A AR AR
Woag RART o AT AR 2 BRE FH MR RV R T E RS
4@ T o L“i\%’“’t’?ﬂ[lZ]v‘ Ewmiple o P EEROERANET 47 &
P e W 5g B T OVE AR Ao Flpt NP CR O KR R INER AT E
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KK B M I % o

3.3 WA FHARBBRF L B

B 3-13 SApRHBLSF 2R3 T2 g AR EHPT LR -
PR ZHARER G TER FREA RHEHA LS T AR F
BERARESE] o 57 4R AR PARR RS L P AT S R A A T
WEHARFEHM L PR BRDEE APRII T L Sum -~ L4
CE R a b 0.lpmo AWz 7 G AR HESER A F 5 5%~ 10%
20% ) o R H b MAE A g FEEd S5t A 340 & 3-5 5 )
FRAPHEAE A RE A RS ST OE R e e 2 R
F 54 IMPathy = w393 £ 0 R4 > BE AN RMFRH A Z T A
Rz g RS o Bl 3-14 S = ENA LS F A7 FARERFERFIA O
Fa oSy o R E R ML F R e A T 2 BB
FAR g ey P A RARE S W R - B 3-15 S =AM T A
PR ERARFRL DRV GRR od BT oidp e g 4T
B AR L F ¢ AT SR RN R o

Bk 470 % ¥ g2 ) Sl 00 e Liang & Li[10] &P /93
SRAF MY B BABIRT AR AILA G 46 AOL 0 AF & A

2=

PR TREFMMBEA FHAem T % o Dekkers & Heikens[8]# * = § it
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7 |F ¥ ¢ ' (Polystyrene, PS)AF & #3 » 1 B g % Mokl end ¥ 55 B e R 5E
FHRZ Z DB Aem T P AEAP ST SRR o Sun B A (1] &R
F 2 H(PVO)P 4o r 3k ® 4 5 80 R 5K ~ 500 75K &2 Bt ek L AT AR
FoFEH T RS A EZMELSTHFEHE DT - T REFFRENR

WA AR A T R W s R

3.4 A S ITRY S HOECH B RBUR T 5 B .

T AR FERR AT LF G B R A A
SRR (T 5 0 AV TR A YA S PRI S B0l v R AT R R
SEAA N B 4o PEAR & R e0aR R R T o 1@ el 18 SN RO A 58 RS
ot 5 Sumo BEAEA F A 10%e & 3-5 5 = fAT R s ket X il
b R 1 3R 2 SRR 3 e il B S A S g0 20~ 30
240 % ke s 020 B 3-16 2= 467 BAEAAT BARR FHEE
THOA PR N S od B F R R a0 FR O SO A Se d R RR by
FE R R g AR Y R EF AR TEFERARA Y
Ao PRl g RER L ARG 0 R LEET P A o B 3-17 5 =
B2 RAEAR AT P ERAR R ORI PN R ] BT AR
23 F B AR Y A S AR el BN AR £ Mg W SR R BT
R e n FEBARN AP AL ML P 5 R A SR S

ol r S G T 0 BB R ) o
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35 i B ERFHANARFZ L
Gao & Mader[29]# I e df E MW iTp > AW H L 6 €25 - &
# & (Interphase)> p* B & G 3pk % Rlen/ic & € Rgor N A4 2 47 % H
B2 R o Bt 2 S G B BER AT RAERSERO
T L HPERAEPRE AP NE2T 45 AR S 0.lum 2 0.3um
B AE4RIE O 0 Bl 3-18 i G & chm OB E BRI o AR BRI
FBASF: 10% FHALSFFEEI R M6 K97 2R - /3
FAER T 5 Sum o A6 A SRS Blicl R 5 20GPa o if bt 5
02 R3-19 5 =244 % KA &7 FARRGTHFSET I k%0 %
ool 0 R R FEEA AR R EN L Gk ER
3 A hda g AT Y 2 BE AL N S EFHRARA 2
R B REE AR R A R SRR o B 320 A2 B4 G kB
B 7 FERAARPFHEAGEELL RV GE AR A T35S i & 4

PR i g B EREAEEMR RV R BTG B ew

=i

——\

HRATR A e P &R 2 B0 5 R EAR AR 6k B A
BT e B AP e A HRATRE BIAL e ko i

& L g @ ag B chB B ] o

3.6 WA FHA B A REIKT S PR

G EHRY MR T TR AR MY R T B



A5 MR B e G P o TR 2 0 R AR G edR
BEA] o d WEA 2 A T R - sz — A B Rap e
2 ¢h4 4e@] 374w XA RER a L 0lpum hB R P & T 3 Rk
T B A2 B A TR A6 IMPa g 0 4 B
WL HRMPER LRI PR RF RS T FEAAAS

F AL A AR HRRE R BRSO AP A Rt T A

RS

BATERT > MAAF L 5% 10% ~ 20%:4E 3255 5] o B 3-21 L= 48

NS

WA F P PRERCERS 4 BRI RS FE - B 3-22 2 FE

AR PP RAMEE o d BTy AR AEHE 16 L R HNE

3

FARTE RO EHE M A F RSV BRI B R 0§

FRARRE B L o A5 SR 5 B R BT R > A u B A M S FAR
FAif S MY o B 3-23 5 ZAEMAEA K AT R ARR HEE 3 B R
BN R LR o d BT A RAMAAS FT BRI LG XX LB

DR A RCE A BT BE AN 0 A B hBURIGS BB AN

3.7 H =g ik,

SER AR & H Aok fh 4 o 4 PR oA A iR T A AT A
Mo S ERE R e G o HIETE 2R T R H SR R
IMEE T AP RAMEMAAS S E IR S 2 RAER SHE

FToARAANY 2 AR AEHEA G R %N B o B 3-23~F] 3-25
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AL BB A T 5%~ 10% ~ 20% 0 e REAk 0] 5 Sum PF o Bl R A4
ZEMHALA G g B S o B 3-26~1] 3-27 A 5] 5 A A S 10%
20% > BAEAR S ] A 0.5um B AR B A Y 2 MG L DR
W od FHBP VIUFR AFY A RET I ERHE AR PRk
(LR OBEA RS TEFUF L S0 A S RART PRV -
GG B AREREIRD SRTE AHY P REERE A G 1 s

RF ARG T DR RS o
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L dple BB & 5T o S5 A SR i 59 rn AR LA £ HR e
PURE A RBERFAFCL R € L rP A o

2. Bl adpRt T R B A BRI A F g A &

SR AFREHREFLIFLYBGRTEARRLFPOELR

|98
F}.

A HCED S i S AR TR & b
SR RIS E X REE 1 LY PR RN Y

§ AT SRR S B 2 A R AT T B o

4. BARRAAOSI O S HB Y o A B BRI PTG & e W
SR CMEFFHRARSL A L VRREF NG A LR M e L3

e T u{é o
5. F T AN SRS A2 R AR A SOHON DR S0 i edf

EHAlz W R ARG BB B FERAAE D AL Pk



oo RAEBIT MR DM A FARG AF £ MW R T Dt R AR

R AR AR E MR AR R AR T B AR A G R

FESPFILFARERG RIS AR DA RET I

=N

LR R G Rn) L Tl
Y- 25 3 ARERRTIHELT AAHY B REL NG Fen
B el A RS AR 4T

d D AE RS R T OO I YR 2 R ISR A £ e i

BEGTE L RRE ORGP

29



[1]

2]

[3]

[4]

[5]

[6]

[7]

[&]

[9]

\\\f,.r

e

B. B. Johnsen, A. J. Kinloch, R. D. Mohammed, A. C. Taylor and S.
Sprenger, 2007, Toughening Mechanisms of Nanoparticle-Modified Epoxy
Polymers, Polymer, Vol. 48, pp. 530-541.

H. Wang, Y. Bai, S. Liu, J. Wu and C. P. Wong, 2002, Combined Effects of
Silica Filler and its Interface in Epoxy Resin, Acta Materialia, Vol. 50, pp.
4369-4377.

J. Cho, M. S. Joshi and C. T. Sun, 2006, Effect of Inclusion Size on

Mechanical Properties of Polymeric Composites with Micro and Nano
Particles, Composites Science and Technology, Vol. 66, pp. 1941-1952.

Y. Nakamura, M. Yamaguchi, M. Okubo and T. Matsumoto, 1992, Effects
of Particle Size on Mechanical and Impact Properties of Epoxy Resin Filled
with Spherical Silica, Journal of Applied Polymer Science, Vol. 45, pp.
1281-1289.

Z. K. Zhu, Y. Yang, J. Yin and Z. N. Q1, 1999, Preparation and Properties of
Organosoluble Polyimide/Silica Hybrid Materials by Sol-Gel Process,
Journal of Applied Polymer Science, Vol. 73, pp. 2977-2984.

N. Amdouni, H. Sautereau, J. Gerard, 1992, Epoxy Composites Based on
Glass Beads. II. Mechanical Properties, Journal of Applied Polymer
Science, Vol. 46, pp.1723-1735.

Attila Kiss, E. Fekete, B. Pukanszky, 2006, Aggregation of CaCO;
Particles in PP Composites: Effect of Surface Coating, Composites Science
and Technology, Vol. 67, pp. 1574-1583.

M. E. J. Dekkers and D. Heikens, 1983, The Effect of Interfacial Adhesion
on the Tensile Behavior of Polystyrene - Glass-Bead Composites, Journal
of Applied Polymer Science, Vol. 28, pp. 3809-3815.

G. Ari and I. Aydin, 2008, Nanocomposites Prepared by Solution Blending:
Microstructure and Mechanical Properties, Journal of Macromolecular

30



Science: Part B: Physics, Vol. 47, pp. 260-267

[10] J. Liang and R. Li, 2000, Effect of Filler Content and Surface Treatment on
the Tensile Properties of Glass-Bead-Filled Polypropylene Composites,
Polymer International, Vol. 49, pp.170-174.

[11] S. S. Sun, C. Z. Li, L. Zhang, H. L. Du and J. S. Burnell-Gray, 2006,
Interfacial Structures and Mechanical Properties of PVC Composites
Reinforced by CaCO; with Different Particle Sizes and Surface Treatments,
Polymer International, Vol. 55, pp. 158-164.

[12] E. Fekete, Sz. Molnar, G.-M. Kim, G. H. Michler and B. Pukanszky, 1999,
Aggregation, Fracture Initiation, and Strength of PP/CaCO; Composites,
Journal of Macromolecular Science: Part B: Physics, Vol. 38, pp.885-899.

[13] J. Moczo, E. Fekete, K. Laszloé, B. Pukanszky, 2003, Aggregation of
Particulate Fillers: Factors, Determination, Propertics, Macromolecular
Symposia, Vol. 194, pp. 111-124.

[14] Y. C. Chen, S. X. Zhou, H. H. Yang and L. M. Wu, 2005, Structure and
Properties of Polyurethane/Nanosilica Composites, Journal of Applied
Polymer Science, Vol. 95, pp. 1032-1039.

[15] S. Y. Fu, X. Q. Feng, B. Lauke and Y. W. Mai, 2008, Effects of Particle
Size, Particle/Matrix Interface Adhesion and Particle Loading on
Mechanical Properties of Particulate Polymer Composites, Composites Part
B, Vol. 39, pp. 933-961.

[16] E. F. Rybicki and M. F. Kanninen, 1977, A Finite Element Calculation of
Stress Intensity Factors by a Modified Crack Closure Integral, Engineering
Fracture Mechanics, Vol. 9, pp. 931-938.

[17] Q. Zhao and S. V. Hoa, 2007, Effect of Stress Shielding on Strengthening
of Particles-Dispersed Polymer, Journal of Composite Materials, Vol. 4, pp.
2615-2638.

[18] C. J. Sun, P. Saffari, K. Sadeghipour, and G. Baran, 2005, Effects of
Particle Arrangement on Stress Concentrations in Composites, Materials

31



Science & Engineering A, Vol. 405, pp. 287-295.
[19] ANSYS Reference. 000855. Eighth Edition. SAS IP, Inc. 1997.

[20] C. T. Sun and W. Qian, 1997, The Use of Finite Extension Strain Energy
Release Rates in Fracture of Interfacial Cracks, International Journal of
Solids and Structures, Vol. 34, pp. 2595-26009.

[21] T. L. Anderson, 1995, Fracture Mechanics: Fundamentals and
Applications, CRC Press, Boca Raton, Florida.

[22] G. R. Irwin, 1957, Analysis of Stresses and Strains Near the End of a Crack
Traversing a Plate, Journal of Applied Mechanics, Vol. 24, pp. 361-364 .

[23] C. J. Jih and C. T. Sun, 1990, Evaluation of a Finite Element Based

Crack-Closure Method for Calculating Static and Dynamic Strain Energy
Release Rates, Engineering Fracture Mechanics, Vol. 37, pp. 313-322.

[24] T. lkeda and C. T. Sun, 2001, Stress Intensity Factor Analysis for an
Interface Crack Between Dissimilar Isotropic Materials Under Thermal
Stress, International Journal of Fracture, Vol. 111, pp. 229-249.

[25] C. T. Sun and C. J. Jih, 1987, On Strain Energy Release Rates for
Interfacial Cracks in Bi-Material Media, Engineering Fracture Mechanics,
Vol. 28, pp. 13-20.

[26] A. Jain, S. Rogojevic, S. Ponoth, N. Agarwal, [. Matthew, W. N. Gill, P.
Persans, M. Tomozawa, J. L. Plawsky and E. Simonyi, 2001, Porous Silica
Materials as Low-k Dielectrics for Electronic and Optical Interconnects,
Thin Solid Films, Vol. 398-399, pp. 513-522.

[27] C. T. Sun and R. S. Vaidya, 1996, Prediction of Composite Properties

from a Representative Volume Element, Composites Science and
Technology, Vol. 56, pp. 171-179

[28] Hha %, “HFHAIR AR 2 N AT & R0 R P F-A1* SGEE
BOE A B3 Ll < BT AT, 2000.

32



[29] S. L. Gao and Edith Méder, 2002 , Characterisation of interphase nanoscale
property variations in glass fibre reinforced polypropylene and epoxy resin
composites, Composites: part A, Vol. 33, pp. 559-576.

33



F 3-1 A+ ~ A 5 PR Sk

Material properties Vinyl ester Si0,
E (GPa) 3.5 70
v 0.35 0.2

2327 B P SR R AT i e (H eopd/m?)

dag/d

High/Width
1 0.77 0.55 0.33 0.11

4L/5L 128.9493 ~ 149.8223 187.1587  267.8292  556.6861
6L/7L 129.0084  149.8919 187.2467  267.9562  556.9426

Error 0.0458%  0.04646%  0.04702%  0.04742%  0.04608%

233 HAA T 5 10% > A AR + (Rp)™ 2 3044 o F iEd

Particle size, RP (um) The distance between particle surface, d (um)
5 23.0250
0.5 2.3025
0.1 0.4605

34



34 BHARLEL Sum s B R A F TR LG 2 FEEd

Volume fraction (%) The distance between particle surface, d (um)

20 14.8166
10 23.0250
5 34.6333
%3572 RS ST 2 R
Effective Properties
Material Properties
5 vol% 10 vol% 20 vol%
E (GPa) 3.7620 4.0656 4.8285
Y 0.3475 0.3426 0.3259
# 3-6 # Ip cid ap AR S LT
Matrix Particle 1 Particle 2 Particle 3
E (GPa) 3.5 70 105 140
\Y% 0.35 0.2 0.2 0.2
Ep/Enm -- 20 30 40

35



y| X
- Z
$ Mode | Mode Il Mode lll
(a) (b) (c)

Bl12-1 = fib 2 ] a7 (R A (D) T ARG (o A st

TT11111 10,

ér %

2a

LD L L Lo

B 22 7 - &L 2af wena i kL 0 o4 g

36



> > > >
v
v
;
v _ﬁ'
2a
v
v
v

W23 54 - Bk 2a QR ag§od s

(@)

Nea\r—tip Stress

(b)

B 2-4 ARMPHLZTLBE@QATHE - I Eoa (D)MFoat RAKX

5%%14{%%
37



® O @ O O @ O ®

Bl 2-5 3R ? np x> i * 5 AR 422 ~ & B % (8-nodes element)

it 7 2 4

0
ACy .
> x
0
(647 Tyy
A

(O Y, Y* TO_Z))()l

o0 ©
(O-xx)z v (O-XX)Z
Bl 2.6 Kxf i ggoretd 2 gl T Bl iazy L AN

®ALBARER 5 2a)

38



W 3-1 432 58 53] 7 & B

B 3-2 &% & ag g E A0 5 W

(b) (©)
B 3-3% F =% chB 27 2 B

39



W 3-4 HEFFALF

(d)

(c)

(b)

Bl 3-5 % A2k 3 R H dy/d A %) ;

(a) 1,(b) 0.77, (c) 0.55, (d) 0.33, (¢) 0.11

v
=

40



(a) (b)
F3-6 2 FAXEE (2) A&k fal, (b) AR ids il




F13-7 8 A2 44 7 LR@E A2 —H3, ()= A2 —H03)

42



Crack
- i ENEEERE 1
i | EEEEEE I
Ry B % |
yaununausSy g gEEEN
A N A AL P e
L AR suuY O
2s )
i ’ B
; L
i Lo
................... Jll‘—__—._‘

B3-S A& i chf UA %

43

le{ 2a

At (Aa b AR

#

7
~

~ %
=

"I

1)



T

T

Tt
I +

T
!

I

iEEEnunnd RENENE e |

T T T LT T
I 0 A

A NN

AW

T
T
T

A e

44



©
N
@ 00 O

0000000
0000000
0000000
0000000

(b)

T2 AR EHETIE (a) ) ®

(a)

® 3-10 4p e R4 A 5

S
—

N T

<

+, (b) +

45



600
i —®— R,=5(um)
i ——A—— R_=0.5(um)
500 - —v%— R.;=0.1(um)
[ — — — — Pure
400 |-
E |
:’3’_ 300 ~
0) -
200 i~
00 Y
0 i | | | | l | | | | l | | | | l | | | | l | | | |
0 0.2 0.4 0.6 0.8 1
dagld

Bl 3-11 88~ 5 5 10% LA & 5 0.1pm 342 < Spum~0.5pm ~ 0. 1um

HIE7 AR HROCRR - AR ki 5 (G)

46



Particle size effect with aggregation
(V=10%,a=0.1 um)

1.2

=

5 10 [ 85T 093 T s T vl pure matrix

7 E 0.84 0.83 E E

g 0.8 [ E E

g é =171 0.60 g o g

g 08 7 - =

E % % 0.40 Rp=5um

g + é % 7 Rp=0.5um
1 0.55 0.33 0.11

d,g/d

Bl 3-12 8~ 5 5 10% L A% E 5 0. lum> 3g4- % < Sum~0.5um -~ 0.1um
7 P AR GHEFOER o JG] iR R i W R

d

1
N
Q

Q0009
Q0000
Q0000

(a) (b)
Bl 3-13 fplp s ot ~ 2 P MFAFZ ZHRFEHETIR (2) B8

A%, () A A %

47



700

—_—— V=20%
—Ah— V=10%

600

500

300

200

100

Bl 3-14358¢ 4 5 Spm~ 2 2 %K 5 0.lum s A A % 5 5% ~ 10% ~ 20%

HRF FARR GHEFOER > AR a®n fxF(G)

48



Volume fraction effect with aggregation
(Rp=5um,a=0.1 uym)

1.2
s
g’ 10 Foccccmmm e e ecceemcee s pure matrix
P e ose
P = 0.78
.g 0.8 ” :077 0.68 Eo.eg -
5] i, — L7 = 060 ==
© 0.6 / = / = =K
% é = % = % 7 s |[@V= 20%
£ 04 ;. = / = % ==, ||BVv = 10%
2 N E % =7 A lev= 5%
0.2 7 M= 7Z/M="7) Z
1 0.77 0.55 0.33 0.11
d,g/d

Bl 3-15 3g42% <+ % Sum ~ X

=
w

RE L0 dpm o RS F 5 5% 10% ~ 20%

H7H AR OE RO > A iR R L W g R

49



700

600

500

300

200

100

o
o
(N
e
B
o
o
o
(o]
=

Bl 3-16 474 ¢ < 5 Sum -~ MAEA F 5 10% ~ L3 R £ 5 0.1pm » 3 tf
flic i 70GPa ~ 105GPa ~ 140GPa » ¥/ 7 I 42 & c3 Boc ¥ > B & ehfy

a3 (Gy)

50



Material properties effect with aggregation
(Re=5um,V=10%,a=0.1 um)

1.2
-‘% 1.0 f----cmmmmem e e e - - pure matrix
g os 0.83 0.83 0.83 077 077 0
@ = / L/ 0.69 0.68 0.68
S = / / =377/
E 0.6 E é é E Z -_0.57 0.57
g E % / E / E % 0.40 039 ¢33 Ep/En=40
Eos (B / % = % = / Ep/Ey=30
202 = é éE ZE Z éEEPIENFZO

. 1 0.77 0.55 0.33 0.11

d,g/d

Bl 3-17 gk < 5 Spm ~ BEA ~ 5 5 10% ~ &

o

|2 E 4 0.1um > 3ERH <
¥ s 70GPa ~ 105GPa ~ 140GPa » /& 7 b A28 73 B 0 03] ek

AW 5 R

51



Matrix Matrix

PSRN TI Sl
NS

L/
R LTS
QAT
R *),,:.’o
5

S,
R
‘\\

W

o
XX
A
S1

&
\“ﬂ't':;"i
AR
AT

AV

RO

B
ﬂ::‘
"‘
[N

o
OHL

g

erg tapy,

2l eI e papyyssas
N5 g farai ety
ST ALLTTERY

-
Q-:"
.

<
e
ot

h

S

N e S

NN
g, ALY

et VAR

5288

(d)
Bl 3-18 % ~t 5 Sum 7 2 B 5 R o BT LB Z #8  (a) T=0.1lum

7 & W, (b) T=0.3um 7 & B, (c) T=0.1pm % #%, (c) T=0.3um 4 #

52



700
i ——y—— T=0.3(um)
600 |- —&A—— T=0.1(um)
C —&— T=0(um)
[ — — — = Pure
500 [
e 400
:, B
= B
¢ 300
200 |-
100 & & e
0 [ | | | | l | | | | l | | | | l | | | | l | | | |
0 0.2 0.4 0.6 0.8 1
d, /d

B 3-19 44 ¢ < 5 Sum~ MAFA F 5 10%  ZHRE L 0lum > 45 & 5
B i Oum > 0.1pm ~ 0.3um¥H g # e 42 & cd BOT P o 2 b %0 i

F(Gy

53



Interphase thickness effect with aggregation
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