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Investigating Particle Effect on the Tensile Strength of

Nanocomposites — Using Linear Elastic Fracture Mechanics

Student : Yi-An Lin Advisor : Jia-Lin Tsai

Department of Mechanical Engineering
National Chiao Tung University

ABSTRACT

This research aims to investigate the effect of particle size, volume fraction and
dispersion on the tensile strength of particulate nanocomposites with an initial crack. The
finite element micromechanical model in conjunction with linear elastic fracture mechanics
was used to study the particle effect on the fracture behavior. Calculating the strain energy
release rates of the crack could be applied to estimate the tensile strength of particulate
nanocomposites. It was shown that the crack in the matrix is more likely to extend at the pole
region of the particle in the direction of the applied tension, and there is a stress shielding
zone at the equator which can reduce the possibility of crack growth. The tensile strength of
particulate composites can be improved with decreasing of particle size, and the local
aggregation of particles results in a decrease of tensile strength. These analytical results
demonstrate a good agreement with the experimental literature. The result also showed that
the tensile strength decreased with increasing of volume fraction. However, various trends of
the volume fraction effect on the composite strength had been demonstrated. It seems that
there is no consistent conclusion in literature to determine the relation between volume
fraction and strength. Hence, to verify the above result, further experimental research is
needed. In this study, for the sake of investigating the particle/matrix interface crack problem,



we summarized the fracture mechanics of the bimaterial interface crack and its calculating
method by finite element analysis. Although there was less use of the calculating method in
this research, we still expect that the summary can be helpful for the further investigation of

the particle/matrix debonding.
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+ B i Mc(singularity characteristic) > 2 7 £ & B HF B R F R A
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B 3-4v for plane strain
N B-v)/(A1+v) for plane stress
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K, = 0,027 (2.1.25)
Ky =700V 27 (2.1.26)
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G, = hmoﬁf W —u) (2.1.29)
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Mode)¥ 4 2 -3¢ (Sliding Mode) sl 3k 4o @ L 35 fa 4L 4 o Rl 3k R
3 5% d Williams[21]# 21 > $30—- B IR S BE 5 R 4 6 hd

# 4 & (semi-infinite crack) ¥ 42 - 4] 2.7 - Williams B3& — B & &_gEiF
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#% 7% (biharmonic equation) 1 Airy Stress function e

Vi, (r,0) =0

Vz :i+l£+L 8

or* ror s oe’

SRV EE SER LY

g, =r""'F,(0)

B 22.D)7E T e

F;(0) = a;sin(A +1)0 + b, cos(4 + )0
+c;sin(4 = 1)@ + d; cos(4 - )0

iem 1% i Airy Stress function 4! i # H-enid 2 o

1 82¢ 1 a¢ ! "
O = gty = @+ A+ DE @)
0%p.
O-H = 2—¢£ = ]/‘Ail/l(ﬂ, + l)F](e)
or '
1 0* ¢, 1 09, a1
0= a0e a0~ M BO)

Mt RGN A T RE B E R

u = ﬁ F{=(A + 1)F,(0)

+(1+k,)[csin(A —1)8 + d,cos(2 - 1)1}

1 .
u, = 2—!1-1’/1{—]7](9)

— (14 k,)e cos(A — 1)0 — d sin(4 — 1))}

14

(2.2.1)

(2.2.2)

(2.2.3)

(2.2.4)

(2.2.5)
(2.2.6)

(2.2.7)

(2.2.8)

(2.2.9)



N
A=

=12 & %] 4

Y F
A

=t

~ 3-4v, for plane strain
"B =v)) /(1 +v,) for plane stress

s F A AT R R

04(7), = 7,9(7), = 0y(-7), = 7,4(-7), =0

;\1
00(920)1 209(9:0)2
£,0(0=0), = 7,,(0 = 0),
u, (0 =0); =u, (0 =0),
u9(920)1 :”9(9:0)2
Wt B RS2 (2.2.11-2.2.15)¢ T ACIE 1

a, sin(A + )z + b, cos(A + )z + ¢, sin(A — )7z + d, cos(1 —1)zx =0

-a, sin(A + 1)z + b, cos(A + 1)z —c, sin(4 — )z +d, cos(A —1)xr =0

a,(A +1)cos(A + 1)z —b (A +1)sin(1 + 1)z
+c(A-1Dcos(A-D)r —d(A-1)sin(A -1z =0

15

(2.2.10)

Lo R (A DE TR R 2) 0 4 AR e (0=tn) & 4

(2.2.11)

U’—)J}u SECTIR RIS l—(e ()), PR B2 i ﬁg‘}'}"’f AT ORE 4

(2.2.12)
(2.2.13)
(2.2.14)

(2.2.15)

(2.2.16)
(2.2.17)

(2.2.18)



,(A+1 A+ D7 +b,(A+1sin(4 +1
i C(z (4 —)BOCS(ES(ﬂ —)71[)71 + 4(1'2 (A —)T;r;(in(g _)T)ﬁ -0 (2.2.19)

b +d, = b, +d, (2.2.20)
a(A+D)+e(A-D)=a,(A+1)+c,(A-1) (2.2.21)
(uwgq:f%a+@y§+§%—nmwnmz+u—n@] (2.2.22)
(H%p@:f%a+@w,uﬁiqxz+m@+dg (2.2.23)

PO REEFRGER Dabcd R R RLFREILT

2
ﬂ(1+kz)—(1+kl)—2(ﬁ_1)
cot® Az + | £2 s =0 (2.2.24)
ﬁ(nwg+a+m)
2

ﬁ$(2224)5\’%5i-ﬁ ;":3";& f@;’l—;’#ﬁétg ';Erjj_%f_}—\] 3 %ﬁ“"!‘ﬂv o lesé /z\#ﬁ Z}Eﬁ{

JE A oA id BN 2 oo K
A=A +id, (2.2.25)
B Q224) 0 TR RE AN 2 -

fiﬂ+kg—ﬂ+kg—2¢i_n
=+ a (2.2.26)
A0 k) +(1+k)
Hy

[tan’ Ag 7w + 1]tanhA, 7

tan’ A, 7 + tanh* A,z

tanA, 77(1 - tanh’ A, ) _0 (2.2.27)
tan’A, 7 + tanh’ A, 7 -

FRQLNAF2 R LT RNA BT R AN an i $RF AR

16



&y

< o F tan Amr = 0 FF

A, = 01,23, (2.2.28)
Ut k) = L+ k) - 2(2 1
2, =+ coth 1| #2 t (2.2.29)
d AU+ k) + (L + k)
Hy
A =0 BlA=id o d (2.2.8) ~ 2.2.9)5 F F R A=A T 1L 344
u~r* ~r" ~cos(A, Inr)+isin(A, Inr) (2.2.30)

FLBRQ230)5 T H R e BH i T R e R0 T 2 R

FAABITI R e A B R IR G A 0 T R e iR

4

//f: °

M % tan A7 = oo PF

A= 15,3405, (2.2.31)

B k) -+ k) - 2(5 - 1)
tanh!| £2 £

1, iy + ok
=+ =4+ n&L /271 (223D
A, == +—In ] a (2.2.32)

A Qs )+ +k)
H,

f= o 1{(2 ; JJ / [Zz . ;ﬂ (2.2.33)

17



RN R S r%[cos(g In 7) + i sin(s In )] (2.2.34)

EQ23)A P S F R A R L AE T RS AR e B o

(22.522.7)% VA RIS B4 o

o~ [cos(e In ) + isin(e In )] (2.2.35)

d (2235):VBLBR ¥ IR %R 4 Hecos(elnr) I8 Bsin(elnr) B L F ra d1IR
T AELE RRE NI G o 4o Bl 2.8 7m0 fE2 5 B4 PR T (oscillating

character) o

England[22]4- %5 5 #54 $ % b 3 44 4 & & 1 *TE B 4 2 (finite

crack) A > fEI AR T A G oy P By, cu,, 0 BT &g Ol

y

FEF D P A G oy e BB PE By -u, KE e

o TNa [l+k 14k . oy x+a
Uy, =iy, = 2(1+a){ m - m (a® —x*)" x cosq & Inj=— (2.2.36)
He T i3 rmapPietd » gd i Sficies o

o=t +mk  E(l+vy)+E,(3-v) (2.2.37)

Hy + ik, EG=vy)+ E(1+v)

iﬁ';"/l:(), Ez/E1:°°B$’ a=3; fi”;VZZO, El/EzzooEg}’ 05:% od ¥ T Ao

18



IA
]

IA
w

(2.2.38)

W —

B IR T oy, -y BRE S TR E 0 A 3(2.2.36)7% ¢ England # R

xX+a
X —da

AR OEBE € Fi cos{gln

—
o

}IE SO o b it
Pr(x—a) IR L ELF RGPS A PRI AR WA G SHRBIE

(wrinkle) ~ € dp(overlap)iP3h % £ 3 7 iy v e 5 7 3 Z £ PR % JI IR g
o

SR DI, Y
3 2 ,271',272',27[, (2.2.39)

X +a
X —da

Bl > RBAPBNFT R izl o 5@ cos{gln

43 g = %lnaé‘i? #2239 %Y %

xX+a
X —da

In

_nz’ (n=1,3,57,...) (2.2.40)

" Ina

4B 2.9 T &S LA RN HO- ] RKER

S—a-x20 (2.2.41)
T H{(2.2.40)58 2 B 5
2a - 2a — 2a — ne’
Iii;’l:l ‘ifH = 5|= 40 = o (=1357,..) (2.2.42)

Foa=3@F PRI T LG RGAEE > HHARER 2a 5

19



%:1.254><10'4, 19737 x 1072,3.1056 x 102, 4.8865x10° » 4o @ 2.10 7 > @

Foa=VBELFHBEI TE D ERIPRDESE iﬁ';%;,w?

19737 %1072 < zi <1254%10° ¥ 4.8865x10°2 < 23 <3.1056x10°° pBE

a a

£

wy —, 00 4200 T ARG I ApE e A S o 1254x107 AL T A G B
- R o d MF BT AR ERTE T BRI IR

e qu Flix] o

Sih # Rice[23]5 1 4K £ 0 b4 chEHE A6 & L @ TH &R

4F > 2 4 Williams[21]4% ! &9 Airy stress function

U, = 2Red "' [a® sin(4, + 1)0 + b® cos(A, + )0
| ;r [a;” sin(4, + 1) " cos(4, +1) (2.2.43)
+ ¢ sin(A, = 1)@+ d™ cos(1, —1)0]
A, =(n—1)+ie (2.2.44)
o
n . 1+ in 2 n
¢>HPZ§T%y (2.2.45)
1- A e
(n) _ A A (n)
b, —[ 711 sz (2.2.46)
e = —ie?d" (2.2.47)
d\"” =e?d\" (2.2.48)

20



d AU, 3% 5N R KR 2 427 (biharmonic equation) © F) gt ¥ 3% iE[24] ¢ 0

FE oA AR E = x+ iy RUFESd B BRA RN 40E () B

) 3
U, = Re[z4(2) + 1,(2)] (2.2.49)
b(2) = 22770 [0+ 1) - 1B (2.2.50)

n=1
7.(2) = 2e2”fz%”gi B™Mz" — 22%*"95:[(;1 -1 —iglB"z" (2.2.51)
n=1 n=1
H e

(A e (2.2.52)

@ B” 4 B2 £ #4F # > 1516 Kolosov-Muskhelishvili[24]> #% ;¢

(@) +(0y), = 4Re[g' (2)] (2.2.53)

(o), — (o)), +2i(7,), = 232i0[2¢1" (2) + 1" (2)] (2254)

$#42.2.50-51) 1% * (2.2.53-54) 1 Bk n=1 > ¥ BT AL 4 B a5 iR (F) S E

n2 2P §z)=0)

) Ko e “ 03 cos(g +¢elogr)+2¢&sin 6 cos(g —¢logr)
0.) =—
L22n)” |=sing sin(g —glogr)]—e'"? cos(ﬁ —¢logr)
92 H2 (2.2.55)
K ey e 3 sin(E + glogr) —2&sin 6 sin(E —¢&logr)
-— + ...
22r) |~ sin 6 cos(g —glogr)] — e " ? sin(% +¢logr)

21



K, |€ el m[cos( + glogr) —2¢sin @ cos(— —¢logr)

(op) =
1 #(w=6) cos(— +elogr)

2 (2.2.56)

Ky e cr” ‘9)[s1n( + clogr) + 2&sin 6 sm(— —¢clogr)

2(2r)/ + sin 6 s1n(— —¢clogr)]+e

+ ...
e(r—-0)

2(2r)/ + sin 6 cos(— —¢clogr)]+e sm(T + ¢ logr)

Koy e’g(”’e)[sin(g + ¢logr) —2¢&sin @ sin(g —¢logr)
(Froh = 2(2r)/ —sin @ cos(g —elogr)]+ e ? sin(ﬁ +¢logr)
2 2 (2.2.57)
Ke e - cos(— +¢elogr) —2¢sin @ cos(— —elogr)
+...
2(2r)/ + sin & s1n(— —slogr)]—e " ? COS(T + ¢ logr)

B R4 AREFF K K ede E3B42 7Y B0 Jo 2 55— 4 8l %50
Ky = Ky —iKy, Pl KR %
Ky = Ky = iKpy = 426" (& = i) - is)B" (2.2.58)

TE D, (2)=¢'(2) (8T

®,(z) = 222 “ (L —ie)E — ie) BV (2.2.59)
BLE(2.2.58-59)F 35 1 KR 22 48 3 @, (2) (complex potential)z_ B i 3%

Ky — Ky = 242¢7 li_r)%z%ﬂgd)l(z) (2.2.60)
H {¢ Rice ¥ Sih[25]/_ )*L[23] L @ PP AR W o fE2- BRSSP

W g ek 4 2 gl & P+ T 4 (infinite plate) s HAL 4 G - B G PLE R

Lo2a 2 B RRAE o do] 211 #ha o #{23]¢ @ % enAE kS B R4 s

22



XY)TI#H2 3 R w(XY) B EFTTET LR R R MR

D,(2) = ' (2) = g(2)F(2) + 4 (2.2.61)
W(2) = 7,"(2) = € g(2)F (2) + [%2; g(z) - zg'(D)F(2) - (4 + A) (2.2.62)
H v
A=A +id, (2.2.63)
_ (.2 2\ hlzta °
F(2) = (22 - a?) (—Z_a) (2.2.64)
g(z)=Bz+C (2.2.65)

41 % Kolosov-Muskhelishvili[24] 427 (2.2.53-54) » % i % & Uit 3% (z—00)
2 A R EH AR A g Uk e 2 b 4 22 37 g (rotation) 2. B % 1Y

% = # ehH @ (single-valued)if 2 » ¥ £ A~B~C & »(2.2.61)iF 5]

00 . 00

®,(z) = %(z  Diga)(z* - az)%(%) L4 +id)  (2.2.66)
H o
4 =G ¥y Oy (2.2.67)
b 4 1+ e*™ o
4 =t 260 (2.2.68)

:1+62”g 1+k1

o 7 g NI (182 EH)emn 4 %k 5]+ Kn 2455 0,(2)
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2 B 15(2.2.60)F Sgd BT o st B A SN BRGNS

P
bl
W
)
&

RE KL 2 A 5%
Ky — Ky = 242e” lim(z — a)?*“ @, (2) (2.2.69)

H#(2.2.66) % ~ (2.2.69)F 2 I s 4 3 B FlF K & Key 07247 /3

o, [cos(¢ In 2a) + 2¢& sin(¢ In 2a)]
K. - + 7, [sin(e In 2a) — 2& cos(¢ In 2a)] a% (2.2.70)

cosh e

K, - — o, [sin(¢ In 2a) = 2& cos(¢ In 2a)] % 2.2.71)

cosh z¢

{r;j; [cos(e In 2a) + 2¢ sin(e In 2a)] }
P

@ Chen[26]ii * Rice & Sih[25]ch% & » S F R EFEH AL 4 6 + 0 L& B 4

X B A > 1% i Kolosov-Muskhelishvili[24] 7 #2 ;%
2y + iuy) = k; [ @ (2)dz - z0,(2) - [P, (2)dz (2.2.72)

T H Ko = Ko 3 f3 =45 3

_|r 1 in 0 si
ty =27 in [Ke(D; + 26, sin 0 sin ©) (2.2.73)
Ko (E; - 25]. sin € cos O)]
u, = /2r 4# ——[-K(E, +25 sin @ cos ©) (2.2.74)

Key(D; — 26, sin 0 sin ©)]

JFL2 A sl R (A DB T R AR 2) 0 A 2

24



D, =pfy,cost0+py sinté (2.2.75)

E, =py cos30—py sinio (2.2.76)
_ 0.5cos(¢Inr) + gsin(eInr) 2977
4 0.25 + &’ (22.77)
o 0.5sin(¢ Inr) — g cos(e Inr) 2278
4 0.25 + &’ (22.78)
1
7, = kS -5 (2.2.79)
J
Y=k, + (2.2.80)
J;
5, =e " (2.2.81)
O, =c (2.2.82)
O=¢lnr+1i0 (2.2.83)

P @ Rice[25] T & e/l # 5 & F]F Kgy~ Kgp(2.2.70-71) > # ¢ chp A 4t#cIn
FeF-BriERE S lca Wu2708% 1% %Hca BN H e % ¢

ERRES 5% AEF|F P dicoseln2g) B sineln2a) B "EE a Bl =88 > Ao

FEIIZ S oA ARy EiaE o FIRER RARTF]F A2
- BFH 3T A& P FEOE e F]H Sun ¥ Jih[28]E AT A& B A %

K %]+ Ks &
K = Ky — iKg, = 2327¢” lim(z — a)” (%) @, (2) (2.2.84)

BEHOOF S o) B L E @7 P FIEHE A6 2

25



4R Rk R TS T R

K = \/E[a;‘; — 2er},]/ cosh(er) (2.2.85)

K \/_[r + 2¢0,]/ cosh(err) (2.2.86)

AP gt Ksima B A0 ARXRE? 2 RETFF Kz i ém g iy
WK cKp & r 2 o BB B4 WA F]F e & 0 Sun & Jih[28] £ ATE

Rice[25] 8 X & = iT B # Henfz » § 0=0pF

0,,(x,0) = cosh(er) {KI (a) cos[g ln(;—;j] - K, (a) sin(g ln(;—;jﬂ (2.2.87)

2mx,
7 (x,,0) = cosh(ez) K, (a)sin| ¢ In LTk (a) cos| ¢ In X (2.2.88)
xy \7V1o 270(1 1 2a I 2(1 oL
F $% 3 Sun 22 Jih[28]Z Chen[26]5 X X 3 T =M Hrenfi o § 0=1x

o TR AR T R E S () =u,(r,n) - u,(r-7)

4<1+E>f {kﬂ kuﬂ}{’(f(“)ﬂl‘lfu(awz} (2.2.89)

_ V2r {k +1, kot
41 + 4 W

u,(r,m) =

i, (r,m) = }{K, (0)H, + K, (a)H,} (2.2.90)

2

N
A=

H, = {cos(s 1{%}) 2 sin[e ln(éjﬂ (2.2.91)

26



H, = {sin[a h{én P cos(g 1n%m (2.2.92)

I NEN SR L0 R RIS SR £ T
R ETEA AR B A AR R > 50 LR LR A e AR

SR MR EE R - B ARG A2 kP e AR K E o Sun &
Qian[14]41] * 2 = B B i & i% #42.2.87-92) % » (2.1.19-20) 7 > $17 s % it 2

F G G 4 R FF K~ Ky B i

1

G =5G+ Cl[A (K —K:)—2A K K,] (2.2.93)
Gy, = %G r C[AR(KI2 = K?I) —2A KKy ] (2.2.94)
H ¥
1 |k, +1 k, +1
G=G,+G, = E[ 1,u1 + zﬂz }(Kf +K7) (2.2.95)
A, = Re(A) (2.2.96)
A, = - Im(A) (2.2.97)
Aa -2ig
A= %%} (2.2.98)
Nr[1r o . .

B= 7 [5 ; Z,SHE _ 18} /T - ie] (2.2.99)
_ _cosh(zz) ["1 tl 1}[1 ; M} (2.2.100)

8(1 + 4¢g )72' M My 2a

[ 5 #cff S #c(gamma function)’ Re( )% Im( )4 %]4p F 38w 75 1% 18(2.2.93)

BRI MEZ A BREF)FK K, ERSEANE TG G, Bl ik
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©ANG G TS ER AN AP A ZAG U R W RE R A Sun
& Jih[28]¢ I F] 5 B 4 e AR g F 12 F (oscillatory nature)i® #X >

G EEFBER DB A A b B e A AR g n Eag
G(T G, ~ G eHfe) § & - B ZiE o FRT TR T =M Aa > 177 12 F (T 4p

#HRSG G, ~ Gy ° Sun & Qian[14]f%(2.2.93)£2(2.2.94)5% ¥ K, ~ K,

2
AAS+4AT D G \/(4ARS 1 4A? g) —16(42 + A2)s?

K, = i ) (2.2.101)

C2ARK; -S
= TIAK, (2.2.102)
H e
- Gl - GII ARG

. e "D (2.2.103)
Lk +1 Kk, + 1}

D= 2.2.104
16|: Ky K ( )

%i5(2.2.101-104)7 & © 50ehG, ~ G, 1 E B AR 2 B oA Aa KT EHE
o Bienfsd R %13 K~ Ky 0 0t 3 EfL G i £ 2 (energy method) o gt
ST EK K, b HErR e T SRR AREE S A
RrPITia e s>0 TQ289)N Y K H -K,H, >0 > F

K,H, + K, H, chit f 5 ,E.bii*ﬁ AR R RE O T A YR n

BApE o 3 0E 2T a2 3% ‘E'ﬁ*‘J s X7 Kﬂ'x«‘}””ﬂm‘% °
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BF7UAEHEMRE PRI T A G AR A, T A A G EFE

o/ R R S EQ289)% 229003 AR - FRE T A
Ux

K, H, —H,x (ﬁy/ﬁx)

K, H,+H, x(u,/u,) (2.2.105)

fe 8 (2295 > #v b P BTG LA R KM RE DS R-H R

K, ot 3 EF 5 =4 v 502 (displacement ratio method)e % 3 Sun ¥7 Qian[14]
HHEGFPRAEILTF AR5 253 LERHY H K BBELE
E B R B i R IR 5 12(2.2.85-86)4R 1 0 A B EEA F A1
Yoriph o B F UET B AEHAA G WX BRFF aEE S T
Frd B A A BN PE T G AR 2 REH R e ARk

o ATt h{ AFSER AR o

M FE B E AT AR BRSO R T A}
g f298 > Gautsen ¥ Dundurs[29-30]3% 4! 7 ¥ $5-3] (contact model)fi#
BRI S B iR R m %3S B4R 557 % > Sun ¥ Qian[14]
% ¥ % Rice[25]4% 41 e & 7 #-7 (oscillatory model) 27 £ 7] F 17 e % 2
A TP A B BfEp I vk FIRS BT A T HPE LR

KT (Blde D E B, =100 ~ v, /vy =10") 0 B RIT R X s ]
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(r,/a=251x10")1 € NI Z R o T RF MR LR PF(bl4et EJE, =4~
vofvp=1) 0 B BfRf 4 BN AL R e FIRARIT S R (r/a =534 x107") o 7]

B AR ARFCA T R B BT e R e

ol HBFREHTR FARNRLAS BRSO 5 o 2B
B2 b BEP BT AS D bR BN o AR H - 50 et 4
AL EHAE Ao kAR ERPFARD B AR 2T AR o R
Moo F AR BN R £ B v (Mode mixity) » ¥ 14 bt g A B RS A7 ik 2L

b - [14]

= tan_l(%) (2.2.106)

1

1% A Gk ¢ KA 20 E(22.105)5% » AT o REEHE A G 5 &

PR RN S L R B R R T S o
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MR R Y 3 g A RE KR ol H N B R el
oo s BBAE S FEGHFLAI R MR F 24 E R
Woag R T ERERES A+~ WA A F(Volume fraction) ~ 4 FTE ¥
HRBFLOPE S AT HP o AP R 4R R S 2 AR

Ao HAREETHEY PAREFLSP TRLAPFEFEIREFHR

El‘ﬁ?:(o

e AW A F IO BRI RAT & H L AP TR a2 2 AR
12 X #°7] (Embedded Model) » 4o 3.1-3.3 #75% > A B ikl ARiT T i =
FRZAHERBHK > P BB P VA EHI LG TR
(Effective Properties) i§ 1 #-7] » 14 "8 M A2 5 & o § sapf fE T a3t B A4
Bl 3.4 97rm 7 5~ & A4 E ~ (Representative Volume Element, RVE)[31]

WA kY BB E Ry A A F Ve B 53

V, =R, /I’ (3.1.1)
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7 @1 >3 RVE 2 & L> 2~ §8.T G <% plane82 2 = # 'A< 3
PROFAFIEBPSLEEF x y B B e A d B o $#i% RVE %
A4 ipdp i B 0% 2 (Periodic boundary condition)i® v iF A %55 {8 ¥ i
TG > ¥ %3 E3 e3P0 g4 5 FT G 4 A 47 (Plane stress
analysis) © :%4F & ¥t 2 A+t & ¢ % A fa(Vinyl ester) ~ A g L 5 = § 17
(Si0y) » HHE S HFI 4 1o & 5 AR b A S8 o 2 2] = § 1
FSE Rz~ #io#ic(Young’s Modulus) ¥ d < }}% [32]#® 3] » @ H 4t
(Poisson’s Ratio)R] ¥ d < f£[33]8 4w « 4 i RVE K37 fe ) BEAT & H4
At 5 MR A F 5 5 vol% ~ 10 vol% ~ 20 vol%FF ch5 st 5 > #

ST A Lo @G RS T OREE Y fafie Y o B R
PR A L S AR 5399 A R AR 0 5 00t RO AT A & H
e 3 e =¥ A2 £ R 5 4ol 3.1-33 #r 0 AN ipE 2 T 2 B AUk
BRI AE A R AR AR R AR ET S R BN
RG220 EARAY AR oE T A R 2 B R A
KHEG I P TARELEEE B B4 P B X3 AT 34 B MR 2 JEYR S 4P
¥ oC AP AR LA s ez @t » P ART AR B EE
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Effective Properties
5vol% 10vol% 20 vol%
E (GPa) 3.5 70 3.76 4.07 4.83

V 0.35 0.2 0.35 0.34 0.33

Material properties  Vinyl ester SiO,

202 MAEAF L Svol% s AR 4 T 23k g FEed

Rp (1 m) The distance between particle surface d ( m)

0.25 1.48
0.5 2.96
5 29.63

3 A BHAIERELEIESum s 2 RS FTIREA G 2 FEEd

Vol% The distance between particle surface d (« m)
5 29.63
10 18.03
20 9.82
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volume fraction effect (Rp=5um)(a=0.1um)
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volume fraction effect (Rp=5um)(a=0.5um)
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volume fraction effect (Rp=5um)(a=0.7um)
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