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Study on the percolation behavior of the mechanical properties of
nanoparticle reinforced polymer nanocomposites using three-dimensional
micromechanical modeling
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ARTICLE INFORMATION ABSTRACT
Original Research Paper Significant improvements in mechanical properties of polymers reinforced with nanoparticles at
Received 08 March 2015 relatively low volume fractions have caused the use of polymer nanocomposites to increase. The
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X . main reason for the increase in mechanical properties of nanocomposites is the presence of an
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interphase region between the nanoparticles and polymer matrix. In this work using a unit cell-
based micromechanical model, the percolation behavior of the mechanical properties of

Keywords: . . . .. . .

Na);]v(\,/partide nanoparticle reinforced polymer nanocomposites is investigated. The Representative Volume
Percolation Element (RVE) of nanocomposites consists of three phases including nanoparticles, polymer
Interphase matrix and interphase. The RVE is extended to cxrxh nano-cells in three dimensions and the state

Micromechanics

: . of dispersion of nanoparticles into matrix is random. Effects of interphase region including its
Nanocomposite Mechanical Property

thickness and elastic modulus and nanoparticle geometry on the percolation behavior of the
nanocomposite are studied. Results show that with decreasing the nanoparticle size or increasing
aspect ratio of nanoparticle, critical volume fractions decrease. The predicted results of the
present micromechanical model are in good agreement when compared with results of the other
micromechanical model. The results reported herein could be useful to guide the modeling and
optimal design of nanocomposite reinforced by nanoparticles with the highest economic interest.
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4- Sub-Cell

378



wbhlen 9 JLRIA g lail Lo,

G SS09 )Suo (5 bw % )l o dlaiuwl b .Lnl).'\,.il.‘» L oaub ENTY 1) Sooxh LsLb-L»._n_)',g_,olS,.‘aU 6l uol,'; de,.f).n IS aslloso

LG ) 5,80 g 0leS BLIIL ouds Coaiy slacs jemelS Sl olos>
2 ol |y Jae ol pegas jo i Sl [31] cudl cas a8 3
Coghi oty emelS pgas o LS Oldlhs Wl .céb [34-31] oy
Jae Sole 0gzg L as canl ools lis 4,800 wlide o SL ouds
[35] srtlige oo pap Sl Joo 50 nl @l pol> (SlSeg Soe
s oS culosls lid 55 9,8 5 il wlide o Ko Clagow | &0
ooy & gdate 25 5 SGop e Lol> Jawo booad oo i
ol Joe nl locy o alaz 5l ol 0l o [#36] alSiole]
b S b 35 05 alal o1 Ialg, ool Sy 5 Sobs & er K,
655 Sladsss & 4z bocutls a5 Jae (nl G0l slatmin
Sl b aS 0,18 092y slailinl Jlake SO Slee 5B SV Jgow sl
Sz e il Sl Jode o] SVl Jgoe i

QS 0d
3 2.5E+06 -
._;)“
—j
-3
Y
s }
N
%]
‘}; 1.5E+06 -
3 A
g / -0 = [21] soasal) Joo
3 é Pl (SlSag S Jao
5.0E+05 . ; :
1.0E+05 5.0E+06 2.5E+08 1.3E+10

(JSby) (silo 518 Sl Jgono

CaioralS b Job SVl Jge 1 oo 51 Sl e 155 5 U

2.50E+06 -

- © = [21] )0 ooz wl)l Jow
yol (SeillegSan Joo

1.50E+06 -

J

o - 0= =6 —
7
7/

(USal) o 30malS il oo e SVl Jgoko

5.00E+05
1.00E+05

5.00E+06 2.50E+08 1.25E+10
(15l (s 3 Sl g

o 35ealS $b oo e Sl Jgoe b 3 Sl Jooe 56 6 S5

379

sl e
|, oz o¥olas olKiws i o (6) dolee o aiiS a5 jgb ylon
Slge olem> g awais I AL &S Culpo il LS b aes o canyy
oS ge oy |y g Jlop a5 9 Sl 15 Jleel g adli s (o> Le]!
oo 29y oy e b Jsbon 2 0 1) 8 Sl (lyise
il Wobee 5l oolital b 5,5 dcbe e l3bley 0 culys
Sy 1) 5,500 S5 Olgior Jobo s 2 Gln gom d AVl
s 0505 dnnlona | 9 STe S ()l g () Wolne jloolil L oo
oot 1) Cajoal gl Sl oo lgioe 5,5l 255 2 Sk 2
ol 00l plxil Ll 3810 55 50 598 (6 > Dlwle  colad 0]

S 3guels” 9l 98 -3
Mo ol)dgil Jolls (amgly cpl )0 0ol i8Sl 1o CujgralS 6l pians
S35l a8 i 3ok ditars s aes 53 Cusi 8 Olyis 4
1 Jysr 5 oolo 39 ol SlSe ol e 456,555 5 asls 30
dis ) Qﬁ“’]% S ol 30 b Qﬁ-‘*’]ﬁi S .[12‘21] W P |
A o el 1D ol 5 Gl 5B Culs oghie 85 ki o
ool a3 5 L 1o yiegils 450 Wb 1,34k Jsb Dl oo okaie (340
Syign iy B gy g s 5y o8 D307 e i
Sshie %5 &l 3456 oz doyd el 00 jglate 15y anllas ol jo

T

S g @b -4
Foe Plym 2 i 5 ond bl (ko (SilSag See Jos Sl ool L
M gl ST a9 jskaieds 09l g0 (o) 2 Lo jerelS gl SV
oS Jokwy; 40%40%40 & sonle ez Gl (g penls aie;
oabled o> gldl o ool (Bolad miy wnlp b
W8S 518 axgh 9)50 i 05 )0 Alugy S8, meT b Cujeeli sl
Obedl o Jolw sy olaws b azgi b &l 3510 slaws a5 &g pay ol
LIS e solasl w1098 co (pand ) came> auo )0 g olal conisles
Alw o5 53 wilioe 0)350 Jolwpj oaiws plis &5 SSleSy @y
R WIPPREE e

2 el Sl oo p Sl 5B SV Jgae SIS
el oo ools Lz 6 90 sla Si 0 cS S A pope g Job Cux
50 0ad bl (Solog oo Joo mlis b yols Jow bonds gon i gl
bl axes o Lz 6 95 sla S a5 jeblen ol oo anslie [21]
ol Seiing Sn Je ol 4y S35 o 2l S b ok i i
g anlllas opl jo oo a8l oo solw axly Jokw Jow .l [21] o ous
ok U35y ool 3 oo Cidsbo o)) [21] 5o oas ail) g,
S 5ok Dol [21] (Solfeg So ¥slae attes 0y
L o9l lawgy Jolw o, [3132] s)ls b cpl yo oo &l Jow
- SVl gl gl sl YL e (Siegn 95 5 eolind
ol Gezen s )l [32] o sl S slacy jeeelS Sy sSns

gl Gy Jsl 4 (Siwgm 6,55 5l oolaial b (g00] Lawg Jow

1- Polydimethylsiloxane

2- Aspect Ratio

3- Method of Cell

4- High Order Continuum Theory

6 o)l.mi: A5 )93 1394 )}.‘)4(\7.\ (ORI \_{ul.{n W0



ubhle 9 JLXIA g lail Lo,

G SS09 )Suo (5 bw % )l o dlaiuwl b .Lnl).'\,.il.‘» L oaub ENTY 1) Sooxh LsLb-L»._n_)',g_,olS,.‘aU 6l uol,'; de,.f).n IS aslloso

o (pied o5 0 L8, 1 Sl 58 Sl Jgow il 3110 IS o
SVl Jgde (slp jelite oy el oad (o) S8 9550 055l gl
Sy oo 8,5 s o JSKWLILS 100 410 0/1 0/001 ,obie S 3
A 5315 5 gl 30 s 5 Dl3gl Jlate S g 8wy ol 5o
5 Sl Jgo a5l Gt Gl 10 IS5 4 azg b iogds oo aid S
A Sjle 40508 CojeralSgl pidsS 18, Slaiz 85U Sle
3,18 892 slastin] Jlade SO Slee 51 StV Jgoe (sl
el gl opidsS S8, Sl 5B cualis SIBT LD S o
38 Cawls glp jekaie pas il a8 S 108 addllas 090 (6 peuds A
Ahie Cad 0gd e 43,5 A o egilb 20 3 16 10 polie Lo

5.0E+08

5.0E+07 - N

.

................
.
...........
]
.......
.
e
e
.e
.

> 5.0E+06 -

Cu5lS gl (Jobo SVl Jgae o )&

.
.e
.o
ce®
.e

5.0E+05 . .
0 0.05 0.1 0.15 0.2

Q|)553L3 T ).wf
CojgaalS 6l (pidoS p LS, p Ol3gil Jlaie Cs )*-’l’ 8 Js

1.0E+08

gl 20 5l ol 36k oslasl

............. ‘

)...Aa.vl.': 30 ).3‘).3 u‘)oj.vl.' o}‘..b"

cr= gl 40l ol 3 gk oslasl

1.0E+07 -

59l Job SVl oo oo,

1.0E+06 -

S og

1.0E+05

0 0.05 0.1 0.15 0.2
C.:bf)g.}l.; T )uS

36 Hate Cand 1 3ealS 65U pidsS  ,l3, 5 3l ojlul L3 9 S

w‘ AW 4.._9;).‘4:)0 u_i.,);‘).:

6 D)Lcui) A5 093 1394 )}J).{t\ﬁu ORI ~_:ul£o Wi

[12.21] cojeS9ib i) olo> 1 Jgu
S youry 4o Coghs 56 sole
750x10° 78x10°
0/45 0/44

(JSt) Sk Sy

Oglgr S

4 azgi b ogd e oaalin CujealSeil idsS s, T USS o
Aite S b g2 890 Za 955l Sl Sl ez w0y T S
i @S o 95 e @il 00 (b jlall o U 1y 10
Sy oo odalive [21] jo cas al)) SilKeg ,Sen Jow g yol> Jow b oo
oo ysliie B IS5 &y azgi b LSS 025 Ll 5 ol Jooe
2506 OLdgl 5l 6 i ez Sy 8,5 ol T S 4 as g5 b e
Y RRUNEIVOL LV FIE 0w L I PRSI S vowe

CaipeolS 5 A5y by 0,95l ate s SIS B JSS 4o
a3 S i e JKWLIKS 0/25 Sl 51 SSowY! Jgow .09 o canlive
RGO PR

dlﬁssiquom)o)mﬁwmlfb8ﬁ@4?93b
aS ‘Ss‘)byl.s L: 03 w5.0.s w)}wlSyL) 6‘).’ ».\JL’GA u.wbﬁ‘ w)ga.olfyb
093 a1y lade pytis cpideS p alin] el SOl e Cas
Sy Gl (e woy 8 Ko 4 axg L oows o plas
%315 459 4l Lo, sy 430 515 1 e s b iy jeuelS il
L]

2 sl 9l s L8,y Sldgil oslsl SISO S
G axgi bogh o 485 o 1 ol oldgh late cons ol o
Sl o 9ualS 6 Sl e o yd (393l ojlusl el L9 IS
o3Il b Co39ualS 6l sl Slymw com 300 9 S 0 axgs Lol e
soalie a5 jeblen . 2usl 110 596 Ll Lo i s 5 440 430 20
Sl Jaae 50 Dl s (2l 3656 s> do o yiin ol38I L 0l 0
w3 5 L5 0 il Sl3gl Jsb g ki slasl wily Sl o3l e

1.0E+08

_——e-_-

1.0E+07 -

oo

1.0E+06 -
- © = [21] sous &l Jow

rol (Silbiag e Joo

o jeeelS 6l Jobo SVl Jgoe iy )&

1.0E+05

0 0.05 0.1 0.15 0.2
Qbé}?l& T }..5

S3gl oz do s pl iy 0 CueelS Bl Jobo SV Jgoe i, 7 S

15 Lo cest

380



wbhlen 9 JLRIA g lail Lo,

G SS09 )Suo (5 bw % )l o dlaiuwl b .Lnl).'\,.il.‘» L oaub ENTY 1) Sooxh LsLb-L»._n_)',g_,olS,.‘aU 6l uol,'; de,.f).n IS aslloso

3.5
3 7 e - e
,}:n R e ¢
E
'j 25 -
%& - ©- 20%20%20 s
§ aly 30%30%30 o
5 g — - = 40%40%40 o
4 1y X 50*50%50 Jjuo
0.5 A
0 T T T T
1 10 100 1000 10000 100000

(Sl 85) giloe 56 Sl Jgoto

o jaeal gl SVl ooy soze> el slo sl o 5 slass il 12 S5

Oledl o eujoeleil e elss glinl 5 il doe ln 0l
a5l oz lall ol sl S L 50 CaealSeil ) eailel ez
b LSS aiey g DLl G Gloe SB g s edy e ()39 51
b ehite (pez> (lell eaias LSaS 5B aw e o S Jlasl Ll
Gl e gl b aid 5l s et SV O jpa B 4 o LS,
o7 doyd Sy I 950 Cajeellgl sl 45 ols plas (SilSeg S
S8 sz BB sk Ol (SEe e elss T o)l vszs Sl
Slade ©l3gil et G Gl Bl L a5 ol las s rizres T s
A Gl L s Bk sl kit pelS Sl e wsys
S ez doy Jlaie Gl el puile ol Lol 34l
5 Sl 3B Sl Joue 5wl Sl oo al ) o jelS U
2,5 1B ey 550 S yeely Aty CajanelSel ideS s (LS,
Johe S ol (SilSeg Koo Jan b oond e @l el
ax 3l i Gl aS o s 0eg Sl 318 Sl Jgoe (sl slailil
38 Cwls gl Lol o jlas o jaelS 9l SVl Joue 5 G»‘J.o bl
Sy S 3l Jde gl 0,5 352y hailinl Jlade iz Sbe

D (Sllag S T oo [0 @l b g95 Jlee Bl 5 0l

0 -6

[1] M. Mondali, M. R. Yousefi, Prediction a range for elastic modulus of CNT
reinforced polymer composites using analytical method, Modares
Mechanical Engineering, Vol. 14, No. 7, pp. 52-60, 2014. (In Persian)

[2] H. Liu, L. C. Brinson, Reinforcing efficiency of nanoparticles: a simple
comparison for polymer nanocomposites, Composites Science and
Technology, Vol. 68, pp. 1502-1512, 2007.

[3] F.Ashenai Ghasem, |. Ghasemi, S. Daneshpayeh, Mechanical and thermal
properties of nanocomposites based on polypropylene/linear low

density polyethylene/Titanium dioxide, Modares Mechanical Engineering,

Vol. 14, No. 3, pp. 103-109, 2014. (In Persian)

[4] E. Kontou, G. Anthoulis, The effect of silica nanoparticles on the
thermomechanical properties of polystyrene, Journal of Applied Polymer
Science, Vol. 105, pp. 1723-1731, 2007.

[5] C. Y. Wei, D. Shrivastava, K. Choi, Thermal expansion and diffusion

coefficients of carbon nanotube-polymer composites, Nano Letters, Vol. 2,

No. 6, pp. 647-650, 2002.

381

5.0E+07 -
______ =
s | == X" =
} ........ - - —"" —
.;)‘\
j 50E+06 1 & A----- A
&
)
29 17
v - S5 100 s 6 Sl o
l 5.0E+05 - A D] = 9
3 —=3e s LS 10 Sl 5 Sl Jgoe
— B — JKLKS 01 Sl 5 SVl Jgoe
- =/ - JSLKS 0/001 sl 5 SVl Jooe
5.0E+04 .

0 0.05 0.1 0.15 0.2
Ql)bﬁjb T ).,,5
IV LoV TERENCOUR SURSCE PV TONSE I GCIWY] [ PRVRSOC el (| L

1.0E+08
%
1
3. 1.0E+07 -
&
j
-3
Y
2
ki 1LOE+06 1 S50 © — sl 10 ls 56 culses
5 Sl 19 Sl 5 cules
— A — gl 20 Sl 5l cuwls
1.0E+05 : : :
0 0.05 0.1 0.15 0.2

Q‘)\SBJU T )“5
TSPVOL U RV I U LSRR WO LRI ES ) o g L

il b aas o lis 11 JSs a5 jeblen caib oo 15 5 gt
Aoy 50 CujemelSel Sl o Ol sy (Sl 5B Cwlbs i
a8 sals> i Sl (see
oo ooly i 12 IS o camsles o> Ol Jalo yy olass il
Slawd b oo cumin ol vas e lis 12 U o5 j5blen ool
oo Hlis a5 bl e Soop e D0X50X50 4§ 40x40%40 Jolo s

(S 5 4o =5

addllas jglated ouls ool wxly Jolo (SlSeg Sie Joo (Giog5 cnl 5o
Gl Mo ly3536 b ool oo (5 yeuly die) o jonelS gl (pied oS L8,

6 o)l.mi: A5 )93 1394 )}.‘)4(\7.\ (ORI \_{ul.{n W0



ubhle 9 JLXIA g lail Lo,

G SS09 )Suo (5 bw % )l o dlaiuwl b .Lnl).'\,.il.‘» L oaub ENTY 1) Sooxh LsLb-L»._n_)',g_,olS,.‘aU 6l uol,'; de,.f).n IS aslloso

[21]S. C. Baxter, C. T. Robinson, Pseudo-percolation: Critical volume fractions
and mechanical percolation in polymer nanocomposites, Composites
Science and Technology, Vol. 71, pp. 1273-1279, 2011.

[22]J. Li, J-K. Kim, Percolation threshold of conducting polymer composites
containing 3D randomly distributed graphite nanoplatelets Composites
Science and Technology, Vol. 67, pp. 2114-2120, 2007.

[23]V. Favier, H. Chanzy, J-Y. Cavaille, Polymer nanocomposites reinforced by
cellulose whiskers, Macromolecules, Vol. 28, No. 18, pp. 6365-6367,
1995.

[24]K. Li, X. L. Gao, A. K. Roy, Micromechanical modeling of viscoelastic
properties of carbon nanotube-reinforced polymer composites,
Mechanics of Advanced Materials and Structures, Vol. 13, pp. 317-328,
2006.

[25] K. Anoukou, F. Zairi, M. Nait-Abdelaziz, A. Zaoui, T. Messager, J. M.
Gloaguen, On the overall elastic moduli of polymer—clay nanocomposite
materials using a self-consistent approach. Part I: Theory, Composites
Science and Technology, Vol. 71, pp. 197-205, 2011.

[26]B. Mortazavi, J. Bardon, S. Ahzi, Interphase effect on the elastic and
thermal conductivity response of polymer nanocomposite materials: 3D
finite element study, Computational Materials Science, Vol. 69, pp.100-
106, 2013.

[27]S. Herasati, L. C. Zhang, H. H. Ruan, A new method for characterizing the
interphase regions of carbon nanotube composites, International Journal
of Solids and Structures, Vol. 51, pp. 1781-1791, 2014.

[28] F. Ashenai Ghasemi, M. Eslami Farsani, Effect of nano-CaCOs on dynamic
mechanical properties of Polypropylene, Modares Mechanical
Engineering, Vol. 13, No. 6, pp. 1-10, 2013. (In Persian)

[29] M. K. Hassanzadeh Aghdam, M. J. Mahmoodi, Micromechanical damage
analysis of short fiber titanium matrix composites under combined axial
loading, Modares Mechanical Engineering, Vol. 13, No. 4, pp. 86-97, 2013.
(In Persian)

[30]M. J. Mahmoodi, M. K. Hassanzadeh Aghdam, R. Ansari, Effects of
interphase damage on the elastoviscoplastic behavior of general
unidirectional metal matrix composites, Modares Mechanical
Engineering, Vol. 15, No. 3, pp. 95-105, 2015. (In Persian).

[31]J. Aboudi, The Effective Moduli of Short-fiber Composites, International
Journal of Solids and Structures, Vol. 19, pp. 693-707, 1983.

[32]J. Aboudi, A continuum theory for fiber-reinforced elastic-viscoplastic
composites, International Journal of Engineering Science, Vol. 20, No. 5,
pp. 605-621, 1982.

[33]J. Aboudi, M. . Pindera, S. M. Arnold, Higher-order theory for functionally
graded materials, Composites Part B, Vol. 30, pp. 777-832,1999.

[34] M. Ryvkin, J. Aboudi, A continuum approach to the analysis of the stress
field in a fiber reinforced composite with a transverse crack,
International Journal of Solids and Structures, Vol. 44, pp. 6826-6841,
2007.

[35]M. M. Aghdam, A. Dezhsetan, Micromechanics based analysis of
randomly distributed fiber reinforced composites using simplified unit
cell model, Composite Structurs, Vol. 71, pp. 327-332, 2005.

[36] M. J. Mahmoodi, M. M. Aghdam, Damage Analysis of Fiber Reinforced Ti-
alloy Subjected to Multi-Axial Loading—A Micromechanical Approach,
Materials Science and Engineering A, Vol. 528, pp. 7983-7990, 2011.

6 D)Lcui) 15 093 1394 )}J).{t\ﬁu ORI ~_:ul£o Wi

[6] R. Ansari, M. K. Hassanzadeh Aghdam, Effects of regular and random
distribution of silica nanoparticles on the thermo-elastic and viscoelastic
properties of polymer nanocomposites- Micromechanics-based analysis,
Modares Mechanical Engineering, Vol. 15, No. 1, pp. 99-107, 2015. (In
Persian)

[71 T. Ramanathan, H. Liu, L. C. Brinson, Functionalized SWNT/polymer
nanocomposites for dramatic property improvement, Journal of Polymer
Science Part B: Polymer Physics, Vol. 43, No. 17, pp. 2269-2279, 2005.

[8] R. Zamani, Gh.H. Rahimi, M.H. Pol, Studies on the reinforcing effect of
modified nanoclay on tensile and flexural properties of TETA- and F205-
cured epoxy resins, Modares Mechanical Engineering, Vol. 14, No. 10, pp.
9-16, 2014. (In Persian)

[9] J. L. Tsai, S. H. Tzeng, Y. T. Chiu, Characterizing elastic properties of
carbon nanotubes/polyimide nanocomposites using multi-scale
simulation, Composites Part B, Vol. 41, pp. 106-115, 2010.

[10]G. M. Odegard, T. C. Clancy, T. S. Gates, Modeling of the mechanical
properties of nanoparticle/polymer composites, Polymer, Vol. 46, pp.
553-562, 2005.

[11] M. M. Shokrieh, S. M. Mahdavi, Micromechanical model to evaluate the
effects of dimensions and interphase region on the elastic modulus of
CNT/polymer composites, Modares Mechanical Engineering, Vol. 11, No.
3, pp. 13-25,2011. (In Persian)

[12]J. S. Snipes, C. T. Robinson, S. C. Baxter, Effects of scale and interface on
the three-dimensional micromechanics of polymer nanocomposites,
Journal of Composite Materials, Vol. 45, pp. 2537-2546, 2011.

[13]J. S. Smith, D. Bedrov, G. D. Smith, A molecular dynamics simulation study
of nanoparticle interactions in a model polymer—nanoparticle composite,
Composites Science and Technology, Vol. 63, pp. 1599-1605, 2003.

[14]R. Ansari, S. Rouhi, S. Ajori, Elastic properties and large deformation of
two-dimensional silicene nanosheets using molecular dynamics,
Superlattices and Microstructures, Vol. 65, pp. 64-70, 2014.

[15]G. M. Odegard, T. C. Clancy, T. S. Gates, Modeling of the mechanical
properties of nanoparticle/polymer composites, Polymer, Vol. 46, pp.
553-562, 2005.

[16] A. Fereidoon, E. Saeedi, H. Hemmatian, Prediction of nanocomposite
effective elastic moduli by finite element modeling in micro scale,
Modares Mechanical Engineering, Vol. 13, No. 5, pp. 91-101, 2013. (In
Persian)

[17T1U. A. Joshi, , S. C. Sharma, S. P. Harsha, Effect of carbon nanotube
orientation on the mechanical properties of nanocomposites, Composites
Part B, Vol. 43, pp. 2063-2071, 2012.

[18]M. H. Yas, M. Heshmati, Dynamic analysis of functionally graded
nanocomposite beams reinforced by randomly oriented carbon
nanotube under the action of moving load, Applied Mathematical
Modelling, Vol. 36, pp. 1371-1394, 2012,

[19] W. Bauhofer, J. Z. Kovacs, A review and analysis of electrical percolation
in carbon nanotubes, Composites Science and Technology, Vol. 69, pp.
1486-1498, 20009.

[20] E. Logakis, P. Pissis, D. Pospiech, A. Korwitz, B. Krause, U. Reuter, P. Petra
Potschke, Low electrical percolation threshold in poly
(ethylenterephthalate)/ multiwalled carbon nanotube composites,
European Polymer Journal, Vol. 46, pp. 928-936, 2010.

382



