1

cal propertie§2,3]. For example, numerous theoretical and ex:
perimental results have shown that both single-walled carb8h
nanotubes (SWCNT9 and multi-walled carbon nanotubes
(MWCNTSs) have Young’s moduli about 1 TPa in the axial direc-
tion, depending on the diameter and chiraldy-9|. As individual
molecules, CNTs are often free of defects, leading to very hi
tensile strength. By measuring the mechanical response of CNTS
under tension, Yu et al[6,7] obtained the tensile strength of
SWCNTs ranging from 13 to 52 GPa, and reported the tensile
strength of individual MWCNTSs in the range from 11 to 63 GP
Molecular dynamics and molecular mechanics calculations also
predicted high tensile strengths of CNTs, much higher than carb@;fl
fibers and steelg5,10,11. In addition, the electrical properties of
CNTs are sensitively dependent on their diameters and chiralit
[12,13. Such superior properties make CNTs a very promisin
candidate as the ideal reinforcing fibers for advanced composi
with high strength and low density. Evidently, such composites are
of paramount interest in aeronautic and astronautic technolo
automobile and many other modern industries.

Composites of carbon-nanotubes dispersed in metallic or poly=
meric matrices have attracted a considerable attention in recen
years[14,15. The effects of CNT dispersion and orientat{dr],
deformation mechanisn47,18, interfacial bondind19-21] on
mechanical properties of CNT-reinforced composites have be‘é
investigated experimentally. Some CNT-reinforced composites

Dong-Li Shi
Xi-Qiao Feng

Key Lab of Failure Mechanics of
Education Ministry of China,
Department of Engineering Mechanics,
Tsinghua University,

Beijing 100084,

PR. China

Yonggang Y. Huang
Department of Mechanical and Industrial
Engineering,

University of lllinois at Urbana-Champaign,
Urbana, IL 61801

Keh-Chih Hwang
Department of Engineering Mechanics,
Tsinghua University,

Beijing 100084,

PR. China

Huajian Gao

Max Planck Institute for Metals Research,
Heisenbergstrasse 3,

D-70569 Stuttgart, Germany

Introduction

Since the discovery of carbon nanotuf€NTs) by lijima [1],

interest in CNTs has grown very rapidly because of their uniq
and superior properties. Both experimental and theoretical studiés
have shown that CNTs have extraordinary mechanical and eIecPrE—
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The Effect of Nanotube Waviness
and Agglomeration on the Elastic
Property of Carbon Nanotube-
Reinforced Composites

Owing to their superior mechanical and physical properties, carbon nanotubes seem to
hold a great promise as an ideal reinforcing material for composites of high-strength and
low-density. In most of the experimental results up to date, however, only modest improve-
ments in the strength and stiffness have been achieved by incorporating carbon nanotubes
in polymers. In the present paper, the stiffening effect of carbon nanotubes is quantita-
tively investigated by micromechanics methods. Especially, the effects of the extensively
observed waviness and agglomeration of carbon nanotubes are examined theoretically.
The Mori-Tanaka effective-field method is first employed to calculate the effective elastic
moduli of composites with aligned or randomly oriented straight nanotubes. Then, a novel
micromechanics model is developed to consider the waviness or curviness effect of nano-
tubes, which are assumed to have a helical shape. Finally, the influence of nanotube
agglomeration on the effective stiffness is analyzed. Analytical expressions are derived for
the effective elastic stiffness of carbon nanotube-reinforced composites with the effects of
waviness and agglomeration. It is found that these two mechanisms may reduce the
stiffening effect of nanotubes significantly. The present study not only provides the rela-
tionship between the effective properties and the morphology of carbon nanotube-
reinforced composites, but also may be useful for improving and tailoring the mechanical
properties of nanotube compositd®0I: 10.1115/1.1751182

synthesized in the laboratory seem to have good performance.
Qian et al.[22] reported a MWCNT reinforced polystyrene with
ood dispersion and CNT-matrix adhesion. Using only 0.5 percent
T reinforcement, the elastic modulus was improved about 40
rcent over that of the matrix and the tensile strength improved
out 25 percent. Fechke et al[23] investigated the electrical
d rheological behavior of MWCNT-reinforced polycarbonate
composites. They found a rapid change in the electrical resistivity
and complex viscosity at about 2 percent volume fraction of CNTs

al

due to the electrical and rheological percolation associated with
ip]teractions of CNTs. Andrews et dR4] dispersed SWCNTSs in
tropic petroleum pitch matrices and found that the tensile
strength, elastic modulus, and electrical conductivity of the com-
osite with 5 wt percent content of purified SWCNTs are en-
anced by about 90 percent, 150 percent, and 340 percent, respec-
ively. Recently, Odegard et al.25] presented an interesting
Itiscale technique to calculate the effective elastic properties of
T-reinforced polymer composites. It was found that for the
It:éc,)smposite with 1 percent CNT volume fraction, the stiffness
would approach a maximum for CNT length of 60—80 nm or
%eater for aligned and random nanotube orientations.

SI'hough some encouraging results have been reported, there are
any other experiments that demonstrate only modest improve-
ént in the strength and stiffness after CNTs are incorporated into
olymers[2,26]. Why there are no consistent improvements in
(?chanical properties of CNT-reinforced composites? This is in-
vestigated in this paper and it is shown that the unsatisfactory
improvement in the mechanical properties of CNT-reinforced
mposites could be attributed to the weak bonding between
Ts and polymer matrices as well as the waviness and agglom-
eration effects of CNTs. Since molecular dynamic or other atom-
istic models[5,27] are too computationally intensive for CNT-
reinforced polymer composites, the micromechanics models are
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a polymer matrix. These micromechanics models provide impor-
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tant property-microstructure relations for CNT-reinforced com- 4y,—1 1

posites, particularly the effects of CNT waviness and agglomera- Si1337 Sg3ll=m, Sy37— 81212=Z
tion on the overall properties of the composites. It will be shown m
that both waviness and agglomeration of CNTs have significant 3—4y,
influence on the properties of CNT-reinforced composites. Smfm (4)
Its substitution into Eq(2) leads to the non-vanishing components
of A as

2 Straight CNTs

2.1 Composites Reinforced With Aligned, Straight CNTs. An1r=Agzes= — 7~ Auss Asairm -
Consider a linear elastic polymer matrix reinforced by a large 172 172
number of dispersed CNTSs that are aligned, straight and of infinite [ (1= vy~ 2vr2n) —Envm
length. Choose a representative volume elenfBME) V of the A1127= Agazr= a Azl
composite. The boundaryV of the RVE is subjected either to !
tractions corresponding to a uniform overall stressor to dis- Em 2Ep(1—vp)
placements compatible to a prescribed uniform overall stin Azsas= P12~ +2p,(1+ )’ Ara13= a ®)

m r m 2

There are many methods to estimate the overall properties Oh%re
composite[28]. We use the Mori-Tanaka methd@9] in the ’
present study because of its simplicity and accuracy even at a high a;=(—1+2v)[En+2k (1+v,)]
volume fraction of inclusions. 2

The Mori-Tanaka metho@29] assumes that each inclusion is a;=En+2m (3= vn—4vp)

embedded in an infinite pristine matrix subjected to an effective 5 —g (1 ){E(3—4v,) +2(1+ vy [M(3—4vy)
stressoy, or an effective strairg,, in the far field, whereo,, and

£, denote the average stress and the average strain over the ma- +k(2—4v,)]}

trix, respectively. Thereby, the tensor of effective elastic mo@uli _ _ _ B

of the composite reinforced by aligned inclusions of the same 24~ Em(1 v Em(1=4vm) +2(v+ 1My (3= 4vy)
shape is given analytically by +k (2—4vy) 1} (6)

C=(cyCmt¢,C, :A):(cyl +c,A) L (1) andk,, I, m, n,, andp, are the Hill's elastic moduli for the

reinforcing phas€CNTs).
where, and throughout the paper, a boldface letter stands for he sugsl?itution of\ in Eq. (5) into Eq. (1) gives the tensor of

second or fourth-order tensor, and a colon between two tensggg, e elastic moduli of the composite reinforced by aligned,

denotes contractioriinner product over two indices;l is the — gyqight CNTS. In particular, the Hill's elastic moduli are found as
fourth-order identity tensor; the subscriptsandr stand for the

quantities of the matrix and the reinforcing phase, respectiegly, EdEmCmt 2k (1+v)[1+c(1—2v,) ]}
and c, denote the volume fractions, arf@},, and C, denote the = 2
tensors of elastic moduli of the corresponding phases; the fourth- 2(1+ ) [Em(1+6; = 2vp) +2Cmk; (1= vn— 207 |
order tensorA relates the average strains and g, via &,
=A:g,, and it is given by

Em{Crm¥ml Em+ 2K (1+ v ]+ 2¢,1 (1 - Vrzn)}
(14 v 26K (1= v—202) + Ep( 14 C, — 20)]

A=[1+S(Cy L(C,—Cp] L @) , , ,
whereSis the Eshelby tensor which is well documented in Mura’s, — EnCm(1+Cr = Crpm) +2CmCr (ke = 17) (14 vm) (1~ 2vr)
monograph 31]. (14 vm){2Cmke (1= v—202) + Ep(1+ ¢, — 20}

We consider first a polymer composite reinforced with straight
CNTs aligned in thex,-axis direction. The matrix is assumed to be En[2¢2k (1= vy) +C,N (1= 2v+ ) —4Cl vm)]

elastic and isotropic, with Young's modulus,, and Poisson’s

oy —23,2 _
ratio v,,. Each straight CNT is modeled as a long fiber with 2Cmke (1= vm=2vm) + En(1+C = 2vm)

transversely isotropic elastic properties. Therefore, the composite En[ EmCm+2(1+¢,)p,(1+ vy)]
is also transversely isotropic, and its constitutive relaionC:e p=
can be expressed as 21+ vm)[Em(1+Co) +2Cmpr (14 vm)]
"kim | kem O 0O O o En[EmCm+2M,(1+ v) (3+C,—4v,)]
o1 I n 1 o o ol = 2(1+ vy EplCmt4¢,(1— v ]+ 2c,m, (3= v— 413)}
e k Ik 0 0 O L2 ()
- + . . . .

Os3| _ m m £33 ©) Figure 1 shows the effective elastic moduli of a polystyrene

023 0 0 0 p 0 O0f]| 2e2 composite reinforced by aligned, straight CNTs. The elastic

013 0 0 0 om oll 28 moduli E; andE, parallel and normal to CNTs are shown versus

o1z 2¢e1, the volume fractiorc, of CNTs, whereE, andE, are related to

L 0 0 0 0 0 pj Hill's elastic moduli by
wherek, I, m, n, andp are Hill's elastic moduli[30]; k is the |2 am(kn—12)
plane-strain bulk modulus normal to the fiber directionis the E;=n- L S (8)
uniaxial tension modulus in the fiber directiory], | is the asso- kn—I+mn
ciated cross modulusn and p are the shear moduli in planesThe Young's modulus and Poisson’s ratio of polystyrene Bye
normal and parallel to the fiber direction, respectively. =1.9 GPa and,,=0.3, respectively. For the purpose of illustra-
The non-vanishing components of the Eshelby teréor a tion, we use the following representative values of the elastic
straight, long fiber along the,-direction is given a$31] constants of SWCNTs:n, =450 GPa, k,=30GPa, m,=p,
5-4y v =1 GPa, and,=10GPa, which are taken from the analytical
m m

results of Popov et a[.32], who calculated the elastic moduli of

Sy119= Sygam ——— S0 Sprym
111 53033 8(1—vp) 127 53322 2(1-vpy) CNTs. It is noted that CNTs are highly anisotropic, with Young’s
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g(a,B)=A(a,B):en=A(a,B):Cl on,
o(a,B)=C A, B):€n=[C/ A, B):Cp,' oy (12)

where the strain concentration tengofa,) is given by Eq.(2).
Then the average strain and stress in all randomly oriented CNTs
can be written as

2w (@2
(&)= f f p(a,B)A(a,B)sinadadB
0 0

‘Em

Effective elastic modulus (GPa)

1t 27 (@2
_ . (o)= J J p(a,B)[C,:A(a,B):CptIsinadadB |: oy,
0.0 0.2 04 086 0.8 1.0 0 0
‘ (13)
The angle bracket{]) represent the average over special orien-
Fig. 1 A CNT with a global and a local coordinate system tations. Using the average theoreros=co,+c,{(0;) and &

=CmemtC (&) in conjunction with the effective constitutive re-
lation o=C:&, one can get the effective modulus of the composite

as

modulus in the tube direction two orders of magnitude higher than 4

that normal to the tube. It is observed from Fig. 1 that, because of C=(CnCmtC{C; :A)):(Crl +Cr{(A)) (14)
CNTs’ anisotropic property, the elastic modulggsof the compos- When CNTs are completely randomly oriented in the matrix, the
ite in the CNT direction increases much more rapidly with theomposite is then isotropic, and its bulk modulisand shear

volume fractionc, thanE, normal to the CNT direction. modulusG are derived as
) in g ith doml . q K=K +Cr(5r_3Kmar) G=G.+ C(1,—2GyB,)
2.2 Composites Reinforced With Randomly Oriented, m —3(Cm+0rar) ) m —2(0m+ R)

Straight CNTs. The effect of randomly oriented, straight CNTs
is investigated in this section. The orientation of a straight CNT is
characterized by two Euler anglesand 8, as shown in Fig. 2. Where

15)

The base vectorg ande’ of the global —X;X,X3) and the local 3(Kn+Gp)+k,—1,
coordinate system®(-x;X;x3) are related via the transformation ar= 3(G+K;)
matrix g
, _1[4Gu+2k +l, 4G
&=0i¢ ©) =5| 3(Gtk) | Gutp.
h is gi b
whereg s given by _ o 2[G (3Kt Gry) + G 3K 1+ 7G|
COS,B — COS« Slnﬁ Slnasmﬂ Gm(SKm+Gm)+mr(3Km+7Gm)
g=| sin  cosacosf  —sinacosp (10) (2K +1,) (3Kt 2G,—1,)
0 sina cosa S=7z|ne+2l+ Gtk }
The orientation distribution of CNTs in a composite is character- +
ized by a probability density functiop(a,8) satisfying the nor- nr=1[z(nr|r)+ BGmPr 8Ny Crm(3Km + 4Gm)
malization condition 5(3 Gt pr 3Kny(My+Gp) + G(7M, + Gpp)
2m (w2 2(k,=1)(2Gp+1))
f f p(a, B)sinadadB=1 (11) + rs(é +km) ! (16)
0 0 m r

andG,, are the bulk and shear moduli of the matrix, respec-

. . K
If CNTs are completely randomly oriented, the density function 'fslvely. The effective Young’s modului and Poisson’s ratie of

pe.B)= .1/277' ; : the composite are given by

According to the Mori-Tanaka method, the straiff«,8) and
the stressr,(a,B) of the CNT are related to the stress of matrix el 9KG _3K-2G 17
o by T3K+G' " BK+2G (A7)

Figure 3 shows the effective Young's modulus versus the vol-
ume fraction of randomly oriented, straight CNTs in the same
polystyrene matrix studied in Fig. 1. For comparison the Young's
modulus of the same composite measured by Andrew €83lis
also shown in Fig. 3. It is observed that the measured Young's
modulus is much smaller than the present theoretical model. Many
factors may contribute to this discrepancy, such as the weak bond-
ing between CNTs and matrices, the waviness and agglomeration
of CNTs. The effects of CNT waviness and agglomeration on the
effective moduli of CNT-reinforced composites are studied in the
following sections.

3 Micromechanics Model for Curved CNTs

3.1 Composites Reinforced With Aligned, Curved CNTSs.
Experiments have shown that most CNTs in composites exist in a
Fig. 2 Effective elastic moduli of a composite reinforced with curved statd34,35. This is partially because of that CNTs have
aligned straight CNTs very low bending stiffness due to the small tube diamétet
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Theoretical estimate of £
8  Experimental data of £
{Andrews et al., 2002)

Effective elastic modulus (GPa)

S0 0.05 0.10 0.15 0.20 0.25
CNTs volume ratio ¢,

Fig. 3 Effective elastic moduli of a composite reinforced with
randomly orientated straight CNTs

nm). Fisher et al[36—3§ studied numerically the effect of CNT
waviness on the elastic properties of composites using the finite
element method. There is yet no theoretical model to estimate the
stiffening effect of curved CNTs. We will present here an analyti-
cal method to calculate the effective elastic moduli of composites
containing curved CNTSs.

We present in the following a micromechanics model to exam-
ine the waviness effect of curved CNTs on the elastic properties of
CNT-reinforced composites. As shown in Fig. 4, a curved CNT is
modeled as a helical spring, wifh being the spring diametes,
the spiral angle, ang the polar angle. The lengthof the curved
CNT is related to these parameters by

oD
" 2 cosf

(18)

The waviness of the CNT is governed by the spiral angld;or
example,#=m/2 corresponds to a straight CNT, whife=0 cor-
responds to a circular CNT.

The Mori-Tanaka method is employed to estimate the stiffening
effect of curved CNTs. The effective elastic constitutive relation
of the composite is written as

o=Ce (19)

whereC is the tensor of elastic moduli of the composite and is to

be determinedo and € denote the average stress and strain ten-
sors in the composite, respectively, and they are related to the
average stress and strain tensofgand £, in the matrix ando,

and g, in the reinforcement phase by

0=Cp0m+C 0y, E=CpEmtC e (20)

Figure 5a) shows a curved CNT embedded in a polymer matrix

m

©

subjected to the average matrix stregsin the far field. The CNT Fi9- 5 Calculation model of the strain in a curved CNT: ~ (a) a

is curved around thg; axis of the global system—Xx;X,x3. The

Xz axis(Fig. 5(b)). The strain in the infinitesimal CNT in Fig($)

curved CNT in the RVE; (b) a slice of infinitesimal thickness;

. . . d (c) th imat del fi Iculating the strain in th
RVE is divided into slices of infinitesimal thickness normal to théﬁce(c) © approximate modet for calculating the strain in the

is approximated by that in a long and straight CNT of the same
orientation embedded in the matrix shown in Figc)5and the

matrix is subjected tar,,. The CNT is along the, axis in the
local coordinate system—x;x5x3, with Euler anglesd and ¢,
where thed is the angle betweer; andx;, and ¢ is the angle

betweenx, andx;. The solution to this problem of a long and

-i)- - straight fiber has been obtained in section 2.2. It is noted that the
g local axisx; of the CNT and thex; axis around which the CNT is
@ curved have a fixed angke the average strain in the curved CNT

is obtained by integrating with respect to the angle

As shown in Fig. &), the straing, (6,¢) of an infinitesimal

Fig. 4 The spring model of a curved CNT

Journal of Engineering Materials and Technology

segment in the curved CNT is relate to the stragsby
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Fig. 6 Effect of CNT waviness on the effective elastic modulus
in the longitudinal direction Fig. 7 Effect of CNT waviness on the effective elastic modulus

in the transversal direction

_ . _ .~-1. -
&(0,0)=A(0,¢):en=A(0,¢):Cry " O (21)  the volume fraction of aligned, curved CNTs in a polystyrene
whereA(6,¢) is the strain concentration tensor. For a curved CNThatrix for several spiral angle® Contrary to the axial moduli in

the average straie, can be obtained from the integration ofFig. 6, Fig. 7 shows that the lateral mod#i(=E,) increase
£(6,9) as with the waviness, even though the increase is rather small when

0 changes from 90 deg to 60 deg. Therefore, we can conclude that

oL f ; ;
i A .ol =y 29 the CNT waviness has little effect on the lateral moduli unless the
&) QL fo (A(0:9):Cr ) : T (22) spiral angle becomes very smétlose to zerp
where ¢, is the total polar angle along the CNT. Similarly, the 3.2 Composites Reinforced With Randomly Oriented,
average stresa; in a curved CNT is given by Curved CNTs. As in section 2.2, we introduce two anglesind
o B to express the orientation of a curved CNT in the composite.
— - . The orientation distribution of all CNTs is described by a prob-
i(9) oL JO Ci(6,¢):&(6,¢) |de ability density functionp(a,8). The Mori-Tanaka method leads
to the effective stiffness tensor
PL
=— C,(6,0):A(6,0):C-Ydo|: o, 23 c, e -
o NI <¢7f (cr<e,<p>:A<a,<p,a,B>:cml>d<p>
LJo

The average stress and strain tensors in the composite can then be

written in terms ofo, as

C, oL -1
+Cl 1[<—f (A(0,<p,a,B)SCm1)d¢>+Cmle}
PL Jo

S . p—
o fo (Ci(0,0):A(0,9):C,")de 6)

It is noted that the strain concentration facoof a curved CNT
not only depends on its orientation anglesand B8 but also is
nonuniform within the same CNT. Therefore, it is a function of
four angles,a, B, 6, and ¢. For general cases of CNTs orienta-
tions, the effective elastic tensor of a CNT-reinforced composite
can be determined from Ed26) provided that the orientation
o _ ] ~distribution function has been known.

The elimination ofey, in Eq. (24) gives the tensor of effective |y the case of completely random orientations of CNTs, the

0=C,0,+Cpp 0=

+Cpl |1 0m

_ _ _ C L _
£=C, & + CpEm= —rf A(6,¢)de+Cnl |:Crtiom (24)
LJo

elastic moduli of the composite as composite will be isotropic. Interestingly, it is found that for this
¢ (e special case, the present model for curved CNTSs leads to the same
C= —f (C(8,9):A(6,¢):Cr,l)de results as Eq(15). That is, the waviness of CNTs does not influ-
¢LJo ence the effective elastic moduli of composites reinforced with
Y randomly oriented CNTs.

+cpl (25)

4 Agglomeration of CNTs

G ™ -1 -1
1— | (A(0,¢):Cpr)de+cyCh
¢LJo

Figure 6 shows the effective elastic moduligof the compos- 4.1 A Two-Parameter Model of Agglomeration. CNTs
ite in the CNT axial directionX3) versus the volume fraction of have low bending stiffnesglue to small diameter and small elas-
aligned, curved CNTs in a polystyrene matrix for several spirdc modulus in the radial directiorand high aspect ratio, which
anglesd, wheref=90 deg corresponds to straight CNTs studied imake CNTs easy to agglomerate in a polymer mdi4,35. In
Fig. 1, and#=0 deg corresponds to circular CNTs. The elastiorder to achieve the desired properties of CNT-reinforced compos-
moduli of the polystyrene are the same as those in Fig. 1. Fees, it is critical to make CNTs uniformly dispersed in the matrix
comparison, the experimental data of Andrew e{38] are also [39]. We develop a micromechanics model in this section to study
presented in Fig. 6, and they agree very well with the model fdie influence of the agglomeration of CNTs on the effective elastic
0=0 deg. It is observed that the modulks in the CNT axial moduli of CNT-reinforced composites.
direction decreases rapidly as the waviness increases. For exStephan et al[40] observed that in the 7.5 percent concentra-
ample,E; at /=60 deg is less than one half of that for straightion sample, a large amount of CNTs are concentrated in aggre-
CNTs (=90 deg. gates. The spatial distribution of CNTs in the matrix is nonuni-
Figure 7 shows the effective elastic modulag =E,) of the form such that some local regions have a higher concentration of
composite normal to the CNT axial directiire.,x; or x,) versus CNTs than the average volume fraction in the material. These
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regions with concentrated CNTs are assumed in this section to (8, —3Kma,)C ¢

have spherical shapes, and are considered as “inclusions” with Kin=Kmn m,
different elastic properties from the surrounding material, as ' reer
shown in Fig. 8. The total volum¥, of CNTs in the RVEV can c (6, —3Kma,)(1— )
be divided into the following two parts: Kou=Km+
g wop PR Bl e (1= Dt e (1= Day]
Vr = Vlrnclusnon_,’_ V:n (27) . e
G, =G+ §( mBr)

m 2(§_Cr§+cr§13r)
(1= (n—2GyB))

where VI"?Us" and V™ denote the volumes of CNTs dispersed
in the inclusions (concentrated regionsand in the matrix,

respectively. =
Introduce two parametegsand{ to describe the agglomeration Gour= Gt A1-¢—c(1-+c(1-0)B] (32)
of CNTs For a sphere inclusion in an isotropic matrix, the Eshelby’s
inclusion tensor read
Vinclusion Vr
§: V ’ é’: V (28) 7_5V0ut
r — — —
S1111= Sp220= Sg335= 51— vo)
whereVi,qusion IS the volume of the sphere inclusions in the RVE. ou
& denotes the volume fraction of inclusions with respect to the 1—5vyy
total volumeV of the RVE. When¢=1, nanotubes are uniformly S1120= Sp235= Sz311= — 51— v
dispersed in the matrix, and with the decreasé,ithe agglom- ou
eration degree of CNTs is more severe. The paranieteEmotes 4—5vq,
the volume ratio of nanotubes that are dispersed in inclusions and S12177 Spz05™ 53131=m (33)
ou

the total volume of the nanotubes. Whén1, all the nanotubes

are located in the sphere areas. In the case where all nanotubesVi@re vo,= (3Kou— 2G oy 12(3K oyt Gou) IS the Poisson’s ratio

dispersed uniformly, one has that & The bigger the valugwith  of the hybrid matrix.

>¢, the more heterogeneous the spatial distribution of CNTs.  Finally, the effective bulk modulu& and the effective shear
The average volume fractiary of CNTs in the composite is modulusG of the composite are derived from the Mori-Tanaka

method as
_Vr 29 I K 1
Cr_v ( ) g( < in 1)
t
Using Egs.(27)—(29), the volume fractions of CNTs in the inclu- K=Kou 1+ = :
sions and in the matrix are expressed, respectively, as 1+ a(l—g)( ’ in _1)
- out -
Vinclusion c ym c(1— _ _
r — i’ r — I’( g) (30) Gin
Vinclusion f V_Vinclusion l_f g G t_l
ou
Thus, we consider the CNT-reinforced composite as a system G=Gouf 1+ Gi, (34)
consisting of inclusions of sphere shape embedded in a hybrid 1+,8(1—§)(G —1)
out -

matrix. Both the matrix and the inclusions contain CNTs. We may -
first estimate respectively the effective elastic stiffness of the iwith a=(1+ v4,)/3(1— vy and B=2(4—5v4,)/15(1— vyy).
clusions and the matrix, and then calculate the overall property of _ _
the whole composite system. 4.2 Examples and Discussions

The effective elastic moduli of the hybrid inclusions and the . .
matrix can be calculated by different micromechanics methodﬁ 4.2.1 Complete Agglomeration of CNTE=L). Consider

Assume that all the orientations of the CNTs are completely ra rst the extreme case of agglomeration where all CNTs are con-

dom. We will use two methods to estimate the elastic property Eﬁrr];ﬁftgrlgSpl%?\:gztisol;]bﬁgggsi’sl‘r%:c’itczzut?) tlf]]:vaebc?;]/fe t(\;\:]oé ag-
the inclusions and matrix. First, the Voigt model provides th 99 Y 9

: : . i : : glomeration parameterg. Then, the local volume fraction of
effective modulus of inclusiong;, and their surrounding, as CNTs in the “inclusions.” which are, in turn, embedded in the

[41] pristine polymer matrix, is written as
_3(Cr(1_§) 1 Cr(l_g)}E ] Vr (o8
out— q _ CNT - — m = — 35
8 1 § 1 f Vinclusion f ( )
N 5 (1-&)EcntEnm If the influence of anisotropy of CNTs is omitted and their
8|[(1—&) —c,(1—)]Ecnt+ (11— OE,, (31) elastic property is described by the Young’s modiysand Pois-

son’s ratiov, , the effective moduli of the composite with agglom-
3 5 EEEcnt erated CNTs can be estimated by E8fl). We take the represen-
Einzg—g[CrfECNTJF(f—CrDEm]JF 8 (2=C, 0Bt C.IE tative values of CNTs and matrix a&,=450GPa, E,,
roJmCNT T BreEm =1.9 GPa, and,=r,,=0.3. Under different average contemis
where both the matrix and the CNTs are considered to be isotaf-CNTs in the material, the effective Young’s modulus is plotted
pic, with Young’s moduliE,, andEyr, respectively. That is, the in Fig. 9a) with respect to the agglomeration parameteWhen
influence of anisotropy of CNTs is neglected. the CNTs are uniformly dispersed in the composite, Ee.1, the
In the second method, we assume the nanotubes are tragffective Young's modulus has the maximum value. With the de-
versely isotropic. The elastic moduli of the hybrid matrix are esrease in the agglomeration parameiérom unity, the effective
timated by the Mori-Tanaka method, as described in section 2.2stiffness decreases very rapidly. Whér 0.6, the addition of
is assumed that the CNTs are randomly oriented in the inclusio®\Ts does not yield an evident stiffening effect.
and, therefore, the inclusions are isotropic. The effective bulk If the CNTs are considered to be transversely isotropic, the
moduliK;, andK;and the effective shear mod@i, andG,of effective elastic moduli of the composite can be determined by
the inclusions and the matrix are given, respectively, by Eqgs.(17), (32), and(34). Take the elastic constants of CNTs and
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Fig. 8 Eshelby inclusion model of agglomeration of CNTs

matrix as in section 2.1. The changing curves of the effective (a)
tensile moduli with the agglomeration paramegeare given in 20
Fig. 9b). It is also clearly shown that the agglomeration of CNTs — ¢=0.05
exerts a significant weakening effect to CNT-reinforced compos- [~ - == =010
ites. In addition, it is seen by comparin@) and (b) that the 15
anisotropic property of CNTs affects to a considerable extent the
overall effective elastic modulus, especially the maximum

Young's modulus at uniform distribution. In other words, the isot-

ropy assumption of CNTs will lead to an overestimation of the )
effective tensile modulus. o

4.2.2 Partial Agglomeration of CNTs.In more general cases,
both the parametersand ¢ are required to describe the agglom-
eration of CNTs. The former stands for the relative amount of 9% s X] oY) oS 10
CNTs that are concentrated in local regions or “inclusions,” and e
the latter presents the volume fraction of these inclusions in the b)
composite.

If th.e CNTs are_con_SIdered_ ISOtr.OpIC‘ the eﬁgctlve Young Eig. 10 The effective elastic modulus of a CNT-reinforced
moduli are shown in Fig. 18) in which {£=0.5. It is seen that composite with agglomeration effect with £=0.5, in which the

CNTs are assumed to be: (a) isotropic; and (b) transversely

isotropic
80
70t 6=0.05 with the increase in the relative amouftof the CNTs that are
6o b~ ---c=01 f agglomerated in the inclusions, the effective Young’s modulus of
~~~~~ ¢=0.2 i the composite decreases rapidly.
§ 50 == c=04 H When the CNTs are considered to be transversely isotropic, the
O a0} ; effective Young’s moduli with respect to the agglomeration pa-
wol S rameter{ are shown in Fig. 1®) with £=0.5. The curves in Fig.
e 10(b) have the similar changing tendency but are smaller in the
20f el stiffening magnitude. It is concluded from Fig. 10 that the ag-
1ol '_.____‘__.,—,_-.f_:_-’-'_"_'_—— - glomeration of CNTs exerts a pronounced weakening effect to the
s tE o 2o effective elastic property of CNT-reinforced composites, and that
% o5 o6 o 08 0.9 7.0 neglecting the anisotropic property of CNTs will cause an overes-
£ timation of the effective stiffness of composites.
(a) .
‘0 5 Concluding Remarks
In the present paper, the effects of the widely observed wavi-
€=0.05 ness and agglomeration of carbon nanotubes are examined theo-
30 e / retically by using analytical micromechanics methods. A novel
—m =04 Y model is suggested to consider the waviness or curviness effect of
§ ol CNTs, which are assumed to have a spiral shape. The influence of
Q2 va agglomeration of CNTs on the effective stiffness is analyzed by
w o using an Eshelby’s inclusion model, where the composite is as-
//,/ sumed to have spherical inclusions with concentrated CNTSs. It is
or e _ _______ established that these two mechanisms may significantly reduce
| ISt T the stiffening effect of CNTs. The present study not only provides
] . . . the important relationship between the effective properties and the
8a 05 06 07 08 0.9 10 morphology of CNT-reinforced composites, but also may be use-
¢ ful for improving and tailoring their mechanical properties. The

(b)
Fig. 9 Effect of CNT agglomeration on the effective elastic

modulus with  ¢=1, in which the CNTs are assumed to be: (a)
isotropic; and (b) transversely isotropic
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obtained results indicate that a CNT-reinforced composite can
possibly reach superior mechanical properties only if the CNTs
are controlled to have a straight shape and to be dispersed uni-
formly in the whole materigl42]. These high requirements are by

no means easy to be satisfied, but considerable developments have
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