Thermoelastic Properties of a
Novel Fuzzy Fiber-Reinforced
Composite
S. I. Kundalwal
M. C. Ray
e-mail: mcray@mech.iitkgp.ernet.in
Department of Mechanical Engineering,
Indian Institute of Technology,
Kharagpur 721302, India

The effective thermoelastic properties of a fuzzy fiber-reinforced composite (FFRC) have
been estimated by employing the generalized method of cells approach and the
Mori–Tanaka method. The novel constructional feature of this fuzzy fiber-reinforced composite is that the uniformly aligned carbon nanotubes (CNTs) are radially grown on the
circumferential surface of the horizontal carbon fibers. Effective thermoelastic properties
of the fuzzy fiber-reinforced composite estimated by the generalized method of cells
approach have been compared with those predicted by the Mori–Tanaka method.
The present work concludes that the axial thermal expansion coefficient of the fuzzy fiberreinforced composite slightly increases for the lower values of the carbon fiber volume
fraction, whereas the transverse thermal expansion coefficient of the fuzzy fiberreinforced composite significantly decreases over those of the composite without CNTs.
Also, the results demonstrate that the effect of temperature variation on the effective
thermal expansion coefficients of the fuzzy fiber-reinforced composite is negligible.
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Introduction

The discovery of CNTs [1] has stimulated extensive research
on the prediction of their mechanical, electrical, and thermal properties. Ruoff and Lorents [2] examined some aspects of the mechanical and thermal properties of multiwalled carbon nanotubes
and single-walled carbon nanotubes in terms of the known elastic
properties of graphite. Many research investigations revealed that
the axial Young’s modulus of CNTs is in terapascal range [3–8].
Batra and Sears [9] proposed that the axis of transverse isotropy
of a CNT is a radial line rather than the centroidal axis of the
CNT and found that the Young’s modulus in the radial direction
equals about one fourth of that in the axial direction. Batra and
Gupta [10] determined the wall thickness and material moduli of
a CNT based on the frequencies of axial, torsional, and radial
breathing modes. An atomistic-based continuum model has been
developed by Cheng et al. [11] for the estimation of the mechanical properties of single-walled carbon nanotubes. Tsai et al. [12]
modeled the hollow cylindrical molecular structure of CNTs as an
equivalent transversely isotropic solid cylinder and employed the
molecular mechanics approach to determine the elastic properties
of CNTs. In order to exploit the exceptional elastic properties of
CNTs, extensive research is being carried out for developing the
CNT-reinforced composites [12–20]. A great deal of research has
also been carried out on the potential applications of CNTs, such
as nanoelectronics [21–24]. The CNT-based nanoelectronic devices may experience temperature variation that leads to thermal
deformations and residual stresses in the devices. Therefore, the
coefficient of thermal expansion (CTE) of CNTs is an important
property for CNT-based nanoelectronics. The X-ray diffraction
technique has been employed by several researchers to estimate
the CTEs of CNTs and their bundles [25–27]. Jiang et al. [28]
developed an analytical method to determine the CTEs of singlewalled carbon nanotubes and reported that the CTEs are negative
at low and room temperature and become positive at high
Manuscript received August 6, 2012; final manuscript received January 15, 2013;
accepted manuscript posted February 19, 2013; published online August 21, 2013.
Assoc. Editor: Anthony Waas.

Journal of Applied Mechanics

temperature. This is similar to the experiments of Yosida [26] and
Maniwa et al. [27], which exhibited strong temperature dependence of CTEs of CNT bundles. Performing the molecular dynamics simulations, Kwon et al. [29] reported that the axial and radial
CTEs of CNTs are nonlinear functions of change in temperature.
Although a great prospect has been highlighted through the
above-mentioned research on CNT-reinforced composites, the
manufacturing of such unidirectional continuous CNT-reinforced
composites in large scale has to encounter some challenging difficulties. Typical among these are the agglomeration of CNTs, the
misalignment, and the difficulty in manufacturing very long
CNTs. Also, the weak cohesive force between carbon fibers and
the matrix causes low shear and bending strengths. Fiber coating
is often used to modify the carbon fiber interfacial characteristics
and improve the strength of the composite. The hybridization of
carbon fibers with CNTs is a new way of surface modification.
CNTs on the carbon fiber/matrix interface improve the interfacial
shear strength and out-of-plane stiffness properties of the fiberreinforced composites. Traditional fiber-reinforced composites
have excellent in-plane properties but have poor out-of-plane
properties. Further research on improving the out-of-plane properties of the composites and the better use of CNTs led to the growth
of CNTs on the surfaces of the advanced fibers. For example,
Bower et al. [30] have grown aligned CNTs on the substrate surface using high-frequency microwave plasma-enhanced chemical
vapor deposition with an extreme-case example of conformal radial growth of CNTs on the surface of a hair-thin optical fiber
glass. They have found that the growth rate of CNTs is approximately 100 nm/s with entire growth of 12 lm, and such CNT
growth always occur perpendicular to the substrate, regardless of
the substrate shape. Qian et al. [31] experimentally investigated
that the enhancement in the fiber/matrix interfacial shear strength
can be obtained by growing CNTs on the surfaces of the fibers.
Zhao et al. [32] synthesized different morphologies of multiwalled
CNTs on the surfaces of carbon fibers by using the floating catalyst method. Veedu et al. [33] demonstrated that the remarkable
improvements in the interlaminar fracture toughness, hardness,
delamination resistance, in-plane mechanical properties, damping,
and thermoelastic behavior of laminated composite can be
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obtained by growing multiwalled CNTs about 60 lm long on the
surfaces of the fibers. Their test results suggest that the presence
of CNTs in the transverse (i.e., thickness) direction of composites
reduces the effective CTE up to 62% compared to that of the base
composite. Qiu et al. [34] presented a method to fabricate multifunctional multiscale composites through an effective infiltrationbased vacuum-assisted resin transfer molding process. Their study
indicated that the CTE of functionalized nanocomposites reduced
up to 25.2% compared with that of the composite without multiwalled CNTs. Mathur et al. [35] experimentally investigated
that the flexural strength and the modulus of the carbon-fiberreinforced composite can be improved by growing CNTs on the
surfaces of the carbon fibers. Garcia et al. [36] fabricated a hybrid
laminate in which the reinforcements are a woven cloth of alumina fibers with in situ grown CNTs on the surfaces of the fibers.
They demonstrated that electromechanical properties of such a
laminate are enhanced because of the CNTs grown on the surfaces
of the alumina fibers. Zhang et al. [37] investigated the effects of
the growth of CNTs on the thermal, electrical, and mechanical
properties of the fiber/polymer interface of a composite. Ray
et al. [38] carried out a load transfer analysis of a short carbon
fiber-reinforced composite, in which the aligned CNTs are radially grown on the surfaces of the carbon fibers. They have found
that, if the carbon fiber is coated with radially aligned CNTs, then
the axial load transferred to the fiber is reduced. Xiao et al. [39]
examined advanced implementations of guided growth of CNTs
on quartz substrates with different orientations. Their study
revealed that angle-dependent van der Waals interactions between
CNTs can account for all aspects of their alignment on quartz
substrates. Recently, Ray [40] proposed a novel hybrid smart
composite, which exhibits improved electromechanical properties
because of the radial growing of CNTs on the piezoelectric fibers.
Subsequently, Ray [41] developed a shear lag model of this novel
smart composite to analyze the load transferred to the coated piezoelectric fibers from the CNT-reinforced matrix in the absence
and the presence of the electric field. Most recently, a novel fuzzy
fiber-reinforced composite (FFRC) reinforced with single-walled
carbon nanotubes and carbon fibers is independently proposed by
Kundalwal and Ray [42] and Chatzigeorgiou et al. [43]. The distinct constructional feature of such a fuzzy fiber-reinforced composite is that the uniformly aligned CNTs are radially grown on
the circumferential surfaces of the unidirectional carbon fibers.
Kundalwal and Ray [42] predicted that the transverse effective
properties of this novel fuzzy fiber-reinforced composite are significantly enhanced over their values without CNTs.
Since the temperature variation may affect the thermoelastic
properties of the CNT-reinforced composite, it is imperative to
investigate the effect of temperature variation on the effective
thermoelastic properties of the fuzzy fiber-reinforced composite.
However, the thermoelastic properties of such nanocomposites
being composed of fuzzy fiber reinforcements have not yet been
studied. In this paper, authors intend to estimate the thermoelastic
properties of the fuzzy fiber-reinforced composite and investigate
the effect of temperature variation on the effective thermoelastic
properties of the fuzzy fiber-reinforced composite.

Fig. 1 Schematic diagram of a lamina made of the fuzzy fiberreinforced composite

Fig. 2

Fuzzy fiber with CNTs radially grown on its surface

aligned CNTs reinforce the polymer matrix surrounding the
carbon fiber along the direction transverse to the length of the
carbon fiber. Thus, the augmented fuzzy fiber can be viewed as a
circular cylindrical composite fuzzy fiber (CFF), in which a carbon
fiber is embedded in the CNT-reinforced polymer matrix nanocomposite (PMNC) and the diameter of the composite fuzzy fiber
equals the sum of the diameter of the carbon fiber and the length
of a CNT. Such a composite fuzzy fiber is schematically demonstrated in Fig. 3. Therefore, the representative volume element
(RVE) of the proposed fuzzy fiber-reinforced composite can be
treated as being composed of two phases, wherein the reinforcement is the composite fuzzy fiber and the matrix is the monolithic
polymer material. Thus, the analytical procedure for estimating
the effective thermoelastic properties of the fuzzy fiber-reinforced
composite starts with the estimation of the effective thermoelastic
properties of the polymer matrix nanocomposite material a priori.
Subsequently, considering the polymer matrix nanocomposite
material as the matrix phase and the carbon fiber as the reinforcement, effective thermoelastic properties of the composite fuzzy
fiber are to be computed. Finally, using the thermoelastic properties of the composite fuzzy fiber and the monolithic polymer matrix, the effective thermoelastic properties of the proposed fuzzy
fiber-reinforced composite can be estimated. The schematic diagram shown in Fig. 4 illustrates the various steps involved in the
micromechanical modeling of the fuzzy fiber-reinforced composite. Also, composite fuzzy fibers are assumed to be uniformly

2 Effective Thermoelastic Properties of the Fuzzy
Fiber-Reinforced Composite
Figure 1 shows a schematic sketch of a lamina of the fuzzy
fiber-reinforced composite. The constructional feature of such a
continuous unidirectional carbon fiber-reinforced composite is
that CNTs of equal length are uniformly spaced and radially
grown on the surfaces of the carbon fiber reinforcements. CNTs
considered here are transversely isotropic [7,12]. They are grown
on the surfaces of the carbon fibers in such a way that their axes
of transverse isotropy are normal to the surface of the fiber. Such
a resulting fuzzy fiber is shown in Fig. 2. When this fuzzy fiber is
embedded into the polymer material, the gap between two adjacent CNTs is filled with the polymer. Consequently, the radially
061011-2 / Vol. 80, NOVEMBER 2013

Fig. 3 Transverse and longitudinal cross-sections of the
composite fuzzy fiber
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Fig. 5 Transverse cross-sections of the composite fuzzy fiber
with unwound and wound polymer matrix nanocomposite
Fig. 4 Modeling of the fuzzy fiber-reinforced composite and its
phases

spaced over the volume of a lamina of the fuzzy fiber-reinforced
composite in such a way that three orthogonal principal material
coordinate axes (1–2–3) exist in the proposed composite, as
shown in Fig. 1. In what follows, a micromechanics model
for estimating the thermoelastic properties of the polymer
matrix nanocomposite, the composite fuzzy fiber, and the fuzzy
fiber-reinforced composite will be derived. This section deals with
the procedures of employing two models, namely, the generalized
method of cells approach and the Mori–Tanaka method to predict
the effective thermoelastic properties of the fuzzy fiber-reinforced
composite.
2.1 Generalized Method of Cells (MOC) Approach. This
section presents the micromechanics model based on the generalized method of cells approach [44,45] to estimate the effective
thermoelastic properties of the polymer matrix nanocomposite
material surrounding the carbon fiber, the composite fuzzy fiber,
and the fuzzy fiber-reinforced composite, respectively.
2.1.1 Effective Thermoelastic Properties of the Polymer
Matrix Nanocomposite (PMNC). This section presents the micromechanics model based on the generalized method of cells
approach to estimate the effective thermoelastic properties of the
polymer matrix nanocomposite material, which are required as
inputs for computing the effective properties of the composite
fuzzy fiber. In order to estimate the effective thermoelastic properties of the polymer matrix nanocomposite material surrounding
the carbon fiber, the consideration of the nonbonded van der
Waals interaction between an atom of a CNT and an atom of the
polymer, which fills the gap between CNTs, may be an important
issue. The atomic structure of CNTs consisting of sp2 hybridized
carbon hinders formation of strong covalent bonds between the
carbon atoms of a CNT and a surrounding polymer matrix.
Naturally, the bonding between a CNT and its surrounding
polymer takes place through van der Waals noncovalent interactions, which are obviously weaker than covalent bonding
between carbon–carbon bonds [46]. In several research studies
[12,15,19,47,48], an interphase is considered between a CNT and
the polymer matrix that characterizes the nonbonded van der
Waals interaction between this CNT and the polymer matrix.
Such an interphase is an equivalent solid continuum. In their
extensive research, Tsai et al. [12] investigated the effect of the
interphase between the CNT and the polymer matrix formed due
to the nonbonded van der Waals interaction for estimating the
effective elastic properties of CNT-reinforced polymer matrix
composite. They found that the interphase marginally enhances
the effective Young’s modulus of the composite transverse to the
CNT fiber over that of the composite without the consideration of
the interphase. Recently, the effective elastic properties of the
Journal of Applied Mechanics

fuzzy fiber-reinforced composite are estimated with and without
the consideration of an interphase between a CNT and the polymer matrix by Kundalwal and Ray [42]. In their study, the consideration of the CNT/polymer matrix interphase does not affect the
in-plane effective elastic coefficients, and its effects on the other
effective elastic coefficients are also not pronounced. Thus, for
conservative and intuitive estimates, one may neglect the nonbonded van der Waals interaction between an atom of CNT and
the polymer matrix. Hence, in the present study, the CNT/polymer
matrix interphase is not considered.
From the constructional feature of the composite fuzzy fiber, it
may be viewed that the carbon fiber is wrapped by a lamina of the
polymer matrix nanocomposite material. Such an unwound lamina
of the polymer matrix nanocomposite is reinforced by CNTs along
its thickness direction (i.e., along the 3–direction), shown in
Fig. 5. The average effective thermoelastic properties of the polymer matrix nanocomposite material surrounding the carbon fiber
may be approximated by estimating the effective thermoelastic
properties of this unwound lamina. Assuming that CNTs are
equivalent solid fibers [12,15,18,20] uniformly spaced in the polymer matrix and aligned along the 3–axis, the polymer matrix
nanocomposite can be viewed to be composed of cells forming
doubly periodic arrays along the 1– and the 2–directions. Such an
arrangement of cells consisting of subcells has been illustrated in
Fig. 6. Each rectangular parallelepiped subcell is labeled by b c,
with b and c denoting the location of the subcell along the 1– and
the 2–directions, respectively. The numbers of subcells present in

Fig. 6 Representative unit cell of the polymer matrix
nanocomposite
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the cell along the 1– and 2–directions are M and N, respectively.
Here, each cell represents the RVE and the subcell can be either a
CNT or the matrix. Modeling the perfectly bonding condition at
the interface between the subcells is the basis for deriving the
micromechanics model using the generalized method of cells. It
may be noted that such perfectly bonding conditions between the
subcells can be established by satisfying the compatibility of displacements and continuities of tractions at the interfaces between
the subcells of the cell. The volume Vbc of each subcell is

continuities provides the following 2(M þ N) þ MN þ 1 number of
relations between the volume-averaged subcell strains and the
unwound polymer matrix nanocomposite strains
M
X

nc
bb bc
1 ¼ b1 ;

c ¼ 1; 2; … :; N

(6)

nc
hc bc
2 ¼ h2 ;

b ¼ 1; 2; … :; M

(7)

b¼1
N
X
c¼1

Vbc ¼ Ibb hc

(1)

nc
bc
3 ¼ 3 ;

b ¼ 1; 2; …:; M;

where bb , hc , and l denote the width, the height, and the length of
the subcell, respectively, while the volume ðVÞ of the cell is
V ¼ lbh

M X
N
X

c ¼ 1; 2; …:; N

nc
bb hc bc
12 ¼ bhe12

(8)
(9)
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Based on the principal material coordinate (1–2–3) axes, the constitutive relations for the medium of a subcell under thermal environment are given by
 bc   bc  bc   bc  
¼ C

 a DT
(3)
r

Imposition of the interfacial traction continuity conditions
between the adjacent subcells yields the following 5MN –
2(M þ N) – 1 number of relations between the volume-averaged
subcell stresses
ðbþ1Þc

where the stress vector, the strain vector, the thermal expansion
coefficient vector, and the elastic coefficient matrix of the subcell
represented by the superscript bc are
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Here, the superscript nc designates the unwound polymer
matrix nanocomposite. Imposition of the interfacial displacement

(16)
(17)

Equations (6–11) form a set of 2(M þ N) þ MN þ 1 number of
relations and can be arranged in a matrix form as follows:
½AG fS g ¼ ½Bfnc g

(5)
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¼

;

bðcþ1Þ
r2
;
ðbþ1Þc

rbc
23

Also, in Eq. (3), DT is the temperature deviation from a reference
temperature. It should be noted that, in order to utilize the constituent
material properties during computation, the superscript bc denoting
the location of the subcell in the cell should be replaced by n or p as
the medium of the subcell is CNT or polymer, respectively. In the
generalized method of cells approach, the effective properties are
determined by evaluating the properties of the repeating cells filled
up with the equivalent homogeneous materials. This amounts to
volume averaging of the field quantity in concern. Thus, the volumeaveraged strains and stresses in the unwound polymer matrix
nanocomposite can be expressed, respectively, as

fnc g ¼

rbc
2

rbc
13 ¼ r13

T
;
rbc
12

rbc
13

rbc
1 ¼ r1

(18)

in which fS g is the (6MN 1) vector of subcell strains
assembled together and fnc g is the (6  1) vector of composite
strains, while ½AG  is the [(2(M þ N) þ MN þ 1)  (6MN)] matrix
formed by the geometrical parameters of the subcells and the ½B
matrix is constructed by the geometrical parameters of the cell.
Using the constitutive equations given by Eq. (3), the traction
continuity equations (5MN – 2(M þ N) – 1) can be expressed in
the following matrix form:
½AM ðfS g  faS gDTÞ ¼ 0

(19)

in which faS g is the (6MN1) thermal expansion coefficient vector of subcells assembled together and ½AM  is a [(5MN –
2(M þ N) – 1)  (6MN)] matrix containing the elastic properties
of the subcells. Combination of Eqs. (18) and (19) leads to
½AfS g ¼ ½Kfnc g þ ½DfaS gDT

(20)

where

½A ¼

½ AM 
;
½ AG 


½K ¼

0
;
½B


and ½D ¼

½AM 
0

with 0 and 0 being [ð5MN2ðM þ NÞ1Þ  ð6Þ] and
[(2(M þ N) þ MN þ 1)  (6MN)] null vectors, respectively.
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From Eq. (20), the subcell strains can be expressed in terms of the
composite strains, as follows:
fS g ¼ ½Ac fnc g þ ½Dc faS gDT

(21)

where ½Ac  ¼ ½A1 ½K and ½Dc  ¼ ½A1 ½D. The matrices ½Ac 
and ½Dc  can be treated as the mechanical concentration matrix
and thermal concentration matrix, respectively. It is now possible
bc
to extract the matrices ½Abc
c  and ½Dc  of strain concentration factors for each subcell from the matrices ½Ac  and ½Dc , respectively,
such that each subcell strain can be expressed in terms of the composite strains and the thermal strains as follows:
 bc 
nc
bc
¼ ½Abc
(22)

c f g þ ½Dc faS gDT
Substituting Eq. (22) into Eq. (3) yields
 bc 
 bc 
nc
bc
r
¼ ½Cbc ð½Abc
DTÞ
c f g þ ½Dc faS gDT  a

(23)

Using Eq. (23) in Eq. (5), the constitutive relations for the
unwound polymer matrix nanocomposite can be derived as
frnc g ¼ ½Cnc ðfnc g  fanc gDTÞ

(24)

in which the effective elastic coefficient matrix ½Cnc  and the
effective coefficient of thermal expansion vector fanc g of the
unwound polymer matrix nanocomposite are given by
½Cnc  ¼

M X
N
 h i
1X
Vbc Cbc Abc
and
C
V b¼1 c¼1

fanc g ¼ 

M X
N
  h bc i
 
½Cnc 1 X
DC faS g  abc
Vbc Cbc
V b¼1 c¼1

(25)
It may be noted that the effective elastic coefficient matrix ½Cnc 
and the effective thermal expansion coefficient vector fanc g
directly provide the effective properties at a point in the portion of
the polymer matrix nanocomposite surrounding the carbon fiber
where the CNT is aligned with the 3–axis. But for the point located
in the polymer matrix nanocomposite where the CNT is oriented at
an angle h with the 3–axis in the 2–3 plane, ½Cnc  and fanc g also
provide the effective properties with respect to the local (10 , 20 , 30 )
material coordinate system.
h Thus,i the location-dependent effective
 PMNC and the effective thermal expanelastic coefficient matrix C
sion coefficient vector fanc g at any point of the polymer matrix
nanocomposite with respect to the 1–2–3 coordinate system can be
obtained by the following transformations:
h
i
 PMNC ¼ ½TT ½Cnc ½T1 and fanc g ¼ ½TT fanc g
(26)
C
3
2
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0
0
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0
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2
2
60
n
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0
0 7
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7
6
7
6
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0
0 7
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where ½T ¼ 6
6 0 2mn 2mn m2  n2 0
0 7
7
6
7
6
40
0
0
0
m n 5
0
0
0
m ¼ cosh and n ¼ sinh

0

n

ð 2p ð R h
i

1
 PMNC r dr dh

CPMNC ¼  2
C
p R  a2 0 a
ð 2p ð R
 PMNC 
1

¼  2
½anc r dr dh
a
p R  a2 0 a


and
(27)

Thus, the effective constitutive relations for the polymer matrix
nanocomposite material surrounding the carbon fiber with respect
to the principle material coordinate axes of the fuzzy fiberreinforced composite can be expressed as
 PMNC   PMNC  PMNC   PMNC  
¼ C

 a
DT
(28)
r
Next, utilizing the thermoelastic properties of the polymer matrix
nanocomposite as the matrix material properties and the carbon
fiber, being aligned along the 1–direction, as the reinforcement,
the generalized method of cells model presented above for the
unwound polymer matrix nanocomposite is suitably augmented to
derive the effective thermoelastic properties of a lamina made of
the composite fuzzy fiber. Finally, the generalized method of cells
model for the composite fuzzy fiber is used in a straightforward
manner to estimate the effective thermoelastic properties of the
fuzzy fiber-reinforced composite lamina in which the monolithic
polymer is the matrix material and the composite fuzzy fiber is the
reinforcement along the 1–direction.
2.2 Mori–Tanaka (MT) Method. The generalized method
of cells model derived in Sec. 2.1.1 is based on the assumptions
delineated by Eqs. (6–17), which imply continuity of displacements and tractions between the fiber and the surrounding matrix
material. For the purpose of verifying this model, the effective
properties predicted by this model should be compared with those
predicted by a different micromechanical model. Hence, another
micromechanics model based on the Mori–Tanaka method [49]
will be derived here. Utilizing the effective properties of the CNT
and the polymer matrix properties, the Mori–Tanaka model [49]
can be derived to estimate the effective elastic coefficient matrix
of the unwound polymer matrix nanocomposite. The constitutive
equations for the unwound polymer matrix nanocomposite material can be expressed as
frnc g ¼ ½Cnc fnc g þ fknc gDT
nc

nc

nc

and

nc

f g ¼ ½M fr g þ fa gDT

(29)

In Eq. (29), fknc g and ½Mnc  denote, respectively, the thermal
stress vector and the elastic compliance matrix of the unwound
polymer matrix nanocomposite. The explicit formulation of the
Mori–Tanaka model for the unwound polymer matrix nanocomposite material can be derived as
½Cnc  ¼ ½Cp  þ vn ð½Cn   ½Cp Þ½A1 

(30)

m

Therefore, the effective thermoelastic properties of the polymer
matrix nanocomposite surrounding the carbon fiber with respect
to the principle material coordinate axes of the proposed fuzzy
fiber-reinforced composite varies over an annular cross-section of
the polymer matrix nanocomposite phase of the RVE of the
composite fuzzy fiber. However, without loss of generality, it
may be considered that the volume average of these effective
Journal of Applied Mechanics

thermoelastic properties over the volume of the polymer matrix
nanocomposite can be treated as the constant effective thermoelastic properties of the polymer matrix nanocomposite material
surrounding the carbon fiber with respect to the 1–2–3 coordinate
axes of the fuzzy fiber-reinforced composite and are given by

in which the matrices of the strain concentration factors are given by
 
 1
~ 1 vp ½I þ vn A
~1
½ A1  ¼ A
and
h
i1
 
1
~ 1 ¼ ½I þ ½S1 ð½Cp Þ ð½Cn   ½Cp Þ
A

(31)

where vn and vp represent the volume fractions of the CNT fiber
and the monolithic polymer material, respectively, present in the
RVE of the polymer matrix nanocomposite, while ½S1  represents
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the Eshelby tensor and the specific form of the Eshelby tensor for
cylindrical inclusion given by Qui and Weng [50] is utilized.
Using the effective elastic coefficient matrix ½Cnc , the effective
thermal expansion coefficient vector fanc g for the unwound polymer matrix nanocomposite material can be derived in the form
[51] as follows:
fanc g ¼ fan g þ ½Cnc 1 ½Cn 1

½Cn 1 ½Cp 1

1

 ðfan g  fap gÞ

in which the matrices of the strain concentration factors are given
by
 
 1
~ 2 vPMNC ½I þ vf A
~2
½ A2  ¼ A
and
  h
 PMNC 1  f

i1
~ 2 ¼ ½I þ ½S2  C
½C   CPMNC
A

(34)

In Eqs. (33) and (34), vf and vPMNC are the volume fractions of
the carbon fiber and the polymer matrix nanocomposite material,
respectively, with respect to the volume of the RVE of the composite fuzzy fiber, and the Eshelby tensor ½S2  is computed based
on the properties of the polymer matrix nanocomposite matrix and
the shape of the carbon fiber. It is worthwhile to note that the
polymer matrix nanocomposite matrix is transversely isotropic
and, consequently, the Eshelby tensor [52], corresponding to
transversely isotropic material, is utilized for computing the mafiber. Using
trix ½S2  while the inclusion is a circular
 cylindrical

the effective elastic coefficient matrix CCFF , the effective thermal expansion coefficient vector for the composite fuzzy fiber can
be derived as follows [51]:
  

1
aCFF ¼ af þ CCFF ½Cf 1
  

 af  aPMNC


1
½Cf 1  CPMNC

 
 1
~ 3 vp ½I þ vCFF A
~3
½ A3  ¼ A
and
h
 
 CFF 
i1
1
p
~ 3 ¼ ½I þ ½S1 ð½C Þ
 ½ Cp 
C
A




1
fag ¼ aCFF þ ½C1  CCFF



 aCFF  fap g

 CFF 1
½Cp 1
C

 
where ½C  and af are the elastic coefficient matrix and the thermal expansion coefficient vector of the carbon fiber, respectively.
Finally, considering the composite fuzzy fiber as the cylindrical
inclusion embedded in the isotropic polymer matrix, the effective

3

Results and Discussion

In this section, numerical values of the effective thermoelastic
properties of the fuzzy fiber-reinforced composite are evaluated
using the models derived in Secs. 2.1 and 2.2. Armchair singlewalled CNTs, carbon fiber, and polymer matrix are considered for
evaluating the numerical results. Their material properties have
been taken from Refs. [53–55] and are listed in Table 1. Since the
investigations by the earlier researchers [26–29] showed the
strong temperature dependence of the coefficient of thermal
expansion (CTE) of CNTs, the variation of CTEs of the armchair
(10,10) CNT with the temperature deviation is considered here.
But the elastic properties of CNTs, carbon fiber, and polymer are
reported to be marginally dependent on temperature deviation
[56]. Hence, the temperature dependence of the elastic properties
of the constituent phases of the fuzzy fiber-reinforced composite
is neglected. The relationships between the axial CTE (an3 ) and the
transverse CTE (an1 ) of the armchair (10,10) CNT and the temperature deviation (DT) are given by [29]
an1 ¼ an2 ¼ 3:7601  1010 DT2  3:2189  107 DT
 3:2429  108 K1

(39)

an3 ¼ 6:4851  1011 DT2  5:8038  108 DT
(40)

The value of the diameter of the carbon fiber is assumed as
2a ¼ 10 lm. The volume fraction of CNTs (VCNT ) in the fuzzy
fiber-reinforced composite depends on the CNT diameter, the carbon fiber diameter, and the surface-to-surface distance between
two adjacent radially aligned CNTs at their roots. The surface-tosurface distance between the two adjacent CNTs at their roots is

Material properties of the constituent phases of fuzzy fiber-reinforced composite

Material

C11
(GPa)

C12
(GPa)

C13
(GPa)

C23
(GPa)

C33
(GPa)

C66
(GPa)

a1
(10–6 K–1)

(10, 10) CNT, Ref. [7]
Carbon fiber, Ref. [53, 54]
Polymer, Ref. [55]

288
236.4
4.09

254
10.6
1.55

87.8
10.6
1.55

87.8
10.7
1.55

1088
24.8
4.09

17
25
1.27

a

a

1.1
66

6.8
66

a

1

(38)

þ 9:0295  108 K1

f

(37)

where vCFF and vp are the volume fractions of the composite fuzzy
fiber and the polymer material, respectively, with respect to the
volume of the RVE of the fuzzy fiber-reinforced composite.
Finally, the effective thermal expansion coefficient vector for the
fuzzy fiber-reinforced composite can be derived as follows [51]:

1

(35)

Table 1

in which the matrices of the strain concentration factors are given
by

(32)

where fan g and fap g are the thermal expansion coefficient vectors
of the CNT fiber and the monolithic polymer material, respectively. Once ½Cnc  and fanc g are computed, Eqs. (26) and (27) are
used to estimate the average effective thermoelastic properties of
the polymer matrix nanocomposite material surrounding the carbon fiber.
Since the composite fuzzy fiber is a composite in which the carbon fiber is the reinforcement and the matrix phase is the polymer
matrix nanocomposite material, the Mori–Tanaka model can be
employed to estimate its effective properties. Thus, according to
the Mori–Tanaka model [49], the effective elastic coefficient
matrix for the composite fuzzy fiber (CFF) is given by
 CFF   PMNC 
  

¼ C
þ vf Cf  CPMNC ½A2 
(33)
C



elastic properties ½C of the fuzzy fiber-reinforced composite can
be derived by the Mori–Tanaka method [49] as follows:



(36)
½C ¼ ½Cp  þ vCFF CCFF  ½Cp  ½A3 

a2
(10–6 K–1)

(nm)
dn ¼ 1.36
d ¼ 10,000
—

a1 and a2 of the (10, 10) CNT are cited from Ref. [29] and presented in the text.
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to-surface distance at the roots of two adjacent CNTs and the
CNT diameter, the maximum number of CNTs grown on the surface of a carbon fiber of particular diameter can be determined.
Then, based on the carbon fiber volume fraction (Vf ) in the fuzzy
fiber-reinforced composite, the maximum value of VCNT can be
determined as
ðVCNT Þmax ¼

Fig. 7 Hexagonal packing array comprised of composite fuzzy
fibers

Fig. 8 Variation of the maximum CNT volume fraction with the
carbon fiber volume fraction in the fuzzy fiber-reinforced
composite

considered as 1.7 nm. Recall that the fuzzy fiber-reinforced composite lamina can be viewed as being comprised of the composite
fuzzy fibers and the polymer matrix. For fibers with a circular
cross-section, it is well known that hexagonal array of packing is
the optimal packing of fibers, and the corresponding maximum
fiber volume fraction is 0.9069. Hence, in the fuzzy fiberreinforced composite, the hexagonal packing array of composite
fuzzy fibers is considered, as shown in Fig. 7, for evaluating the
numerical results. It is also assumed that the radially grown CNTs
are uniformly spaced on the surface of the carbon fiber.
The determination of VCNT in the fuzzy fiber-reinforced composite is an important issue. It is obvious that the constructional
feature of the fuzzy fiber-reinforced composite imposes a constraint on the maximum value of VCNT . Based on the surface-

VCNT
pd2n
¼
FFRC
V
2ðdn þ 1:7Þ2


rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pvf
pﬃﬃﬃ  vf
2 3

(41)

where dn is the diameter of the CNT. The derivation of Eq. (41)
has been presented in the Appendix. It is evident from
pﬃﬃﬃ Eq. (41)
that, when vf ¼ 0, VCNT is zero. Also, when vf ¼ p=2 3 i.e., there
is no polymer matrix nanocomposite, the value of VCNT is zero.
Thus, the maximum value of VCNT will be maximum at a particular value of the vf . Figure 8 illustrates the variation of the maximum value of the CNT volume fraction ðVCNT Þmax present in the
fuzzy fiber-reinforced composite with the carbon p
fiber
ﬃﬃﬃ volume
fraction, while the values of vf vary from 0:1 to p=2 3. It may be
observed from this figure that the value of VCNT is maximized at
vf ¼ 0.24. In what follows, unless otherwise mentioned, the effective thermoelastic properties of the fuzzy fiber-reinforced composite are computed for a particular value of vf , while the maximum
value of VCNT corresponding to this value of vf is used for computing the numerical results.
In order to verify the validity of the micromechanics models
derived in Secs. 2.1 and 2.2, the engineering constants of the
unwound polymer matrix nanocomposite material determined by
these models have been compared with those of the nanocomposite predicted by Liu and Chen [16]. Table 2 illustrates this comparison, and it may be observed that the three sets of results are in
excellent agreement, validating the micromechanics models derived
in this study. This agreement also ensures the validity of the
assumptions adopted for the generalized method of cells approach.
First, the effective thermoelastic properties of the polymer matrix nanocomposite material surrounding the carbon fiber are computed by the models derived in Secs. 2.1 and 2.2. Figures 9 and 10
illustrate the variation of the effective thermal expansion coeffiand aPMNC
of the polymer matrix nanocomposite,
cients aPMNC
1
2
respectively, with the carbon fiber volume fraction. It may be
observed that the thermal expansion coefficients predicted by the
generalized method of cells approach excellently agree with those
predicted by the Mori–Tanaka method for both the temperature
does not vary with the increase in
variations. The value of aPMNC
1
slightly decreases
the temperature deviation, while that of aPMNC
2
with the same. Since the polymer matrix nanocomposite is transversely isotropic with 1–axis as the axis of symmetry, the values
of the polymer matrix nanoof the effective coefficients aPMNC
3
but not precomposite are found to be identical to those of aPMNC
2
sented here. The estimated effective thermoelastic properties of
the polymer matrix nanocomposite are used to compute the effective thermoelastic properties of the composite fuzzy fiber and the
fuzzy fiber-reinforced composite. However, for the sake of brevity, effective thermoelastic properties of the composite fuzzy fiber
are not presented here.

Table 2 Comparison of the engineering constants of the unwound polymer matrix nanocomposite material
E1 =Em
En =Em a
5
10

E2 =Em

v23

v12 , v13

FEM [16]

MOC

MT

FEM [16]

MOC

MT

FEM [16]

MOC

MT

FEM [16]

MOC

MT

1.1948
1.4384

1.1948
1.4384

1.1948
1.4384

1.1737
1.3336

1.0572
1.0782

1.0666
1.0912

0.4204
0.4855

0.3142
0.3314

0.3123
0.3290

0.3
0.3

0.3
0.3

0.3
0.3

a

En ¼ 1000 GPa, vn ¼ 0:3, vm ¼ 0:3, and CNT volume fraction, vn ¼ 0:04871, where En and Em are the Young’s modulus of the CNT and the polymer
matrix, respectively; E1 and E2 are the axial Young’s modulus and the transverse Young’s modulus of the unwound polymer matrix nanocomposite,
respectively; vn and vm are the Poisson’s ratio of the CNT and the polymer matrix, respectively; and v12 and v23 are the axial Poisson’s ratio and the transverse Poisson’s ratio of the unwound polymer matrix nanocomposite, respectively.
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Fig. 9 Variation of the axial CTE (aPMNC
) of the polymer matrix
1
nanocomposite with the carbon fiber volume fraction in the
fuzzy fiber-reinforced composite

Fig. 11 Variation of the axial CTE (a1 ) of the fuzzy fiberreinforced composite with the carbon fiber volume fraction in
the fuzzy fiber-reinforced composite

Fig. 10 Variation of the transverse CTE (aPMNC
) of the polymer
2
matrix nanocomposite with the carbon fiber volume fraction in
the fuzzy fiber-reinforced composite

Fig. 12 Variation of the transverse CTE (a2 ) of the fuzzy fiberreinforced composite with the carbon fiber volume fraction in
the fuzzy fiber-reinforced composite

Figure 11 illustrates the variation of the axial CTE (a1 ) of the
fuzzy fiber-reinforced composite with the carbon fiber volume
fraction. It may be observed that the effective values of a1 predicted by the generalized method of cells approach excellently
agree with those predicted by the Mori–Tanaka method for both
the temperature variations. It may be noted that the radial growing
of CNTs on the carbon fibers does not appreciably influence the
value of a1 of the fuzzy fiber-reinforced composite. Figure 12
depicts the variation of the transverse CTE (a2 ) of the fuzzy fiberreinforced composite with the carbon fiber volume fraction. It
may be noted that, for VCNT 6¼ 0, the effective value of a2 of the
fuzzy fiber-reinforced composite is significantly lower than that of
the composite without
This is attributed to the fact that the
 CNTs.

negative axial CTE an3 of the radially grown CNTs on the surface
fibers
 m of the carbon
 significantly suppresses the positive CTE
a ¼ 66  106 K1 of the polymer matrix, which eventually
lowers the effective value of a2 of the fuzzy fiber-reinforced composite. Although not shown here, the computed effective values of
a3 are found to match identically with that of a2 , corroborating
that the fuzzy fiber-reinforced composite is transversely isotropic
material. It is also important to note that, although the temperature
variation locally affects the values of the CTEs of the polymer
matrix nanocomposite material (Figs. 9 and 10), it does not signif-

icantly influence the effective values of the CTEs of the fuzzy
fiber-reinforced composite. Since the two sets of the effective
thermoelastic properties estimated by the generalized method of
cells approach and the Mori–Tanaka method excellently agree
with each other, as shown in Figs. 9–12, the subsequent results are
estimated by the Mori–Tanaka approach for investigating effect
of temperature deviation on the effective thermal expansion coefficients of the fuzzy fiber-reinforced composite.
Practically, the carbon fiber volume fraction in the composites
can vary typically from 0.3 to 0.7. Hence, to analyze the effect of
temperature deviation on the effective thermal expansion coefficients of the fuzzy fiber-reinforced composite, the four discrete values of the carbon fiber volume fraction are considered as 0.3, 0.4,
0.5, and 0.6. Figures 13 and 14 illustrate the variation of the effective axial CTE (a1 ) and the transverse CTE (a2 ) of the fuzzy fiberreinforced composite with the temperature deviation, respectively,
for different values of carbon fiber volume fraction. It is important
to note from these figures that the temperature deviation has negligible effect on the thermal expansion coefficients of the fuzzy
fiber-reinforced composite. It may also be observed that the
increase in carbon fiber volume fraction in the fuzzy fiberreinforced composite decreases the magnitude of the thermal
expansion coefficients of the fuzzy fiber-reinforced composite.
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axis. The axial thermal expansion coefficient (a1 ) of the fuzzy
fiber-reinforced composite is marginally affected by the radial
growing of CNTs on the carbon fibers. Since the transverse thermal expansion coefficients of the fuzzy fiber-reinforced composite
are significantly reduced, the proposed fuzzy fiber-reinforced
composite will have better thermal stability in the transverse
direction against the delamination failure. The present analysis
may motivate the researchers for constructing this novel composite and serve the purpose of verifying the experimental estimates.

Appendix

Fig. 13 Variation of the axial CTE (a1 ) of the fuzzy fiberreinforced composite with the temperature deviation

Equation (41), as shown in Sec. 3, can be derived as follows.
Referring to Fig. 7, the RVE of the fuzzy fiber-reinforced composite can be considered as an equilateral triangle. Thus, the volume (VFFRC ) of the RVE of the fuzzy fiber-reinforced composite
is given by
pﬃﬃﬃ
3 2
D L
(A1)
VFFRC ¼
4
where D ¼ 2 R. The volume (Vf ) of the carbon fiber is
p
Vf ¼ d 2 L
8

(A2)

where d ¼ 2a. Thus, the carbon fiber volume fraction (vf ) in the
fuzzy fiber-reinforced composite can be expressed as
vf ¼

Vf
V

FFRC

p d2
¼ pﬃﬃﬃ 2
2 3D

(A3)

Using Eq. (A3), the carbon fiber volume fraction (vf ) in the composite fuzzy fiber can be derived as
p 2
d L 2pﬃﬃ3ﬃ
vf ¼ p8
¼
vf
p
D2 L
8
Fig. 14 Variation of the transverse CTE (a2 ) of the fuzzy fiberreinforced composite with the temperature deviation

4

Conclusions

Thermoelastic analysis of the fuzzy fiber-reinforced composite
has been presented in this study. The fuzzy fiber-reinforced composite is composed of the single-walled armchair CNTs, the carbon fibers, and the polymer matrix. The carbon fiber
reinforcements are horizontally aligned, and CNTs are radially
grown on the surfaces of these carbon fibers. An analytical micromechanics model based on the generalized method of cells is
derived to predict the effective thermoelastic properties of a lamina made of this composite. The Mori–Tanaka model is also
derived for validating the assumptions adopted in the generalized
method of cells model. The effective thermoelastic constants of
the fuzzy fiber-reinforced composite predicted by the generalized
method of cells model are found to be in excellent agreement with
those predicted by the Mori–Tanaka model. Effects of temperature deviation on the effective CTEs of the fuzzy fiber-reinforced
composite are found to be negligible; therefore, the fuzzy fiberreinforced composite can be used for structures that require
extreme dimensional stability. Since the CNTs are radially grown
on the circumferential surface of the fiber with its axis normal to
this surface, the transverse thermal expansion coefficients (a2 and
a3 ) of the fuzzy fiber-reinforced composite are significantly
decreased over their values without CNTs. This is attributed to the
fact that the magnitude of the negative thermal expansion coefficient of CNT along its axis is larger than those transverse to its
Journal of Applied Mechanics

(A4)

The maximum number ðNCNT Þmax of radially grown aligned
CNTs on the surface of the carbon fiber is given by
ðNCNT Þmax ¼

pdL
2ðdn þ 1:7Þ2

(A5)



Therefore, the volume VCNT of the CNTs is
p
VCNT ¼ d2n ðR  aÞðNCNT Þmax
4

(A6)

Thus, the maximum volume fraction ðVCNT Þmax of the CNT with
respect to the volume of the fuzzy fiber-reinforced composite can
be determined as
VCNT
pd2n
ðVCNT Þmax ¼ FFRC ¼
V
2ðdn þ 1:7Þ2


rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pvf
pﬃﬃﬃ  vf
2 3

(A7)

Finally, the maximum volume fraction of the CNTs with respect
to the volume of the polymer matrix nanocomposite ðvn Þmax and
with respect to the volume of the composite fuzzy fiber ðvn Þmax
can be determined in terms of ðVCNT Þmax as follows:
pﬃﬃﬃ  2 
D
VCNT
2 3
 2
 ðVCNT Þmax
ðvn Þmax ¼ PMNC ¼
(A8)
p D  d2
V
ðvn Þmax ¼

pﬃﬃﬃ
VCNT 2 3
¼
ðVCNT Þmax
p
VCFF

(A9)

NOVEMBER 2013, Vol. 80 / 061011-9

Downloaded From: http://appliedmechanics.asmedigitalcollection.asme.org/ on 09/13/2013 Terms of Use: http://asme.org/terms

References
[1] Iijima, S., 1991, “Helical Microtubules of Graphitic Carbon,” Nature, 354, pp.
56–58.
[2] Ruoff, R. S., and Lorents, D. C., 1995, “Mechanical and Thermal Properties of
Carbon Nanotubes,” Carbon, 33(7), pp. 925–930.
[3] Treacy, M. M. J., Ebbesen, T. W., and Gibson, J. M., 1996, “Exceptionally
High Young’s Modulus Observed for Individual Carbon Nanotubes,” Nature,
381, pp. 678–680.
[4] Lu, J. P., 1997, “Elastic Properties of Carbon Nanotubes and Nanoropes,” Phys.
Rev. Lett., 79(7), pp. 1297–1300.
[5] Popov, V. N., Van Doren, V. E., and Balkanski, M., 2000, “Elastic Properties
of Single-Walled Carbon Nanotubes,” Phys. Rev. B, 61(4), pp. 3078–3084.
[6] Li, C., and Chou, T. W., 2003, “A Structural Mechanics Approach for the Analysis of Carbon Nanotubes,” Int. J. Solids Struct., 40(10), pp. 2487–2499.
[7] Shen, L., and Li, J., 2004, “Transversely Isotropic Elastic Properties of SingleWalled Carbon Nanotubes,” Phys. Rev. B, 69, p. 045414.
[8] Kirtania, S., and Chakraborty, D., 2007, “Finite Element Based Characterization of Carbon Nanotubes,” J. Reinf. Plast. Compos., 26(15), pp. 1557–1570.
[9] Batra, R. C., and Sears, A., 2007, “Uniform Radial Expansion/Contraction of
Carbon Nanotubes and Their Transverse Elastic Moduli,” Modell. Simul.
Mater. Sci. Eng., 15, pp. 835–844.
[10] Batra, R. C., and Gupta, S. S., 2008, “Wall Thickness and Radial Breathing
Modes of Single-Walled Carbon Nanotubes,” ASME J. Appl. Mech., 75(6),
p. 061010.
[11] Cheng, H. C., Liu, Y. L., Hsu, Y. C., and Chen, W. H., 2009, “AtomisticContinuum Modeling for Mechanical Properties of Single-Walled Carbon
Nanotubes,” Int. J. Solids Struct., 46, pp. 1695–1704.
[12] Tsai, J. L., Tzeng, S. H., and Chiu, Y. T., 2010, “Characterizing Elastic Properties of Carbon Nanotube/Polyimide Nanocomposites Using Multi-Scale Simulation,” Composites, Part B, 41(1), pp. 106–115.
[13] Jia, Z., Wang, Z., Xu, C., Liang, J., Wei, B., Wu, D., and Zhu, S., 1999, “Study
on Poly(Methyl Methacrylate)/Carbon Nanotube Composites,” Mater. Sci. Eng.
A, 271, pp. 395–400.
[14] Haggenmueller, R., Gommans, H. H., Rinzler, A. G., Fischer, J. E., and Winey,
K. I., 2000, “Aligned Single-Wall Carbon Nanotubes in Composites by Melt
Processing Methods,” Chem. Phys. Lett., 330, pp. 219–225.
[15] Odegard, G. M., Gates, T. S., Wise, K. E., Park, C., and Siochi, E. J., 2003,
“Constitutive Modeling of Nanotube-Reinforced Polymer Composites,” Compos. Sci. Technol., 63(11), pp. 1671–1687.
[16] Liu, Y. J., and Chen, X. L., 2003, “Evaluations of the Effective Material Properties of Carbon Nanotube-Based Composites Using a Nanoscale Representative
Volume Element,” Mech. Mater., 35, pp. 69–81.
[17] Lopez Manchado, M. A., Valentini, L., Biagiotti, J., and Kenny, J, M., 2005,
“Thermal and Mechanical Properties of Single-Walled Carbon NanotubesPolypropylene Composites Prepared by Melt Processing,” Carbon, 43(7), pp.
1499–1505.
[18] Gao, X. L., and Li, K., 2005, “A Shear-Lag Model for Carbon NanotubeReinforced Polymer Composites,” Int. J. Solids Struct., 42, pp. 1649–1667.
[19] Seidel, G. D., and Lagoudas, D, C., 2006, “Micromechanical Analysis of the
Effective Elastic Properties of Carbon Nanotube Reinforced Composites,”
Mech. Mater., 38, pp. 884–907.
[20] Ray, M. C., and Batra, R. C., 2009, “Effective Properties of Carbon Nanotube
and Piezoelectric Fiber-Reinforced Hybrid Smart Composites,” ASME J. Appl.
Mech., 76(3), p. 034503.
[21] Tans, S. J., Verschueren, A. R. M., and Dekker, C., 1998, “Room-Temperature
Transistor Based on a Single Carbon Nanotube,” Nature, 393(6680), pp. 49–52.
[22] Bachtold, A., Hadley, P., Nakanishi, T., and Dekker, C., 2001, “Logic Circuits
With Carbon Nanotube Transistors,” Science, 294(5545), pp. 1317–1320.
[23] Derycke, V., Martel, R., Appenzeller, J., and Avouris, Ph., 2001, “Controlling
Doping and Carrier Injection in Carbon Nanotube Transistors,” Appl. Phys.
Lett., 80(15), pp. 2773–2775.
[24] Leonard, F., and Tersoff, J., 2002, “Multiple Functionality in Nanotube Transistors,” Phys. Rev. Lett., 88(25), p. 258302.
[25] Bandow, S., 1997, “Radial Thermal Expansion of Purified Multiwall Carbon
Nanotubes Measured by X-Ray Diffraction,” Jpn. J. Appl. Phys., Part 2,
36(10B), pp. 1403–1405.
[26] Yosida, Y., 2000, “High-Temperature Shrinkage of Single-Walled Carbon
Nanotube Bundles Up to 1600K,” J. Appl. Phys., 87(7), pp. 3338–3341.
[27] Maniwa, Y., Fujiwara, R., Kira, H., Tou, H., Kataura, H., Suzuki, S., Achiba,
Y., Nishibori, E., Takata, M., Sakata, M., Fujiwara, A., and Suematsu, H.,
2001, “Thermal Expansion of Single-Walled Carbon Nanotube (SWCNT) Bundles: X-Ray Diffraction Studies,” Phys. Rev. B, 64(24), p. 241402.
[28] Jiang, H., Liu, B., Huang, Y., and Hwang, K. C., 2004, “Thermal Expansion of
Single Wall Carbon Nanotubes,” ASME J. Eng. Mater. Technol., 126(3), pp.
265–270.

061011-10 / Vol. 80, NOVEMBER 2013

[29] Kwon, Y., Berber, S., and Tomanek, D., 2004, “Thermal Contraction of Carbon
Fullerenes and Nanotubes,” Phys. Rev. Lett., 92(1), p. 015901.
[30] Bower, C., Zhu, W., Jin, S., and Zhou, O., 2000, “Plasma-Induced Alignment
of Carbon Nanotubes,” Appl. Phys. Lett., 77(6), pp. 830–832.
[31] Qian, D., Dickey, E. C., Andrews, R., and Rantell, T., 2000, “Load Transfer
and Deformation Mechanisms in Carbon Nanotube-Polystyrene Composites,”
Appl. Phys. Lett., 76(20), pp. 2868–2870.
[32] Zhao, Z. G., Ci, L. J., Cheng, H. M., and Bai, J. B., 2005, “The Growth of
Multi-Walled Carbon Nanotubes With Different Morphologies on Carbon
Fibers,” Carbon, 43, pp. 651–673.
[33] Veedu, V. P., Cao, A., Li, X., Ma, K., Soldano, C., Kar, S., Ajayan, P. M., and
Ghasemi-Nejhad, M. N., 2006, “Multifunctional Composites Using Reinforced
Laminae With Carbon-Nanotube Forests,” Nature Mater., 5, pp. 457–462.
[34] Qiu, J., Zhang, C., Wang, B., and Liang, R., 2007, “Carbon Nanotube Integrated
Multifunctional Multiscale Composites,” Nanotechnology, 18, p. 275708.
[35] Mathur, R. B., Chatterjee, S., and Singh, B. P., 2008, “Growth of Carbon
Nanotubes on Carbon Fiber Substrates to Produce Hybrid/Phenolic Composites
With Improved Mechanical Properties,” Compos. Sci. Technol., 68, pp.
1608–1615.
[36] Garcia, E. J., Wardle, B. L., Hart, A. J., and Yamamoto, N., 2008, “Fabrication
and Multifunctional Properties of a Hybrid Laminate With Aligned Carbon
Nanotubes Grown In Situ,” Compos. Sci. Technol., 68(9), pp. 2034–2041.
[37] Zhang, Q., Liu, J., Sager, R., Dai, L., and Baur, J., 2009, “Hierarchical Composites of Carbon Nanotubes on Carbon Fiber: Influence of Growth Condition on
Fiber Tensile Properties,” Compos. Sci. Technol., 69(5), pp. 594–601.
[38] Ray, M. C., Guzman de Villoria, R., and Wardle, B. L., 2009, “Load Transfer
Analysis in Short Carbon Fibers With Radially-Aligned Carbon Nanotubes Embedded in a Polymer Matrix,” J. Adv. Mater., 41(4), pp. 82–94.
[39] Xiao, J., Dunham, S., Liu, P., Zhang, Y., Kocabas, C., Moh, L., Huang, Y.,
Hwang, K. C., Lu, C., Huang, W., and Rogers, J. A., 2009, “Alignment Controlled Growth of Single-Walled Carbon Nanotubes on Quartz Substrates,”
Nano Lett., 9(12), pp. 4311–4319.
[40] Ray, M. C., 2010, “Concept for a Novel Hybrid Smart Composite Reinforced
With Radially Aligned Zigzag Carbon Nanotubes on Piezoelectric Fibers,”
Smart Mater. Struct., 19, p. 035008.
[41] Ray, M. C., 2010, “A Shear Lag Model of Piezoelectric Composite Reinforced
With Carbon-Nanotubes-Coated Piezoelectric Fibers,” Int. J. Mech. Mater.
Des., 6(2), pp. 147–155.
[42] Kundalwal, S. I., and Ray, M. C., 2011, “Micromechanical Analysis of
Fuzzy Fiber-Reinforced Composites,” Int. J. Mech. Mater. Des., 7(2), pp.
149–166.
[43] Chatzigeorgiou, G., Efendiev, Y., and Lagoudas, D. C., 2011, “Homogenization
of Aligned “Fuzzy Fiber” Composites,” Int. J. Solids Struct., 48, pp.
2668–2680.
[44] Aboudi, J., 1995, “Micromechanical Analysis of Thermo-Inelastic Multiphase
Short-Fiber Composites,” Compos. Eng., 5(7), pp. 839–850.
[45] Mallik, N., and Ray, M. C., 2003, “Effective Coefficients of Piezoelectric
Fiber-Reinforced Composites,” AIAA J., 41(4), pp. 704–710.
[46] Li, C., and Chou, T. W., 2003, “Multiscale Modeling of Carbon Nanotube Reinforced Polymer Composites,” J. Nanosci. Nanotechnol., 3, pp. 423–430.
[47] Li, Y., Waas, A. M., and Arruda, E. M., 2011, “A Closed-Form, Hierarchical,
Multi-Interphase Model for Composites–Derivation, Verification and Application to Nanocomposites,” J. Mech. Phys. Solids, 59, pp. 43–63.
[48] Li, Y., Waas, A. M., and Arruda, E. M., 2011, “The Effects of the Interphase
and Strain Gradients on the Elasticity of Layer by Layer (LBL) Polymer/Clay
Nanocomposites,” Int. J. Solids Struct., 48, pp. 1044–1053.
[49] Mori, T., and Tanaka, K., 1973, “Average Stress in Matrix and Average Elastic
Energy of Materials With Misfitting Inclusions,” Acta Metall., 21(5), pp.
571–574.
[50] Qui, Y. P., and Weng, G. J., 1990, “On the Application of Mori-Tanaka’s
Theory Involving Transversely Isotropic Spheroidal Inclusions,” Int. J. Eng.
Sci., 28(11), pp. 1121–1137.
[51] Laws, N., 1973, “On the Thermostatics of Composite Materials,” J. Mech.
Phys. Solids, 21(1), pp. 9–17.
[52] Li, J. Y., and Dunn, M. L., 1998, “Anisotropic Coupled-Field Inclusion and
Inhomogeneity Problems,” Philos. Mag. A, 77(5), pp. 1341–1350.
[53] Honjo, K., 2007, “Thermal Stresses and Effective Properties Calculated for
Fiber Composites Using Actual Cylindrically-Anisotropic Properties of Interfacial Carbon Coating,” Carbon, 45(4), pp. 865–872.
[54] Villeneuve, J. F., Naslain, R., Fourmeaus, R., and Sevely, J., 1993,
“Longitudinal/Radial Thermal Expansion and Poisson Ratio of Some Ceramic
Fibers as Measured by Transmission Electron Microscopy,” Compos. Sci.
Technol., 49(1), pp. 89–103.
[55] Peters, S, T., 1998, Handbook of Composites, Chapman and Hall, London.
[56] Shen, H, S., 2001, “Hygrothermal Effects on the Postbuckling of Shear Deformable Laminated Plates,” Int. J. Mech. Sci., 43(5), pp. 1259–1281.

Transactions of the ASME

Downloaded From: http://appliedmechanics.asmedigitalcollection.asme.org/ on 09/13/2013 Terms of Use: http://asme.org/terms

