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a b s t r a c t
This paper presents modeling and analysis of coiled carbon nanotube (CCNT) reinforced polymer nanocomposites. A new algorithmic representative volume element (RVE) generation method and an RVE based ﬁnite element analysis are proposed to predict the elastic properties of CCNT nanocomposites. The elastic properties of
CCNT polymer nanocomposites are studied with respect to their interphase, volume fraction, orientation, number
of coils and geometrical variations such as tube diameter, coil diameter and helix angle using the proposed ﬁnite
element analysis. The results show that the elastic moduli of randomly and unidirectionally dispersed CCNT
nanocomposites decrease when the coil tube or the coil diameter increases. In addition, reinforcement ratio increases by increasing the number of coils. It was also observed that single walled carbon nanotube (SWCNT)
ﬁllers have better reinforcement compared to CCNT inclusions with the same volume to surface area ratio.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
In recent years the development of new composite materials is of a
great importance in various engineering applications. Numerous research studies have been carried out for improving various aspects of
these materials, in particular, their quality and functionality. Different
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types of nanomaterials as ﬁller have been used to promote the mechanical, thermal and electrical characteristics of nanocomposite materials.
Especially, carbon-based nanomaterials including graphene sheets [1–
3], carbon nanotubes (CNTs) [4,5], carbon nanocones [6,7], CNT based
network [8,9] and coiled CNTs (CCNTs) [10–13] are receiving tremendous attention in the ﬁeld of nanotechnology.
Among carbon nanostructures, a great deal of interest has been recently focused on CCNTs due to their speciﬁc mechanical and electrical
properties which stem from the speciﬁc helical structures in
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combination with CNTs unique properties [13]. The mechanical properties of CCNTs are studied by a number of researchers. Chen et al. experimentally characterized the mechanics of coiled carbon nanotubes by
clamping a CCNT between two AFM cantilevers while a tensile force
was applied up to a maximum value. They showed that the spring constant of CCNTs achieved from experimental data are in a good agreement with their analytical model [14]. The optimum conditions for
various possible structural conﬁgurations of CCNTs were also studied
by Chuang et al. [15]. The effective elastic properties of composites of
helical ﬁllers in an elastic matrix were studied in [16], by implementing
the superposition of fundamental solutions for the matrix and the constitutive equations for the ﬁllers. The geometry of ﬁllers considered in
this study was limited to the regular shapes.
Molecular mechanics and molecular dynamics are used to study the
elastic, plastic, vibration, spring constants, shear modulus and fracture
of CCNTs [17–23]. It is well known that geometry, additive concentrations and properties are the main factors affecting the reinforcement
of nanocomposite materials. Wang et al. employed molecular dynamics
to differentiate the mechanical properties of the CNTs with the CCNTs
where compression, tension, re-compression, re-tension and pullout
from a polyethylene matrix were evaluated in [24]. They concluded
that CCNTs can be regarded as a suitable ﬁller for tough and lightweight
nanocomposites.
The synthesis methods and the applications of CCNTs as ﬁllers in
composites were investigated by [25,26]. They reviewed the synthesis
procedures of CCNTs and the advantage of a tighter bond with the composite matrix which can result in a variety of engineering applications.
Owing to speciﬁc geometry of CCNTs, the authors believed that mechanical strength and fracture toughness of the nanocomposite can be substantially enhanced. This unique property can exist even in the
absence of any chemical bonding between the CCNT ﬁllers and the
matrix.
Several approaches have been used to study the mechanical properties of nanocomposite materials. Since most of the analytical methods
for describing the randomly dispersed nanocomposites are not sufﬁciently precise and they require long times and costly equipment, computational methods are commonly used to analyze the behavior of
nanocomposite materials. Multi-scale modeling, molecular dynamics
(MD), molecular mechanics (MM) and continuum mechanics are
some of the commonly used methods for modeling of nanocomposite
materials. However, MD simulation methods are not applicable to
every model due to the complexity of model dimension and the extensive time consuming nature of this method. Because of that, most of the
MD simulations of nanocomposite materials are restricted to those
models which include only a single reinforcement in the matrix of the
composite while in reality, nanocomposites can encompass nanoﬁllers
with many different shapes, sizes and a wide variety of orientations

and arbitrary distributions. Therefore, MD methods are not always suitable for identiﬁcation and prediction of mechanical properties of nanocomposites. Continuum mechanics; however, is more efﬁcient in
characterization of the material properties when the model is more
complex. In addition, the knowledge of stress-strain behavior at the
boundaries of a representative volume element (RVE) is adequate to accurately characterize the nanocomposites [27]. Finite element analyses
(FEA) have been used to determine the mechanical properties of carbon
based polymer nanocomposites [28], in particular, the effect of interphase [29–31] and the dispersion of SWCNTs on the properties of nanocomposites [32–37].
A CCNT is a helical form of a CNT (Fig. 1) with several geometrical parameters such as tube diameter dc, coil diameter Dc, length of coil tube lc,
coiled length Lc, helix angle γ and number of pitch Nc in comparison to a
CNT that only has two effective parameters ls and ds. When used as a ﬁller, all of these geometrical parameters could affect the overall mechanical properties of a nanocomposite. A recently published study [24–26]
showed that composites reinforced by CCNTs would be good potential
candidates for lightweight and tough nanocomposites. To the best of
our knowledge, there is no numerical study to evaluate effective mechanical properties based on different morphology and random distribution of CCNT inside polymer nanocomposite. Thus, we are
presenting a numerical study based on FE analysis to investigate the effect of different geometrical and intrinsic parameters of CCNTs incorporated in a polymer matrix. To determine whether CCNTs could be
considered as an alternative to CNTs in polymer nanocomposites for
their mechanical properties, we developed an algorithm to compare
the effect of changing ﬁller geometry from the case of SWCNTs to
CCNTs. Our proposed model is capable of including interphase effect
of polymer/CCNTs in determination of the mechanical response of the
system.
In Section 2, an RVE generation algorithm is presented to construct
the FE model of randomly dispersed SWCNTs and CCNTs in a polymeric
composite. The effective mechanical properties of the designed nanocomposites are evaluated using the developed FEA by changing their
ﬁller geometry. Section 3 presents the results obtained from analysis
of the models. Our conclusive remarks of the developed study are presented in Section 4.
2. Nanocomposite modeling
2.1. RVE construction
This research work is aimed to evaluate the elastic properties of
CCNT nanocomposites by considering their volume fraction, geometry
and orientation of CCNTs. A ﬁnite element analysis is developed as a
computational framework for this study with the following steps: (i)

Fig. 1. (a) geometrical parameters and equivalent solid ﬁber model of a CCNT (b) geometrical parameters and equivalent solid ﬁber model of a CCNT.

N. Khani et al. / Materials and Design 109 (2016) 123–132

modeling RVEs with a custom algorithm in a Computer Aided Design
(CAD) system (ii) generating an ANSYS-APDL script ﬁle by using the developed algorithm, (iii) constructing the RVE model in ANSYS-APDL and
exporting the model to ANSYS workbench to mesh the generated RVE,
and (iv) importing FE model to ANSYS-APDL to analyze and evaluate
the results.
An algorithm in CAD environment has been developed for generating CNT and CCNT networks inside a cubic-shaped volume element.
Fig. 2 shows the ﬂowchart of the developed algorithm for constructing
RVEs with randomly distributed nanoﬁllers.
Modeling of random CNTs and CCNTs inside the polymer matrix is
based on a modiﬁed Random Sequential Adsorption (RSA) algorithm
which is commonly used for short ﬁber composite analysis [38].Number
of ﬁllers, Nc have been selected by a sensitivity analysis that will be explained in results and discussion Section 3.1 and the size of RVE are calculated based on volume fraction, size and number of ﬁllers. The
algorithm (Fig. 2) is used for generating a representative volume element (RVE) by stepwise addition of cylindrical nanoﬁbers with randomly generated start point and a speciﬁed length. To determine the
direction of each ﬁber in 3D space, a vector was randomly generated.
To avoid any intersection between nanoﬁllers, a collision detection algorithm is also used. Hence, a newly generated candidate ﬁber is accepted
if it does not intersect with any previously generated ﬁllers. To create
the RVE with appropriate volume fraction and also preserving periodic
RVE, parts of the ﬁllers which go beyond the boundaries of the RVE,
are moved to the appropriate opposite faces of RVE and again are
checked for any intersections. For CCNT ﬁllers, the procedure is the
same except the nanoﬁllers' geometry is changed to CCNTs. To generate
random CCNT ﬁllers, a parametric helix equation along a random direction vector is generated ﬁrst. The generated helix is then evaluated with
200 points as shown in Fig. 3. Finally, a B-spline curve is ﬁtted through
the points to generate a parametric curve model. It should be noted
that ANSYS-APDL only support B-spline curve and the maximum series
of points for curve ﬁtting can be at most 200. At the start point of the
helix B-spline curve, a circular edge with a dimeter dc is swept along
the curve to generate a CCNT solid ﬁller as shown in Fig. 3.
2.2. Properties and continuum ﬁnite element modeling of nanocomposite
Several studies have been reported that SWCNT can be assumed as a
truss, shell, equivalent continuum model [32,37] and an equivalent solid
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ﬁber model [31,32,37]. The CNTs are not generally isotropic materials
and their mechanical behaviors differ in axial and transverse directions.
However, isotropic material models can give a reasonable approximation. Many researchers used isotropic model in their studies in general
[37] and modeling of nanocomposite materials in particular [28,32].
The former has been proved that the isotropic models also provide reasonable outcomes comparable with experimental data, especially for
small deformations [31], while the latter consideration is reasonably
correct for the load-bearing nanocomposites. In this research, an equivalent solid ﬁber model with isotropic and linear elastic behavior has
been used to model SWCNT and CCNT. The elastic modulus is calculated
by applying a force to a SWCNT and solid ﬁber model in an isostrain condition [39]. For the equivalent solid ﬁber of CCNTs, we assume that the
CCNT is a straight SWCNT and the elastic modulus is calculated based
on [31]. Fig. 1 demonstrates the effective solid ﬁber model of a CCNT
and SWCNT. The load transfer mechanism between the matrix and the
nanoﬁller is due to the existence of an interphase. Several research studies [30,40,41] have been developed to evaluate the interphase effect on
elastic modulus of nanocomposites. The real nature of interface is more
complex than perfect bonding between the ﬁller and matrix. Actually,
there is an angstrom-scale free space between them and a part of the
polymer matrix near the ﬁller shows different behavior than the polymer bulk. However, modeling of free space by FEM would result in the
appearance of some singularities in the matrices. In the case of the random dispersion of inclusions, modeling of interphase by considering the
free space assumption would be computationally costly. Thus, we assumed a solid continuum model with constant interphase thickness
which has a perfect bounding with a ﬁller and polypropylene (PP) matrix [31]. The continuum model can also be used for a polypropylene
matrix based on the experimental data reported in [42]. Table 1 shows
the mechanical properties assumed for the composite components.
Meshing an RVE with CCNT ﬁllers using ANSYS-APDL is difﬁcult to
perform because of the mesh distortion and tangling. To solve this problem, the generated models are exported to ANSYS workbench ﬁrst for
meshing and then the mesh ﬁles are used in ANSYS-APDL environment
to solve and analyze the results. Fig. 4(a) shows the different phases of
the RVE and the FE model with random network of SWCNT ﬁllers
while Fig. 4(b) presents the same model with a random network of
CCNT ﬁllers.
In addition to random dispersion of inclusions, in this research the
effect of alignment of ﬁllers is also studied for different parameters of

Fig. 2. Flowchart of the generation of RVE.
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Fig. 3. Generation of CCNT ﬁbers.

CCNTs. Fig. 5 shows a RVE with unidirectional ﬁllers for evaluating
longitudinal and transverse elastic modulus of the designed
nanocomposites.
2.3. Boundary conditions
The periodic volume element in Fig. 6 allows the implementation of
periodic boundary conditions (PBC). Simulation of the real deformation
relative to the displacement can be precisely performed by imposing
PBC on the volume element. Under these circumstances, the conditions
on the displacements or stresses are coupled with the displacements of
each point located on the parallel opposite sides. PBC can be written as
[43]:
þ

k

−

uðxÞ−k uðxÞ¼0 εΔk x

ð1Þ

where u and x are the displacement and the position vectors respectively, 0ε is a constant strain tensor which represents the macroscopic
behavior of a volume element and Δkx is a constant distance vector between the pairs of opposite surfaces k+ and k−. In order to apply PBC on
a volume element, identical meshes are required on the opposite sides
where the constraint equations must be applied between the opposite
nodal pairs [44].
However, Periodic Boundary Condition is difﬁcult to apply due to its
high numerical cost [44]. On the other hand, uniform displacementtraction (orthogonal mixed) BC (MUBC) [45] in most cases cannot
give the full elasticity tensor. Pahr and Zyssis [43] developed special
MUBC and these BC were applied to a biological random and porous medium. These mixed BC were able to accurately render the tensors of
nearly orthotropic samples giving the same overall elastic properties
of perfectly orthotropic volume elements as close as periodic BC. Because of this, the method is considered as periodic compatible MUBC
(PMUBC). The advantage of PMUBC is that they are also applicable to
non-periodic inhomogeneous media and have lower numerical costs
as PBC [28].
PMUBC need at least periodic micro geometries of orthotropic or
higher elastic symmetry. Pahr and Bohm [46] studied the full elasticity
tensor of the composites reinforced with randomly dispersed cylindrical

CNT
PP

Poisson
ratio

1250
1.98

0.3
0.42

Interphase 0.99, 3.96

0.42

2.4. Micromechanics
Several micromechanics methods have been used for predicting the
elastic properties of composite materials. For veriﬁcation purpose, the
ﬁnite element simulation results with SWCNT inclusions are compared
to the micromechanical methods based on the Mori–Tanaka and
Halpin–Tsai methods. Those methods are explained in the following
sections brieﬂy. Also the FEM results (SWCNT and CCNT composite)
are checked to see if they meet the classical Hashin-Shtrikman bounds.
2.4.1. Hashin-Shtrikman bounds
Hashin and Shtrikman [47] developed models in which the geometry of the reinforcements was not considered as a limiting factor and
the models were based on macroscopical isotropy and quasi-homogeneity of a composite. They assumed a homogeneous and isotropic reference material in which the constituents were dispersed. Taking the
stiffness of a reference material with respect to the stiffness of reinforcements, the upper and lower bounds can be given as:


K uc ¼ K f þ 1−ν f



3ν f
1
þ
K m −K f 3K f þ 4G f

−1


 −1
3 1−ν f
1
þ
K f −K m 3K m þ 4Gm

ð2Þ


K lc ¼ K m þ ν f

Guc



¼ G f þ 1−ν f



"


 #−1
6ν f K f þ 2G f
1


þ
Gm −G f 5G f 3K f þ 4G f



−1
6 1−ν f ðK m þ 2Gm Þ
1
þ
5Gm ð3K m þ 4Gm Þ
G f −Gm

ð3Þ

ð4Þ



Table 1
Mechanical properties of composite component.
Young's
modulus(GPa)

ﬁbers and represented with periodic volume elements by considering
PBC and PMUBC. Their work conﬁrmed that results of PMUBC are very
close to ones from PBC. In addition, PMUBC are not based on compatible
meshes on the parallel faces. Therefore, due to the simplicity in terms of
meshing, we have applied PMUBC to the volume elements in this work.
Based on notation presented by [43] (see Fig.7), six independent uniform strain load cases are applied to the boundary vectors presented
in Table 2 [43]. Stress/strain volume averaging method is used to compute the overall stiffness matrix from the ﬁnite element stress/strain
results.

Glc
Size
Diameter = 25 nm
Depends on size and number of
ﬁllers
Thickness = 20 nm

¼ Gm þ ν f

ð5Þ

where Kf is the bulk modulus of the ﬁller, Gf is the shear modulus of the
ﬁller, Km is the bulk modulus of the matrix, Gm is the shear modulus of
the matrix, Kc is the bulk modulus of the composite, Gc is the shear modulus of the composite, and superscripts “u” and “l” refer to the upper and
lower bounds respectively.
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Fig. 4. RVE construction with randomly oriented ﬁllers, interphases, matrix, RVE and FE model (a) CNT-composite; (b) CCNT-composite.

2.4.2. Halpin–Tsai
Halpin and Tsai developed a theory to evaluate the stiffness of composites as a function of aspect ratio [48]. This theory is based on the
works of Hermans [49] and Hill [50] where the form of Hill's self-consistent theory was generalized by considering a single ﬁber incorporated
in a cylindrical matrix that is embedded in an inﬁnite medium. The medium itself was assumed to have average properties of a composite.
Halpin and Tsai simpliﬁed Herman’s' results to analytical form that
could be used for a number of reinforcement geometries. The overall
composite moduli Ec can be written by:
l
1 þ 2 ην f
d
Ec ¼
1−ην f

η¼

Ef
−1
Em
Ef
l
þ2
α
d
Em
α

Fig. 5. Composite reinforced by coiled nanotubes with aligned axes.

ð6Þ

where l, d, vf, and α are the length, diameter, reinforcement volume
fraction and the orientation of the inclusions respectively. Also, Ef, Em,
and Ec are the elastic modulus of the reinforcement, polymeric matrix
and the composite respectively.

2.4.3. Mori-Tanaka
Mean ﬁeld micromechanics methods can be very useful for the investigation of the effective mechanical properties of composites. The
formulation of the mean ﬁeld approach depends on the inclusion concentration tensors that make a connection between inclusions' averaged ﬁelds in a matrix and the corresponding macroscopic ﬁelds. The
Mori–Tanaka (MT) approach approximates the behavior of composites

ð7Þ

Fig. 6. Periodic volume element for CCNT-composite.
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orientation of particles inside an RVE, the Mori-Tanaka model must represent the integrals from all the directions. For the fourth order tensors,
the volume average can be written by [35]:

■¼

1
4π

Z

2π Z π
0

0

Q mi Q ni ■mnpq Q pk Q qI sinθ dθ d∅

ð13Þ

Here the braces denote the average over all possible orientations, θ
and ∅ are Euler's angles between the local and global coordinate systems and Q is the corresponding transform matrices. Finally, the
Mori–Tanaka macroscopic effective stiffness C(c) tensor of the composite with randomly oriented inclusions can be written by [56]:

C ðC Þ ¼

h
ih
i


ðiÞ 
ðiÞ −1
1−ν f C ðmÞ þ ν f C ðiÞ Adil 1−ν f I þ ν f Adil

ð14Þ

Fig. 7. Notation of the faces for identifying load cases [43].

3. Results and discussion
that contain reinforcements at non-dilute volume fractions via dilute inhomogeneities that are subjected to effective matrix ﬁelds rather than
the macroscopic ﬁelds [51]. These effective ﬁelds account for the perturbations caused by all other reinforcements in a mean-ﬁeld sense [52].
Benveniste [53] expressed the MT methods for elastic composites by
the following dual relations:
ðiÞ

ðiÞ

ðmÞ

hσ iðiÞ ¼ Bdil hσ iðmÞ ¼ Bdil BMT hσ i
ði Þ

hεi

¼

ði Þ
Adil hεiðmÞ

¼

(i)

ð8Þ

ðiÞ ðmÞ
Adil AMT hεi
(m)

(i)

ð9Þ
(m)

where 〈σ〉 , 〈σ〉 ,〈ε〉 and 〈ε〉 are the averaged stress and strain
tensors of the inclusion and matrix phases, respectively. 〈σ〉 and 〈ε〉 are
ðiÞ

ðiÞ

macroscopic second order stress and strain tensors, Adil, Bdil stand for the
ðmÞ

ðmÞ

inclusion dilute and AMT , BMT stand for MT matrices; forth order strain
and stress concentration tensors. The Mori-Tanaka stress concentration
tensors of the inclusion and matrix can be expressed by:
h
i

ðiÞ
ði Þ 
ðiÞ −1
AMT ¼ Adil 1−ν f I þ ν f Adil
ðmÞ

AMT ¼

h

ð10Þ

i

ðiÞ −1
1−ν f I þ ν f Adil

ð11Þ

where vf is the inclusion volume fraction and I is the forth order
ðiÞ

identity tensor. The dilute inclusion concentration tensor, Adil ;can be obtained in analogy to Hill's [54] expression as:


−1 
−1
ðiÞ
Adil ¼ I þ S C ðmÞ
C ðiÞ −C ðmÞ

ð12Þ

where S is the Eshelby tensor [55], C(m) and C(i) are the stiffness tensors of matrix and inclusion respectively. Because of the random

In Section 3.1 the results of the sensitivity analysis are provided. The
effects of volume fraction and interphase on elastic moduli are
discussed in Section 3.2. Finally, the results of a parametric study on
the effects of CCNTs geometry on elastic and shear moduli are provided
in Sections 3.3 and 3.4. Table 3 lists the effective design parameters and
their values which have been used in Sections 3.3 and 3.4.
3.1. RVE size and number of nanoﬁllers
Fig. 8(a) and (b) show the relative elastic modulus of the composite
for varying sizes of representative volume element for SWCNT and
CCNT ﬁllers with an aspect ratio of 30 and the helix angle of 50° with
1% volume concentration and equal volume size. Six simulations in
which the ﬁllers were dispersed under different initial conﬁgurations
were performed to identify the optimum number of ﬁllers. For a given
volume fraction, any increase in the number of ﬁllers will lead to higher
RVE sizes. In addition, the error bands will decrease and ﬁnally converge
to an error less than 1%. Fig. 8(a) clearly shows that the variation error
bands are sufﬁciently small to justify the RVE size for around 60 ﬁllers.
In the case of SWCNT, 35 number of ﬁllers are enough to minimize the
variation of error bands.
Therefore, the RVE size is a function of the number of ﬁllers and the
number of ﬁllers is strongly dependent on the ﬁllers' geometries. Because of the periodic RVEs used, the integrity of CCNTs in a given RVE
can decrease dramatically. To compensate this decrease and to achieve
more convergent response of the volume element, a higher number of
CCNTs are required compare to SWCNTs. In the other words, due to
the large diameter of the coil and curvy structure of CCNTs, the probability of division of CCNTs at the edges and the faces of the RVEs into several fragments are higher compared to the case for CNTs. In order to
have a reliable simulation, the number of ﬁllers for all SWCNTs and
CCNTs are set to 100. More details about the number of ﬁllers and RVE
can be found in [57].

Table 2
Matrixes of boundary vectors for six load cases [43].
Tensile 1

e1
e2
e3

Tensile 2

Tensile 3

Shear 12

Shear 13

Shear 23

E

N

T

E

N

T

E

N

T

E

N

T

E

N

T

E

N

T

u1 ≠ 0
t2 = 0
t3 = 0

t1 = 0
u2 = 0
t3 = 0

t1 = 0
t2 = 0
u3 = 0

u1 = 0
t2 = 0
t3 = 0

t1 = 0
u2 ≠ 0
t3 = 0

t1 = 0
t2 = 0
u3 = 0

u1 = 0
t2 = 0
t3 = 0

t1 = 0
u2 = 0
t3 = 0

t1 = 0
t2 = 0
u3 ≠ 0

t1 = 0
u2 ≠ 0
u3 = 0

u1 ≠ 0
t2 = 0
u3 = 0

t1 = 0
t2 = 0
u3 = 0

t1 = 0
u2 = 0
u3 ≠ 0

t1 = 0
u2 = 0
t3 = 0

u1 ≠ 0
u2 = 0
t3 = 0

u1 = 0
t2 = 0
t3 = 0

u1 = 0
t2 = 0
u3 ≠ 0

u1 = 0
u2 ≠ 0
t3 = 0
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3.3. Effect of CCNT geometry

Table 3
Geometrical features for parametric study.
CCNTs geometrical features
Case study

γ (°)

Nc

dc (nm)

Dc(nm)

γ (°)
Nc
dc (nm)
Dc (nm)

20, 50, 90
50
50
Varies

Varies
10, 15, 20
10
10

25
25
15, 20, 25
25

Varies
50
50
50, 75, 100

3.2. The effects of volume fraction and interphase
The ﬁnite element simulation results for CNT composites are summarized in Fig. 9(a) and compared to the theoretical calculations to verify the simulations. The results show that the theoretical calculations
overestimated the elastic modulus compared to the ﬁnite element
method. It shows that the FE predictions have a similar trend compared
to theoretical ones whereas higher values were predicted by the HalpinTsai method. The Mori-Tanaka predictions are slightly higher than the
FE ones. The intensity of a reinforcement in a composite material is
mostly dependent on the ﬁller geometry. This is due to the fact that in
composite materials, the force is transferred between matrix and ﬁllers
through their contacting surfaces. Therefore, for a constant volume, it is
anticipated that the ﬁllers with higher surface areas yield higher reinforcement effects. Because a CCNT is a curvy form of a CNT, we compare
the CCNT to the CNT with a same volume to show the effect of changing
straight CNT to coiled form of CNT (CCNT) for a better understanding of
the CCNT reinforcement. For comparison, Eq. (15) is used to equate the
volumes of a SWCNT and CCNT:
2

π  ds
π  Dc π  dc
 ls ¼ N c 

4
cosγ
4

129

2

ð15Þ

Taking Dc = 50 nm, dc = 25 nm, γ = 50°, ls = 750 nm and ds =
25 nm in Eq. (15), the number of coils would be equal to 2.41. Thus, considering the same surface area to volume ratio for both SWCNT and
CCNT is more meaningful to show their reinforcement effects on nanocomposites. Fig. 9(b) shows the variation of the relative Young's modu
lus ðEc Em Þ of the SWCNT- composite and CCNT- composite with a soft
and a hard interphase and the mentioned geometrical parameters. The
results show that the reinforcement of SWCNT using the same surface
to volume ratio is better than the CCNT reinforcement. Fig. 9(b) also

shows that a stiff interphase ðEi Em ¼ 2Þ for both SWCNT and CCNT
slightly increases the elastic modulus of composites while a soft inter
phase ðEi Em ¼ 0:5Þ decreases the reinforcement ratio. It can be concluded that SWCNT composites have a better reinforcement than Coiled
SWCNT ones at the same surface to volume ratio.

This section illustrates the effects of different geometrical parameters of CCNT on the elastic properties of CCNT composites with randomly oriented ﬁllers. A soft interphase and 1% volume fraction are used for
all the simulations. Fig. 10(a) shows the variation of different helix angle
of a CCNT from coiled ﬁller to perfect straight one; starting from γ = 20°
to γ = 90° by keeping the surface to volume ratio constant. The three
designs of ﬁllers in Fig. 10(a) represent geometries with varying Dc,
Nc, and γ, while the diameter of coil tube (dc) and the length of the ﬁllers
(lc) were kept constant. By doing so, the total volume and consequently
the surface of each ﬁllers would be the same even by changing the mentioned parameters. The same volume of ﬁllers with different geometries
led to the same volume element sizes. As shown in Fig. 10(a), the values
of elastic properties increase with an increasing helix angle. In other
words, the higher the helix angle, the higher the elastic and shear moduli is for a constant volume of ﬁllers. Fig. 10(b) shows the effect of number of coils on the elastic properties of the composite with a constant
surface to volume ratio of the ﬁllers. While keeping all the other parameters the same with Dc = 50 nm, dc = 25 nm, γ = 50°, the number of
CCNTs, Nc, is changed from 10 to 20. The results in Fig. 10(b) show
that by increasing the number of coils in CCNT, the elastic and the
shear moduli increased.
Fig. 10(c) shows the effect of diameter of coil tube dc on elastic moduli by changing dc from 15 nm to 25 nm and keeping the all the other
parameters the same such as Dc = 50 nm, Nc = 10 and γ = 50°. The
values of the elastic and shear moduli decrease with a larger tube diameter of coils. Moreover, Fig. 10(d) shows the effect of diameter of coil, Dc,
on the elastic and shear moduli of the CCNT-composite with varying
surface to volume ratio of the ﬁllers. Three parameters are kept constant
as dc = 25 nm, Nc = 10, and Lc = 1872 nm while Dc is changed from
50 nm to 100 nm. By keeping Lc constant, γ decreases by increasing Dc.
To physically interpret the results of Fig. 10(c) and (d), it should be
noted that the surface to volume ratio for each ﬁller type is the effective
parameter in the reinforcement of nanocomposites. Different geometries in Fig. 10(c) represent decrease in surface to volume ratios due to
an increase of dc. Surface to volume ratios changed from 0.267 nm−1
to 0.16 nm−1 by increasing dc from 15 to 25 nm.
While the surface to volume ratio of ﬁllers were kept constant in Fig.
10(d), the helix angle decreased from 50° to 30.78° by increasing Dc from
50 to 100 nm. Referring to the results presented in Fig. 10(a), the decrease
in elastic and shear moduli was expected by decreasing the helix angle.

3.4. Transversely isotropic CCNT composite
This section illustrates the effect of aligned ﬁllers with different geometrical parameters of CCNT on the longitudinal and transverse elastic
properties of CCNT composites. Again, soft interphase and 1% volume

Fig. 8. Evaluation of different numbers of ﬁllers to justify RVE size (a) CCNT- composite; (b) SWCNT- composite.
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Fig. 9. The effect of volume fraction (a) comparison between analytical models and CNT- composite; (b) The effect of soft and hard interphase reinforcement on CNT and CCNT polymer
composites.

fraction are considered for all the simulations. The adjusted parameters
are the same with the previous section except the direction of the ﬁllers.
Longitudinal and transverse elastic properties of CCNT composites are
compared for different parameters as shown in Fig. 11. E11 stands for
the longitudinal macroscopic Young's modulus and E22 is the transverse
macroscopic Young's modulus. G12 and G23 denote longitudinal and
transverse macroscopic shear moduli of the composite respectively.
The overall trends of longitudinal and transverse elastic properties of
CCNT composites are the same in comparison with the randomly dispersed inclusions.
4. Conclusion
In this paper, a computational modeling and a ﬁnite element study
of elastic properties of CCNT polymer nanocomposites are developed.

The developed computational model is used to change the important
parameters of CCNT composites such as geometrical variations of tube
diameter, coil diameter, helix angle and number of pitch with interphase effect, volume fraction and orientation of reinforcement ﬁllers.
The Mori-Tanaka and Halpin-Tsai micromechanics models were used
to compare the ﬁnite element results of SWCNTcomposites. A perfect
bonding has been assumed for the interaction of three different phases
of a composite. In addition, the reinforcement effects of CCNT and
SWCNT ﬁllers on composite materials are compared. Our conclusion remarks can be drawn as follows:
• While keeping the surface to volume ratio constant, changing the
helix angle of randomly dispersed CCNTs from 90 to 0 decreases the
effect of reinforcement on the composite. It has also the same effect
for the unidirectional inclusions in longitudinal and transverse properties.

Fig. 10. Effect of different geometrical parameters of the CCNT ﬁllers on the elastics and shear modulus of randomly dispersed composite (a) helix angle; (b) number of coils; (c) coil tube
diameter; (d) coil diameter.
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Fig. 11. The effect of different geometrical parameters of CCNT ﬁllers on the Longitudinal and transverse elastic and shear moduli of randomly aligned composites (a) helix angle; (b)
number of coils; (c) coil tube diameter; (d) coil diameter.

• Increasing the number of coils leads to a higher elastic and shear moduli for randomly dispersed and unidirectional inclusions.
• The results showed that elastic and shear moduli decrease with the increasing tube and coil diameters.
• The RVE size is sensitive to the geometry of ﬁllers. This means that
curved SWCNTs need a larger RVE compared to the SWCNT ones to
converge the results.

This work only concentrates on the elastic properties of CCNT polymer nanocomposites. Further studies will be needed to evaluate the
plastic behaviors of CCNT composites.
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