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Premature failure due to low mechanical properties in the transverse direction to the fiber consti-
tutes a fundamental weakness of fiber reinforced polymeric composites. A solution to this problem
is being addressed through the creation of nanoreinforced laminated composites where carbon nano-
tubes are grown on the surface of fiber filaments to improve the matrix-dominated composite prop-
erties. The carbon nanotubes increase the effective diameter of the fiber and provide a larger
interface area for the polymeric matrix to wet the fiber. A study was conducted to numerically pre-
dict the elastic properties of the nanoreinforced composites. A multiscale modeling approach and the
Finite Element Method were used to evaluate the effective mechanical properties of the nanorein-
forced laminated composite. The cohesive zone approach was used to model the interface between
the nanotubes and the polymer matrix. The elastic properties of the nanoreinforced laminated com-
posites including the elastic moduli, the shear modulus, and the Poisson’s ratios were predicted and
correlated with iso-strain and iso-stress models. An experimental program was also conducted to
determine the elastic moduli of the nanoreinforced laminated composite and correlate them with
the numerical values.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Laminated composite materials consist of a stiff and strong mi-
cron-size phase called reinforcement, which is usually a fibrous
material like a textile fabric, and another phase called matrix,
which is either a polymer, a ceramic, a metal, or a carbon material.
A traditional way to improve the properties of polymers and spe-
cifically increase their thermal stability and stiffness is to add mi-
cron-size fillers. However, a reduction is observed in their ductility,
fracture toughness and sometimes strength. In order to avoid those
property reductions, nanocomposites can be formed by dispersing
nanoparticles in the polymeric matrix: platelets like clay, fibers
like carbon nanotube and carbon nanofiber, or particulates like sil-
ica or expanded graphite. A considerable improvement in the
mechanical properties of the polymer matrix can be achieved with
small concentrations of the particles, usually less than 5% by vol-
ume. The use of these nanoparticles could however be limited by
dispersion problems and viscosity build-up related to strong in-
ter-particle interactions. The particle volume content plays a very
important role but the interphase between the matrix and the par-
ll rights reserved.
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ticles plays an even major role. Among the nanoparticles, the best
choice to improve the mechanical properties of the composites is
to use carbon nanotubes due to their excellent mechanical, electri-
cal, and thermal properties.

The discovery of fullerenes in the mid 1980s was of great
importance in the development of carbon nanotubes [1,2]. Fuller-
enes are closed cage-like structures of carbon atoms with pentag-
onal and hexagonal carbon atom rings. The first fullerene was a C60

molecule having pentagonal carbon atom rings sharing their sides
with adjacent hexagonal carbon atom rings. A few years later, a
long fullerene called carbon nanotube (CNT) was first observed
by Iijima [3]. Experimental studies reported an average elastic
modulus of approximately 1 TPa and an average breaking strength
of 30 GPa with an ultimate strain of 5.3% [4]. Other experiments
also provided evidence of their high elastic modulus: approxi-
mately 1.25 TPa [5], and numerical simulations predicted similar
values [6]. It is widely accepted now that CNTs possess exception-
ally high mechanical, thermal and electrical properties. CNT-based
composites, i.e. CNT nanocomposites, can be fabricated with a wide
variety of matrix materials such as polymers, metals and ceramics.
In this study, we propose to investigate a CNT nanocomposite as
the matrix material of a carbon fiber reinforced polymeric compos-
ite to improve its matrix-dominated properties. The resulting
nanoreinforced laminated composite is abbreviated as NRLC.

http://dx.doi.org/10.1016/j.compositesb.2009.09.003
mailto:jlabot@gmail.com
http://www.sciencedirect.com/science/journal/13598368
http://www.elsevier.com/locate/compositesb
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Fig. 2. Schematic illustration of an RVE of NRLC.
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A brief background about CNT nanocomposites, the specific
objectives for the study and the multiscale modeling approach to
predict the mechanical properties of the NRLC are all presented
in the introduction of Section 2. The role of the interfaces in com-
posite materials, the cohesive zone model as a tool to characterize
the interface and its formulation are briefly discussed in Section 2.1.
Implementation of the cohesive zone model in the Finite Element
Method (FEM) and the elasticity-based solution method to evalu-
ate the effective elastic properties of the NRLC are presented in
Sections 2.2 and 2.3, respectively. The numerical results are pre-
sented in Section 3, and details of the experimental program to
mechanically characterize the NRLC and its results are presented
in Section 3.5, respectively. Section 4 presents the correlation be-
tween the numerical and experimental results. Finally, Section 5
provides a summary and the conclusions of this study.
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Fig. 3. Schematic illustrations of models to evaluate effective mechanical proper-
ties of NRLC: (a) nanocomposite; (b) NRLC; (c) coordinate systems.
2. Materials and numerical formulation

Chemical vapor deposition (CVD) and Nickel catalyst particles
are used to grow the carbon nanotubes on the surfaces of carbon
fibers [7]. Fig. 1 shows Scanning Electron Microscope (SEM) images
of carbon fibers with CNTs grown on their surfaces. These fibers are
then impregnated with a polymeric matrix material such as epoxy
to fabricate the NRLC samples. Fig. 2 shows a schematic illustration
of a representative volume element (RVE) of the NRLC. The carbon
nanotubes increase the effective diameter of the fiber and provide
a much larger interface area that may improve the fiber/matrix
interfacial load transfer characteristics, which in turn should result
in higher stiffness and strength of the nanoreinforced polymer ma-
trix surrounding the carbon fiber. Fig. 2 shows also various geo-
metrical parameters that can be chosen during the fabrication
process.

The mechanical response of materials is governed by phenom-
ena occurring at different scales of length and time. In nanocom-
posites, the interactions between the CNTs and the matrix take
place at the nanoscale level but they affect the mechanical re-
sponse of composites at the macroscopic level. Nanoscale phenom-
ena are often studied by molecular dynamics (MD) simulations
while behavior at the macroscopic level is conveniently studied
with continuum mechanics. MD simulations are limited only to
small volumes because of the intensive computational require-
ments. Therefore, there is a need for multiscale modeling method-
ologies that relate the molecular and continuum approaches.

In this study, the equivalent macroscopic or continuum-level
elastic properties of the NRLC are modeled in two steps. The first
step involves modeling the unidirectional nanocomposite consist-
ing of a single CNT surrounded by the polymer matrix and predict-
ing its overall mechanical properties (Fig. 3a). The second step
requires modeling the carbon fiber nanoreinforced laminated com-
posite (NRLC) where the matrix is the nanocomposite evaluated in
Fig. 1. SEM images of carbon fibers with CNTs grown
the first step (Fig. 3b). It should be noted that the fxyzg coordinate
system is used for the nanocomposite description and the fXYZg
coordinate system is used for the NRLC description (Fig. 3c).
on their surfaces: (a) fiber bundle; (b) two fibers.
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The nanocomposite is a transversely isotropic material with z
being the axis of symmetry and the NRLC is transversely isotropic
with Z being the axis of symmetry. The nanocomposite properties
have to be substituted from the first step into the NRLC model as
the matrix properties according to the relation between the two
coordinate systems described in Fig. 3c. The interface between
CNTs and the polymeric matrix is modeled by the cohesive zone
model whose constitutive properties are different than those of
the CNTs and the polymer matrix, respectively. The interfacial con-
stitutive properties used here are obtained from MD simulations of
CNT pull-out tests ([8–10]). The interface between the carbon fiber
and the nanocomposite matrix in the NRLC is also modeled by the
cohesive zone approach [11].

An alternative modeling approach could include the use of
nanoscale elements that model the material as discrete atoms
and chains of atoms with either chemical bond elements based
on the Morse Potential or van der Waals elements based on the
Lennard–Jones’ Potential [12]. This approach would require model-
ing all three phases of the NRLC and thus be significantly more
computationally expensive than the multiscale approach. In an-
other study, Odegard et al. [13] predicted the macroscopic behav-
ior of single-walled carbon nanotube polymeric nanocomposites
using an equivalent-continuum modeling approach. First, an
equivalent-continuum model of an effective fiber is established
based on the numerical results of molecular mechanics to evaluate
the material constants. This effective fiber is then used in a contin-
uum model as an inclusion surrounded by polymer to determine
the macroscopic properties of the nanocomposite using the
Mori–Tanaka method. This model results are compared with those
in the present study in Section 3.5. Another approach to evaluate
the macroscopic properties of a nanocomposite could be to estab-
lish a geometrically equivalent-continuum model of a graphene
sheet and determine the thickness of the RVE by equating the ener-
gies from MD and continuum methods [14].

2.1. Interface in composites and cohesive zone approach

From a theoretical and computational mechanics point of view,
the interface can be broadly classified into two categories: (1) inter-
face with perfect bonding and (2) interface with imperfect bonding.
In the case of perfect bonding, the interfacial region is considered to
have infinite stiffness and complete load transfer takes place be-
tween the fiber and the matrix. The expressions for the average
mechanical properties such as elastic moduli, strengths and load
sharing between fiber and matrix can be obtained by the rule of mix-
tures based on the assumptions of iso-strain and iso-stress condi-
tions. These models are built on the average individual stiffnesses
of the fiber and the matrix, and their respective volume fractions
for a particular composite material. However, these models tend to
overestimate the properties since, in reality, the condition of perfect
bonding does not prevail and the interface is always of finite stiff-
ness. The interface absorbs part of the externally applied load by
undergoing a finite deformation and hence complete load transfer
does not take place between the fiber and matrix. It is necessary thus
to capture this behavior of the interface to be able to predict the
mechanical properties more accurately.

Fracture mechanics principles are traditionally used to charac-
terize the crack propagation at the interface. Linear elastic fracture
mechanics (LEFM) [15], J-integral method [16], virtual crack exten-
sion (VCE) [17], virtual crack closure (VCC) [18,19] are among the
few methods based on fracture mechanics theory. These methods
require that the crack be initially present in the model and that
the crack propagation path be also specified. Alternatively, tech-
niques can be used to directly introduce fracture mechanisms by
adopting softening relationships between tractions and displace-
ments, which in turn introduce a critical fracture energy that is also
the energy required to break apart the interfacial surfaces. This
technique is called the cohesive zone model and allows solving a
fracture mechanics problem such as delamination using contin-
uum mechanics since the displacement field is continuously differ-
entiable across the interface. The interface can be represented by a
cohesive zone, i.e., a separate region/surface with zero thickness. A
cohesive zone model can be used to characterize its mechanical
behavior. The cohesive zone model consists specifically of a consti-
tutive relation between the traction vector, T, acting on the inter-
face and the corresponding interfacial separation, d,
(displacement jump across the interface). It is usual practice to
represent the cohesive zone model as a traction–displacement
ðT—dÞ curve.

Barenblatt proposed to describe the fracture process as a mate-
rial separation across a surface [20]. Similar work was presented by
Dugdale in the context of ductile materials such as steel [21]. These
works generated a bulk of research activities in an area that is
known as cohesive zone model (CZM) in the literature. Many cohe-
sive zone models or cohesive constitutive laws have been devel-
oped and referenced [22]. They essentially capture the same
phenomenon: as the cohesive surface separates, the traction ini-
tially increases reaching a maximum value and then approaches
zero as the separation continues to increase. The cohesive zone
model was first introduced in FEM by Hillerborg et al. [23].

Depending upon the form of the T—d functions, CZMs can be
categorized as: (i) multilinear; (ii) polynomial; (iii) trigonometric;
and (iv) exponential. Volokh used block-peel tests to carry out the
comparison between the CZMs based on these functions and re-
ported results that can be found in the literature [22]. It is a com-
mon practice to consider the cohesive strength (maximum
traction) and the fracture energy or work of separation (area under
the traction–displacement curve) as two key parameters in CZMs.
The cohesive zone model chosen for this study is the exponential
model proposed by Xu and Needleman [24,25]. The cohesive zone
model considers the existence of an interfacial potential U such
that:

T ¼ � @UðDÞ
@D

ð1Þ

where T ¼ TðTn; TtÞ = traction vector acting at the cohesive surface;
D ¼ DðDn;DtÞ = displacement jump vector.

The potential is of the form:

UðDn;DtÞ ¼ Un þUn exp �Dn
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with

q ¼ Ut

Un
; r ¼ D�n

dn
ð3Þ

where Un is the work of normal separation and Ut is the work of
tangential separation. D�n is the value of Dn after complete shear sep-
aration under the condition of zero normal tension, Tn ¼ 0. The
lengths dn and dt are the characteristic lengths of the cohesive law
such that:

TnðDnÞ ¼ rmax; at Dn ¼ dn when Dt ¼ 0 ð4Þ

TtðDtÞ ¼ smax; at Dt ¼
dtffiffiffi

2
p when Dn ¼ 0 ð5Þ

rmax and smax are the interface normal and tangential strengths,
respectively. Expressions of the normal and tangential tractions at
the interface can be obtained by combining Eqs. (2) and (3) and
are given by:
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The areas under the normal traction–separation curve and the shear
traction–separation curve represent the work of normal separation,
Un, and shear separation, Ut , respectively. The latter is the energy
required for complete separation. From Eqs. (5) and (6), it can be
shown that Un and Ut take the form:

Un ¼ expð1Þrmaxdn;Ut ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
expð1Þ

2

r
smaxdt ð8Þ

The values of the parameters q and r are usually selected to reduce
the computational efforts.

2.2. RVE for finite element modeling

The mechanical behavior of composites can be effectively stud-
ied using an RVE that consists of a single carbon fiber or CNT sur-
rounded by matrix material. Mainly, three types of RVEs can be
found in the literature [26]: (a) cylindrical; (b) square; and (c) hex-
agonal. Square and hexagonal RVEs are believed to yield the best
results because of their ability to fill the space as compared to
the cylindrical RVE. It is also shown in the literature that cylindrical
RVEs tend to overestimate the elastic modulus of the composites
compared to the numerical results obtained from a square RVE
[26,27]. However, several studies have been carried out using
cylindrical RVEs due to the availability of analytical solutions and
2D axisymmetric FEM models that can reduce computational time.
In this study, a hierarchical approach employing a cylindrical RVE
is considered to exploit the axisymmetric nature of the NRLC. How-
ever, some loading cases will require a full scale 3D cylindrical RVE
due to the incorporation of cohesive zone elements in the FEM
model and due to limitations of the FEM code (ANSYS™). Fig. 4
shows the cut-through section of the cylindrical RVE with the cor-
responding coordinate system.

2.3. The elasticity model for evaluation of elastic properties

CNTs and the polymer matrix are considered as homogeneous
and isotropic materials while the carbon fibers are considered as
transversely isotropic materials with known elastic moduli and
Poisson’s ratios. All the materials are assumed to behave linearly
elastically. It is assumed that the CNTs and the carbon fibers are
imperfectly bonded to the matrix material in the respective mod-
els: the bonds between CNTs and the polymer matrix and between
Fig. 4. Schematic illustration of cylindrical RVE with corresponding coordinate
system.
carbon fibers and the polymer matrix are of finite stiffness. With
these assumptions, the homogenized solid composite material be-
comes transversely isotropic in both models (see compliance ten-
sor in Eq. (9)). Fig. 4 shows the coordinate system orientation
where z is the axis of symmetry.
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where

vzx

Ez
¼ vxz

Ex
¼ vzy

Ez
¼ vyz

Ey
and Ex ¼ Ey; vxz ¼ vyz;Gxz ¼ Gyz ð10Þ

Five independent elastic properties, namely, two elastic moduli, Ex

and Ez, two Poisson’s ratios, vxy, and vzx, and a shear modulus, Gxz,
are required to completely characterize the mechanical response
of the transversely isotropic material. Five equations are thus
needed to determine these five properties. Four equations are
developed to evaluate the two elastic moduli, Ex and Ez, and the
two Poisson’s ratios, vxy and vzx, by considering three loading cases
for the cylindrical RVE. The RVE corresponding to a multiwalled car-
bon nanotube in the nanocomposite is assumed to be a solid cylin-
der with length L, radius R, and CNT radius r. Multiwalled CNTs are
assumed to be solid to simplify the model and the calculations. Liu
et al. used this approach for a hollow cylindrical RVE and developed
a set of equations to determine the elastic properties [26]. The pres-
ent study is an extension of this approach for solid cylindrical RVEs.
A fifth equation is developed to evaluate the shear modulus, Gyz, by
using the plane stress condition.

2.3.1. Plane stress loading case for evaluation of Gyz

Consider a thin plate from the RVE shown as the shaded area in
Fig. 5. In this loading case, the plate is fixed at the bottom surface
(in x—z plane) and subjected to a shear stressryz at the top. This gives
rise to a plane stress condition with rxx ¼ ryy ¼ 0. From Eq. (9):

Gyz ¼
ryz

cyz
ð11Þ

where cyz is the average shear strain, which is given by:

cyz ¼
1
R

Z R

0

uzðyÞ
y

dy ð12Þ

Eq. (12) is valid for small deformations and can be obtained from
FEM results.

3. Numerical results

A cylindrical RVE consisting of a single CNT/carbon fiber sur-
rounded by polymer/nanocomposite matrix is studied with the
FEM to determine the effective elastic properties of the nanocom-
posite/NRLC. The commercial code ANSYS™ is used to create and
x

y

R
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σyz

γyz

z

y

Fig. 5. Schematic illustration of thin plate under shear stress ryz .
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analyze the FEM model of the RVE. Different boundary conditions are
applied to the RVE as described in the previous section, and then the
FEM results are post-processed to obtain the elastic properties.
3.1. Finite element modeling with cohesive zone elements

Two-dimensional axisymmetric models are considered for axial
and lateral loading [23] due to the axisymmetric nature of the RVE
geometry and loading. Although the axisymmetric model signifi-
cantly reduces the computational time, a full scale 3D FE model
is needed for the case of torsional loading [26]. The latter is a case
of axisymmetric geometry with antisymmetric loading. The ele-
ments to be used to model this condition need to exhibit axisym-
metric nature with a minimum of three translational degrees of
freedom (DOFs) at each node, in the x; y and z directions, respec-
tively. Two-dimensional cohesive zone elements currently avail-
able in the ANSYS™ element library are not capable of
representing this loading condition due to the lack of translational
DOF in the z-direction. Finally, a 2D plane stress model is consid-
ered for the shear loading case (Fig. 5). In the case of axisymmetric
and plane stress models, 2D 8-node Quad elements are used to
model the CNT/carbon fiber and the matrix with a single layer of
2D 6-node cohesive zone elements in between them to model
the interface. Fig. 6a and b show the finite element meshes used
in the models. 3D 20-node Brick elements are used to model the
CNT/carbon fiber and the matrix with a single layer of 3D 16-node
cohesive zone elements in between them to simulate the interface
in the case of torsional loading (Fig. 6c).
3.2. Cohesive zone elements in ANSYSR

The discussion in this section is restricted to the cohesive zone
elements used in this study: 2D 6-node quadratic interface ele-
ment and 3D 16-node quadratic interface element, respectively.
There are many other cohesive zone elements available in the AN-
SYS™ element library and their use depends upon the nature of the
problem at hand. A cohesive zone element or the interface element
in ANSYS™ consists of top and bottom surfaces. The top and bot-
tom surfaces coincide initially, i.e., nodes on the top and bottom
surfaces coincide with each other at the respective locations. They
also coincide with the nodes of the adjacent structural elements.
The fracture or delamination is represented by the separation be-
tween the top and bottom surfaces and characterized by the
increasing displacement between the nodes of the top and bottom
surfaces within the interface element itself. This phenomenon is
governed by the previously described exponential constitutive
law or the cohesive zone model. By choosing appropriate values
for q and r, the simplified form of Eq. (3) is given by:
Fig. 6. FE meshes for: (a) axial loading; (b) late
UðDÞ ¼ ermaxdn 1� 1þ Dn

dn
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Dn and Dt , are the variables in this relation and the only parameters
that determine the form of the T—d curve are rmax; dn and dt . These
parameters are input into the ANSYSR model to define the constitu-
tive behavior of the above mentioned cohesive zone elements. It
should be noted that the values of these parameters can be ex-
tracted from the T—d plots available from MD simulations as ex-
plained earlier.

3.3. Numerical results for CNT–polymer nanocomposite

First, the response of the nanocomposite is studied using the
RVE. A multiwalled CNT is considered for the analysis and is mod-
eled as a solid cylinder having a radius of ri ¼ 5 nm and a length of
L ¼ 100 nm. For the matrix, the dimensions are: R ¼ 15 nm and
L ¼ 100 nm. These dimensions are chosen based upon the values
used in previous studies to evaluate the behavior of the composite
RVE [26]. Both the CNT and the matrix are assumed to be homoge-
neous, isotropic and linearly elastic materials with the elastic mod-
ulus and Poisson’s ratio being: ECNT ¼ 1 TPa;vCNT ¼ 0:3; Ematrix ¼
3 GPa and vmatrix ¼ 0:3. These values are the representative ones
for carbon nanotubes [4,5,7,8,10,26] and for an epoxy polymer like
the one used in the experimental section of this study. Two CNT
volume fractions were considered: 2% and 11%, respectively. The
latter is comparatively higher than those typically used in nano-
composites but it is important to keep in mind that buckypaper
and other composite systems could reach volume fractions up to
40%. The constitutive behavior of the cohesive zone elements is de-
fined by using the following input parameters: rmax ¼ 1 GPa; dn ¼
1:2 nm; dt ¼ 1:2 nm: rmax is the peak normal traction attained at
the interface elements where the initiation of damage takes place.
dn is the normal separation between the nodes of the interface ele-
ment where the peak normal traction occurs, and dt is the tangen-
tial separation between the nodes of the interface element such
that the peak tangential traction occurs at dt=

ffiffiffi
2
p

. These values
are the representative values of the interface strength where car-
bon nanotubes are chemically bonded to the matrix material.
Chandra et al. showed that the interface strength value ranges
from 500 MPa to 5 GPa depending upon the density of the chemical
bonds per unit length of the CNT [9]. The FEM results for the effec-
tive elastic properties of the transversely isotropic nanocomposite
are summarized in Table 1.

These results are in good agreement with the values reported in
the literature [9] and confirm that significant reductions in the
effective mechanical properties of nanocomposites are observed
when the bonding between the CNTs and the polymer matrix is
ral and shear loading; (c) torsional loading.



Fig. 7. Effect of interface strength and CNT volume fraction on the longitudinal
elastic modulus of the nanocomposite.
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considered to be imperfect, which is the actual case [10,26]. Liu
et al. [26] had predicted the nanocomposite properties in the case
of perfect bonding for different values of matrix elastic moduli
with ECNT ¼ 1 TPa. Their studies considered: Ematrix ¼ 5 GPa with
about 5% CNT volume fraction, yielding Ez ¼ 53:5 GPa, which was
approximately 10 times the elastic modulus of the matrix. Also,
Ex was predicted to be 3.75 times the value of Ematrix. The work
by Liu et al. employed the cohesive zone model implemented with-
in the framework of the Boundary Element Method (BEM) to pre-
dict the nanocomposite elastic properties [10]. With carbon
nanotubes considered as rigid inclusions in the matrix, a 50%
reduction is reported in the elastic properties for a weaker inter-
face compared to the strong or perfectly bonded interface for a
specific CNT volume fraction. The FEM results of our study with
the cohesive zone model show a significant reduction in the elastic
moduli comparable to those described in the literature [26]. The
cohesive zone model, thus, is capable of capturing the effect of
imperfect bonding in numerical simulations and can be considered
as an efficient tool to represent the interface in composite
materials. Further consideration of the numerical results entails
understanding that the effective elastic properties of the nanocom-
posite are sensitive not only to the cohesive zone model but also to
the MD simulations used to build it.
3.4. Effect of interfacial strength and volume fraction on elastic moduli

The interface strength plays a major role in determining the
elastic properties of the nanocomposite. A numerical study was
carried out to learn the effect of the interface strength on the lon-
gitudinal elastic modulus of the nanocomposite for different values
of CNT volume fractions. Fig. 7 shows the curves of Ez versus the
CNT volume fraction for different values of the interface strength.
Theoretical bounds exist for the interface strength in composite
materials. The lower bound for the interface strength is zero, which
corresponds to the case where there is no load transfer from the
polymeric matrix to the CNT and the equivalent properties of the
composite become those of the matrix material. The upper bound
for the interface strength is infinity, which represents the case of
perfect bonding where there is complete load transfer from the
polymeric matrix yielding ideal composite material properties.
Only finite values of the interface strength are presented in Fig. 7.

It is observed from these curves that by keeping the interface
strength constant, the elastic modulus of the nanocomposite in-
creases with increasing volume fraction of the CNTs as expected.
Initially, the elastic modulus increases at a faster rate and
becomes almost constant after a certain volume fraction. Also, for
a particular value of the CNT volume fraction, the modulus of the
nanocomposite increases with increasing interface strength. Again,
the rate of increase in the modulus of the nanocomposite reduces
with increasing interface strength. It should be noted that the
different values used of the interface strength in the present study
do not correspond to any of the actual values obtained from the
MD simulations.
Table 1
Elastic properties of CNT nanocomposite predicted by FEM.

Property Value (11% CNT) Value (2% CNT)

Ez 23.00 GPa 13.70 GPa
vzx 0.28 0.29
Ex 7.22 GPa 4.71 GPa
Vy 0.14 0.14
Gyz 4.20 GPa 1.49 GPa
3.5. Numerical results for nanoreinforced laminated composite

Once the nanocomposite is completely characterized, it is con-
sidered as the matrix material for modeling of the NRLC and calcu-
lating its effective mechanical properties. IM7 is the selected
carbon fiber, which is a transversely isotropic material with the
elastic properties given in Table 2. The resulting NRLC with IM7
carbon fiber as the reinforcement phase and the nanocomposite
as the matrix phase is also a transversely isotropic material. Hence,
the same approach that was used to predict the elastic properties
of the nanocomposite will be considered to predict those of the
NRLC including the same four loading conditions, the theory of
elasticity, and the FEM.

The cohesive zone approach is also used to represent the inter-
face between the carbon fiber and the nanocomposite matrix. The
determination of input parameters for the cohesive zone model is
particularly critical but no definite values are currently available.
In our study, the value of rmax is assumed to be equal to one tenth
of the elastic modulus of the carbon fiber in the transverse direc-
tion, EX . Xu and Needleman assumed the normal cohesive interface
strength as 10% of the elastic modulus of PMMA (poly-methyl-
methacrylate) in their numerical simulations of fast crack growth
in brittle solids [25]. In a study of impact-induced delamination
of composites, a somewhat smaller value for the cohesive interface
strength was used: 0.5% of the transverse elastic modulus of the fi-
ber reinforced polymeric composite material itself [11]. The consti-
tutive behavior of the cohesive zone elements for this study is
defined by using the following input parameters: rmax ¼ 1:85 GPa
(10% of EX of IM7), dn ¼ l:2 nm; dt ¼ 1:2 nm. The FEM results for
the effective elastic properties of the NRLC are summarized in
Table 3.
Table 2
Elastic properties of IM7 carbon fiber for modeling effort.

Property Value

EZ 294.00 GPa
vZX 0.27*

EX 18.50* GPa
vXY 0.30
Gyz 25.00* GPa

* Estimated property.



Fig. 8. Stress–strain curve of aminopyrene functionalized CNT/IM7/
Epon862(LS81K) unidirectional NRLC subjected to uniaxial quasi-static loading in
the transverse direction to the fiber (sample dimensions: length of 75 mm with
gage length of 50 mm; width of 7.5 mm; and thickness of 2.5 mm).
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These results show that it is possible to improve the matrix-
dominated properties of fiber reinforced polymeric composites
with the use of a nanocomposite matrix material. With 11% IM7
fiber and 11% CNT volume fractions, respectively, the elastic
modulus of the NRLC in the transverse direction, EX increases to
almost six times the value of the polymer matrix. A more common
composite with 41% IM7 fiber and 2% CNT volume fractions,
respectively, yields a transverse modulus of about four and a half
times that of the polymer matrix. The elastic modulus of compos-
ites in the transverse direction to the fiber is usually well predicted
by the iso-stress model and the results of this study are within 30%
error. The longitudinal elastic modulus, EZ , of composites is well
predicted with the iso-strain model, which assumes perfect
bonding between the fibers and the matrix. It will give a value of
38.77 GPa for 11% volume fraction of IM7 carbon fiber. The pre-
dicted elastic modulus for the NRLC from FEM is 42.80 GPa. This
corresponds to a 10% increase in the longitudinal elastic modulus
that can be obtained with this CNT nanocomposite. In the case of
41% IM7 fiber content however, the predicted longitudinal elastic
modulus of the NRLC is 33% lower than that determined with the
iso-strain model. This modulus would also be lower than the one
predicted by Odegard [13] due to different assumed potentials in
the MD simulation and also different homogenization techniques.
The value of the out-of-plane Poisson’s ratio, vZX , is 0.16 for both
volume fractions. It is lower than the Poisson’s ratios of any of
the phase materials. Both the elastic modulus in the fiber direction
and the out-of-plane Poisson’s ratio are usually well predicted by
the iso-strain model but are underestimated in this study. The
value for the Poisson’s ratio in the plane of isotropy, vXY , of 0.34
for 41% IM7 fiber content is in line with that of a composite material,
but the value of 0.47 for 11% IM7 fiber content is too high. The latter
is attributed to the high value of rmax in the cohesive zone model.
Further studies with different values of the model parameters are
needed to determine their effect on the elastic properties of the
composite. In addition, the effect of increasing CNT volume fractions
on the longitudinal elastic modulus needs to be studied in more
detail and correlated with previous studies [13].

Multiwalled CNTs are assumed to be solid to simplify the prob-
lem but in reality, they consist of graphene sheets rolled into seam-
less cylinders arranged concentrically one inside the other, with
typically hemispherical end caps. Adjacent walls of the CNT are at-
tached to each other by van der Waals forces. Only the outermost
graphene sheet is attached to the polymeric matrix. Therefore, the
assumption of solid CNTs is not completely valid and introduces an
additional stiffness into the NRLC. Also, the CNTs are assumed to be
homogeneous, linearly elastic and isotropic. They represent only an
approximation to their mechanical behavior but are widely ac-
cepted due to the limited availability of experimental data.
4. Experimental program and results

Experiments were performed to determine the mechanical
properties of a unidirectional NRLC and in particular the elastic
modulus in the transverse direction to the fiber, EX . IM7 carbon fi-
bers were used to grow carbon nanotubes on them and Epon862
Table 3
FEM results for NRLC.

Property Value (11% CNT; 11% IM7 fiber) Value (2% CNT; 41% IM7 fiber)

EZ 42.80 GPa 83.60 GPa
vZX 0.16 0.16
EX 17.49 GPa 13.93 GPa
vXY 0.47 0.34
GYZ 7.88 GPa 9.36 GPa
was used as the polymer matrix with LS81K hardener. Several
functionalization schemes were considered to achieve the best
possible bonding of the nanotubes. The prepared composite plates
had a fiber volume fraction of approximately 40% and a CNT vol-
ume fraction of approximately 2%. NRLC plates were fabricated
using a resin transfer molding process and samples were cut from
the plates having uniform rectangular cross-section for tensile
testing. The strain was measured by means of strain gages and
the load value was recorded and monitored by a load cell. Stress
values were then calculated from the recorded load values based
upon the sample’s cross-sectional dimensions. Fig. 8 shows a rep-
resentative stress–strain curve of a unidirectional NRLC subjected
to uniaxial loading in the transverse direction to the fiber. The
slope of this curve corresponds to the effective elastic modulus of
the composite. Table 4 presents the statistically analyzed experi-
mental results including the elastic modulus, strength and ulti-
mate strain.
5. Correlation of numerical and experimental results

The elastic properties of the NRLC were predicted and experi-
mentally determined using 2% CNT volume fraction and about
40% fiber volume fraction. From the experimental results, it was
determined that the highest value of the elastic modulus in the
transverse direction to the fiber was for an aminopyrene function-
alized CNT/carbon fiber/epoxy NRLC with a mean value of
10.02 GPa. The numerical analysis predicted the elastic modulus
in the transverse direction to be about 1.4 times the experimen-
tally determined value. This error could be attributed to the
assumptions of the multiscale model but also to improper bonding
of the nanotubes to the fiber during the manufacturing of the NRLC
plate.

The interface strength considered in the numerical study was
drawn from MD simulations of CNT pullout tests. MD simulations
provide enough details about the interface. However, the results
still need to be validated with the experimental results. More
Table 4
Experimentally-determined mechanical properties of aminopyrene functionalized
CNT/TM7/Epon862(LS81K) unidirectional NRLC.

E2 ¼ Ex ðGPaÞ r22ult ¼ rXXult ðMPaÞ �22ult ¼ �XXult ð%Þ

Average 10.02 29.07 0.28
Std. Dev. 1.13 3.23 0.05
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advanced MD simulations are needed to study the CNT–polymer
interface in detail and to be able to define the cohesive zone model.
Also, the cylindrical RVE used for numerical studies tends to over-
estimate the overall composite material properties as compared to
the hexagonal and square RVEs because of the left out material in
the corners. More elaborate techniques for the manufacturing of
the nanoreinforced laminated composites are also required to yield
good quality composite plates for the experimental characteriza-
tion work. A better polymer wetting of the carbon nanotubes and
the carbon fibers will also ensure greater load transfer between
all phases.
6. Conclusions

A novel CNT nanoreinforced laminated composite, NRLC, was
designed to improve the matrix-dominated properties of fiber rein-
forced polymeric composites. Its mechanical response was investi-
gated and the most relevant results were presented in this study. It
included a combined numerical approach using a multiscale mod-
eling method and an experimental program. It was determined
that multiscale modeling can be effectively and conveniently used
to study nanoreinforced laminated composites. Incorporation of
the cohesive zone model in the finite element model captures
the interfacial behavior adequately and provides more accurate re-
sults than perfect bonding models. The CNT–polymer interfacial
strength and the volume fractions of the CNT and microfiber rein-
forcements play the most important role in the mechanical re-
sponse of the NRLC. The elastic modulus of a fiber reinforced
composite in the transverse direction to the fiber can usually be
improved about three times respect to the value of the pure poly-
mer matrix. FEM results for the NRLC show that there is a possibil-
ity of improving the matrix-dominated properties of conventional
fiber reinforced composites with the use of a nanocomposite ma-
trix material. It was shown that the elastic modulus of the NRLC
in the transverse direction to the fiber increases several fold re-
spect to the value of the polymer matrix with the addition of about
10% CNT volume content. The results of this study also indicate
that the elastic modulus in the transverse direction to the fiber
can be better predicted than the elastic modulus in the fiber direc-
tion and the Poisson’s ratios.
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