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Abstract The present study uses a nonlinear representative volume element (RVE) to investigate the effective
mechanical properties of a nano-reinforced polymer system. Here, the RVE represents the reinforcing
carbon nanotube (CNT), the surrounding polymer matrix, and the CNT–polymer interface. Due to the inherent
nanoscale involved in simulating CNT structures, an atomistic description is incorporated via the atomistic-
based continuum multiscale modeling technique. In this way, the continuum constitutive relations are derived
solely from atomistic formulations. The nonlinear response of armchair and zigzag nanotubes and their nano-
reinforced polymer equivalents are considered and presented. The results reveal that reinforcing polymeric
matrices with 1 to 10 vol% CNTs can result in upward of approximately 23- and 8-fold increases in the
tensile and shear stiffness, respectively. These results have a direct bearing on the design and development of
nano-reinforced composites.

1 Introduction

Since their discovery by Iijima [1], CNTs have been the subject of intense research, primarily because of their
remarkable properties that include their miniature size, high aspect ratio, low density, high strength, and high
stiffness. The exceptional mechanical properties of CNTs have shown great promise for a wide variety of
applications, such as nanotransistors, semiconductors, hydrogen storage devices, structural materials, molecu-
lar sensors, field-emission-based displays, and fuel cells, to name just a few [2]. Apart from the abovementioned
applications, CNTs have also been introduced as reinforcing agents in polymer materials. Traditionally, poly-
mer materials have been reinforced with carbon or glass microfibers. These composite materials have been
used in a wide variety of structural applications in automotive, aerospace, mass transit, and nuclear industries.
However, the addition of nano-sized fibers or nanofillers, such as CNTs, can further increase the merits of
such composite materials. Whereas traditional composites use over 40% by weight of the reinforcing phase,
the dispersion of just a few weight percentages of nanofillers into composites could lead to dramatic changes
in their mechanical [3,4], thermal [5,6], and electrical [7] properties with added functionalities. For example,
Qian et al. [8] have demonstrated that with the weight addition of 1% multiwalled CNTs (MWCNT) in a
polystyrene matrix, the stiffness of the composite film can increase by up to 42% and the tensile strength by
up to 25%. Schadler et al. [9] have also demonstrated the effectiveness of using CNTs as reinforcing agents
in composite materials. They found that with 5% weight addition of CNTs in an epoxy resin, the stiffness
can be improved by as much as 20% in tension and 25% in compression. Meguid and Sun [10] have shown
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that the addition of CNTs in an epoxy adhesive can improve the bonding and shear properties of composite
interfaces. More importantly, however, they showed that there was an optimal CNT concentration above which
the properties of the composite begin to degrade to below that of the pure epoxy. This behavior is indicative
of an inhomogeneous dispersion of the nanofillers, which arises from their tendency to agglomerate at high
concentrations. The agglomerates act as stress concentrators, which subsequently lead to failure initiation sites
resulting in the degradation of the mechanical properties.

Excellent nanotube properties do not necessarily translate into the same properties for the bulk nano-
composite. Several issues pertaining to the alignment, dispersion, length, size, chirality, orientation, and load
transfer need to be considered and optimized in order to attain the best properties of the composite. Since
experimentation at the nanoscale is still a developing field, the most effective way of quantifying the effects
of such parameters is predominantly through computational modeling techniques. The models that have been
developed to reveal the reinforcement mechanism in nanocomposite materials have predominantly been based
upon either traditional continuum mechanics or purely atomistic methods. However, traditional continuum
mechanical models are incapable of accurately describing the influence of the dispersion of nanofillers into
composites upon their mechanical properties because they lack the appropriate constitutive relations that gov-
ern the behavior of these composites at this scale. At the nanoscale, traditional continuum mechanical concepts
do not maintain their validity, and gross oversimplifications can arise from the use of a purely continuum model
[11]. Full atomistic descriptions are also unrealistic. They are computationally intensive and are limited by
the realistic system sizes that they can represent due to the enormous number of degrees of freedom involved.
Even the use of state-of-the-art parallel supercomputers can only handle a limited number of atoms (∼ 109),
corresponding to less than one cubic micron [12,13]. Since various scales in the system depend on each other,
it is necessary to formulate it in terms of multiscale modeling. Typically, this leads to a coupled system of
equations in terms of displacements in finite element and position vectors in molecular dynamics. Clearly, the
degree to which these scales are coupled would depend upon the systems investigated. Hence, varied multiscale
approaches currently exist in the literature.

Most multiscale modeling techniques adopt either coupled or atomistic-based continuum approaches to
treat this class of problems. In the coupled approach, it is common to employ molecular dynamics (MD)
for atomistics and finite element methods (FE) for continuum scales. The coupled MD-FE methods can be
further subdivided into sequential and concurrent coupling methods. The sequential approach assumes that
the problem considered can be easily separated into processes that are governed by different length and time
scales. In doing so, the simulations are running independently of each other, and a complete separation of both
length and time scales is achieved. The output (displacement or force fields) of the finer scale simulation is
used as boundary condition for the coarser scale. Since the simulations are not integrated, it is important to
feedback the force fields for comparison to ensure that the simulations are converging. However, it should be
noted that the uniqueness of the solution is still not guaranteed.

Concurrent methods perform the entire multiscale simulation simultaneously and continually feed infor-
mation from one length scale to the other in a dynamic fashion. Concurrent methods are better suited in
representing scales with a strong dependence because of the continuous transfer of information between the
different scales. The passing of information ensures consistency among the field variables between the two
simulation methods. This two-way transfer of boundary conditions is achieved through the use of a transition
region. The most critical aspect of concurrent multiscale modeling of this class of problems is the linking of the
different scales and the treatment of the transition region. Unfortunately, most concurrent multiscale modeling
techniques suffer from one or more of the following difficulties: (i) the necessity of meshing traditional FE
regions down to the atomic scale, thus leading to physical inconsistencies and numerical difficulties, (ii) con-
tamination of the solution due to wave reflection resulting from the improper description of the transition zone,
(iii) the FE/MD combination of energy mismatch and mesh incompatibility leads to erroneous nonphysical
effects in the transition region, and (iv) most of the existing efforts focused on a host structure made of mono-
atoms, which is insufficient when dealing with the dispersion of nanofillers into a composite. Nevertheless,
the existing efforts represent substantial and novel contributions in FE/MD modeling of solids. A summary
of the different approaches adopted in discrete models can be viewed in the recent review by Wernik and
Meguid [14].

The other multiscale modeling approach is the atomistic-based continuum technique. It has the unique
advantage of describing atomic positions, their interactions, and their governing interatomic potentials in a
continuum framework (Fig. 1). The interatomic potentials (deformation measures) introduced in the model
capture the underlying atomistic structure of the different phases considered. Thus, the influence of the nano-
phase is taken into account via appropriate atomistic constitutive formulations. Consequently, these measures
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Fig. 1 Schematic of the atomistic-based continuum modeling technique as it relates to simulating CNT structures

are fundamentally different from those in the classical continuum theory. The strength of atomistic-based
continuum techniques lies in their ability to avoid the large number of degrees of freedom encountered in the
discrete modeling techniques while allowing for the description of the nonlinear constitutive behavior of the
constituents.

It is standard practice to use RVEs in the simulation and modeling of micro-reinforced polymer systems
[15–19] and so too has it become true of nano-reinforced polymer systems. Liu and Chen [20] evaluated the
effective properties of CNT-based composites through the development of an RVE based entirely on continuum
mechanics. However, their RVE did not include a representation of the interface nor did it include an atomistic
description. Hu et al. [21] developed an RVE that included the CNT–polymer interface region. However, the
interface was modeled using solid three-dimensional FE elements with constant material properties, which
again imply the use of traditional continuum mechanics concepts, as opposed to an atomistic representation.
No effort was made in addressing the nonlinearity of the system. Tserpes et al. [22] constructed their RVE by
representing the CNT as a simplified hollow beam element embedded in a solid three-dimensional matrix. They
presented the nonlinear response of both armchair and zigzag CNTs along with the nano-reinforced polymer
equivalents. However, they did not include an interfacial region in their RVE. Li and Chou [23,24] constructed
their RVE using a space-frame structure for the CNT, solid elements for the polymer, and truss rods to represent
the interfacial region. Constant material properties were used throughout the model, and hence it is incapable
of capturing the nonlinearity of the system. More recently, Shokrieh and Rafiee [25] extended the model of
Li and Chou to incorporate a nonlinear interfacial region based on the Lennard–Jones potential. However, their
model did not attempt to incorporate a nonlinear description of the CNT and surrounding polymer.

In the development of an RVE for the study of nano-reinforced polymer systems, it is necessary to consider
the coupling of atomistic and continuum scales, and the nonlinearity of the atomic interactions. It is important
to include an atomistic description in the form of interatomic potentials because they provide the constitu-
tive relations for these classes of materials at the atomistic scale. They describe how the atomic interactions
behave under different loading conditions and environments. The general form of an interatomic potential,
or equivalently, the energy of a molecule is given by:

Etot = Ebonded + Enonbonded. (1)

The bonded interactions can be further subdivided as

Ebonded = Es + Eb + Et + EI, (2)
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Fig. 2 Atomic bond interaction mechanisms

where Es, Eb, Et , and EI correspond to bond stretching, bond-angle bending, torsion and inversion energies,
respectively. The nonbonded interactions can also be subdivided such that

Enonbonded = EvdW + Ees + Ehb (3)

where EvdW, Ees, and Ehb correspond to van der Waals forces, electrostatic forces, and hydrogen bonding,
respectively. The atomic deformation mechanisms are depicted in Fig. 2, excluding the electrostatic and hydro-
gen bonding forces. Interatomic potentials are nonlinear in nature. Therefore, in order to provide a realistic
description of the system, the nonlinearity of the potentials must be considered in any simulation. The tradi-
tional approach to the development of an RVE for this class of problems has mostly been linear [20,21,23,25].
In so doing, the formulations become unable to predict the nonlinear response of the system and become only
valid in a very limited regime. It is with the above in mind that we propose a novel approach to the development
of a nonlinear atomistic-based RVE for the study of nano-reinforced polymers.

2 Atomistic-based continuum model

A three-dimensional nonlinear RVE was developed to study the nano-reinforced polymer system. The RVE
consists of the CNT, the surrounding polymer matrix, and the CNT–polymer interface, as depicted in Fig. 3.
Due to the inherent nanoscale involved in simulating CNT structures, an atomistic description was incorporated.
First, the carbon–carbon (C-C) covalent bonds in the CNT structure were described using the modified Morse
potential. Secondly, the atomic van der Waals interactions between the atoms in the CNT and the atoms in the
polymer matrix were described using the Lennard–Jones potential. This description implies the assumption of
a nonbonded interfacial region. In the present study, a nonlinear model of the CNT is presented. Two distinct
CNT structures were investigated: the (16,0) zigzag nanotube and the (9,9) armchair nanotube, each having
an approximate diameter of 1.2 nm. A detailed description of all the components used in the development of
the RVE is presented below.

2.1 Atomistic-based continuum representation of CNTs

The CNT was modeled as a space-frame structure as depicted in Fig. 4. In the space-frame model, each beam
element corresponds to an individual chemical bond in the CNT. As in traditional FE models, nodes were used
to connect the beam elements to form the CNT structure. In this case, the nodes represent the carbon atoms,
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Fig. 3 Components used in the development of the representative volume element

Fig. 4 The carbon nanotube space-frame structure

and their positions are defined by the same atomic coordinates. In this way, the space-frame structure allows
the mechanical behavior of the CNT to be accurately modeled in terms of the displacements of the atoms.
Figure 4 also illustrates a portion of the hexagonal lattice to demonstrate the connectivity of the beam elements
in the continuum representation of the CNT. The modified Morse interatomic potential was used to derive
the material models for the continuum representations of the atomic interactions in the CNT. This potential
is well suited for characterizing the behavior of C-C covalent bonding and has been used by several authors
in both purely atomistic [26,27] and atomistic-based continuum simulations [28–31] of CNT fracture and
growth. This potential consists of two parts: a bond-stretching component and an angle-bending component, as
given by:

E = Es + Eb, (4)

Es = De

([
1 − exp−β(r−ro)

]2 − 1

)
, (5)

Eb = 1

2
kθ (θ − θo)

2 [
1 + ksextic (θ − θo)

4] (6)

where r is the current bond length, θ is the current angle of the adjacent bond, De is the dissociation energy, and
β is a constant, which controls the ‘width’ of the potential. The parameters used for the potential in this study
were the same as those adopted by Belytschko et al. [26] and are presented in Table 1. This is the usual form of
the Morse potential except that the angle-bending component has been added and the parameters are slightly
modified to correspond with the Brenner potential for strains below 10%. The reason for this being that the
Brenner potential is considered more accurate and versatile due to its ability to account for bond hybridization
and bonds with atoms other than carbon. Tserpes et al. [22] suggest that the angle-bending component can be
neglected. However, this component has been found to contribute to the initial stability of the CNT. Without
the addition of the angle-bending component, the CNT will experience unstable configuration and tends to
collapse on itself [26,32].

In this paper, nonlinear rotational spring elements were used to account for the angle-bending component,
while beam elements were used to represent the stretching component of the potential. In order to ensure
an appropriate connectivity among adjacent elements, the rotational springs were defined between coincident
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Table 1 Modified Morse potential parameters

Parameter Value Parameter Value

ro (m) 1.421 × 10−10 θo (rad) 2.094
De (N m) 6.03105 × 10−19 kθ (N m rad−2) 0.876 × 10−18

B (m−1) 2.625 × 1010 ksextic (rad−4) 0.754

Fig. 5 Coincident node locations in defining the rotational spring element

Fig. 6 The tensile stress–strain relationship for the beam elements as derived from the modified Morse potential

nodes with coupled translational and rotational degrees of freedom, as depicted in Fig. 5. To describe the
behavior of the beam and rotational spring elements, we first derive material models for each, which accu-
rately represents the characteristics of the modified Morse potential. The stretching potential of each bond
should correspond with the stretching of the corresponding beam element, and the bending potential of neigh-
boring bonds should correspond with the twisting of the corresponding rotational spring. First, by deriving the
stretching potential (Eq. 5) with respect to the change in bond length and by utilizing the following relationship,
ε = (r − ro)/r , we can arrive at the expression:

F = 2βDe
(
1 − exp−βεr ) exp−βεr (7)

which represents the force required to stretch a C-C bond. The interlayer spacing of CNT walls was assumed
to be 0.34 nm and is also widely regarded as the CNT wall thickness [23,33–35]. This implies that the diameter
of each bond or beam element is also 0.34 nm. The corresponding cross-sectional area is 0.09079 nm2. Utiliz-
ing this area and the above expression in Eq. (7), we were able to derive the stress–strain relationship (Fig. 6),
which was used to describe the behavior of the beam elements. The initial stiffness of the beam elements was
calculated to be 1.3 TPa.

Similarly, recognizing that the derivative of the angle-bending component of the potential with respect to
the change in rotation is equivalent to the moment required to bend neighboring bonds, we can arrive at the
following expression:

M = kθ�θ
[
1 + 3ksextic (�θ)

4] . (8)
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Fig. 7 The moment/rotation curve for the rotational spring elements as derived from the modified Morse potential

Fig. 8 Polymer tensile stress–strain curve

The moment/rotation curve obtained from Eq. (8) is shown in Fig. 7. Again, this curve was used to define
the stiffness of the rotational spring elements throughout the simulation. The initial bending stiffness was
calculated to be 8.76 × 10−10 N nm rad−2.

Given the appropriate set of interatomic potentials and corresponding parameters, the other bond defor-
mation mechanisms can also be included, i.e. dihedral angle torsion, out-of-plane torsion, van der Waals
interactions, and electrostatic interactions. However, several authors [23,36,37] have stated that these effects
are negligible and play an insignificant role in the simulation of carbon nanotube structures.

2.2 Homogenized polymer representation

To model the surrounding polymer matrix, a two-component epoxy adhesive (SikaDur330) was used. Tension
tests according to ISO 527 were carried out by Keller et al. [38] to determine the mechanical properties of
the adhesive. They presented their results in the form of stress–strain curves (Fig. 8). The stress–strain curve
was assigned as multilinear elastic material property in our model. The Young’s modulus and Poisson’s ratio
of the epoxy polymer were taken to be 4.6 GPa and 0.3, respectively. This epoxy adhesive is commonly used
in the fabrication of glass-reinforced polymer composites (GFRP). The polymer was modeled using solid
three-dimensional elements. The volume of the polymer was varied in order to investigate the effect of the
CNT volume fraction on the effective mechanical properties of the nano-reinforced polymer system.

2.3 Atomistic-based continuum representation of CNT–polymer interface

Of importance for the development of an accurate and viable RVE is the appropriate representation of the
interface between the CNT and the polymer. Different approaches can be adopted in characterizing the
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Fig. 9 CNT–polymer interfacial representation

mechanisms and magnitudes of load transfer between a nanotube and the polymer matrix. The interfacial
characteristics between the CNTs and polymer matrix remain unclear, and researchers have reported a large
range of interfacial shear stresses. Four approaches are possible. First, it can be assumed that no chemical
bonding exists between the nanotubes and the polymer matrix. In this case, van der Waals forces dominate the
solution. To avoid weak interfacial strength, some researchers proposed that the chain of the polymer wrap
around the nanotube in a helical fashion to enhance the nonbonded nanotube–polymer interaction, which has
been observed experimentally [39]. The second approach assumes that there exist strong chemical bonds.
In this case, C-C covalent bonds are included between the nanotube and the polymer, which increases the
interfacial strength significantly. The third consideration assumes that covalent cross-links form between the
nanotube and the polymer matrix. In this case, only a small percentage of covalent bonds forms from the intro-
duction of multifunctional amines, which act as intermediary bonding sites between the nanotube and polymer
chains. However, it is possible that chemical bonding in the form of functionalization may compromise the
properties of the nanotube by introducing structural changes in the graphitic layers of the nanotube [40].
Finally, the load transfer can also be attributed to the mechanical interlocking of the polymer and the nanotube
as a result of geometrical inconsistencies in the structure of the nanotube. However, the carbon atoms on CNT
walls are chemically stable because of the aromatic nature of the bonding. As a result, the reinforcing CNTs
interact with the surrounding matrix mainly through van der Waals interactions [41]. Therefore, in this study,
we investigate the nonbonded configuration that considers only van der Waals interactions.

In order to simulate the van der Waals interactions, we have adopted the use of a truss rod model whereby
each interaction was represented by one truss rod. Each rod extends out from a carbon atom in the CNT struc-
ture to an atom in the polymer matrix, as shown in Fig. 9. The figure illustrates that the truss rods were defined
by two nodes: one located on the mean diameter of the CNT and the other on the inside face of the polymer.
Due to its simplicity and sole dependence on the atomic separation distance, van der Waals interactions have
most commonly been described using the Lennard–Jones pair potential. The Lennard–Jones potential is defined
as

EL J = 4μ

[(
ψ

r

)12

−
(
ψ

r

)6
]

(9)

where μ is the potential well depth, ψ is the hard sphere radius of the atom or the distance at which EL J
is zero, and r is the distance between the two atoms. The 12th power term is meant to model the repulsion
between two atoms as they approach each other, whereas the 6th power term adds cohesion to the system. The
Lennard–Jones potential does not involve an angle-bending component and hence does not require any rota-
tional spring elements in its representation. In this study, we investigate the nonbonded interactions between
the carbon atoms in the CNT and the carbon atoms in the polymer. One might also consider the interactions
between other atoms such as the hydrogen groups in the polymer, but negligible differences exist between the
Lennard–Jones parameters, which mean that we can expect similar results for both types of interactions. The
parameters for a carbon-carbon interaction are r = 0.1421 nm, μ= 43.64 × 10−23 J, ψ = 0.340 nm [42].

Recognizing that the derivative of the potential is equivalent to the force required to stretch the rods and by
assuming that the truss rods share the same diameter as the beam elements described in Sect. 2.1, we can derive
the stress–strain relationship for the truss rods (Fig. 10). This relationship was input as a multilinear elastic
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Fig. 10 The tensile stress–strain relationship for the truss elements as derived from the Lennard–Jones potential

material property in the finite element framework. Here, the relationship extends to the usual Lennard–Jones
cutoff distance of 2.5ψ or 0.85 nm. The Poisson’s ratio for the truss rods was assumed to be 0.3.

In this study, the number of truss rods or van der Waals interactions for each carbon atom in the CNT
is governed by two important aspects. First, only atoms within the cutoff distance of 2.5ψ were considered.
If the distance between the atoms is larger than the equilibrium distance of the potential, the truss rod was
assigned an initial strain corresponding to this separation distance. This effectively means that the thickness of
the interface was taken to be equal to the equilibrium distance for carbon–carbon Lennard–Jones interactions,
namely 0.3816 nm. Secondly, the refinement level of the polymer will determine the number of nodes or atoms
that form van der Waals interactions.

A number of approaches have been considered to account for the interfacial properties of CNT-reinforced
composites. These depend on the type of bonding, type of polymer matrix, and load transfer mechanisms.
Hence, the interfacial thickness has not yet been unambiguously defined. Several different values have been
used in both atomistic and continuum simulations. Hu et al. [21] simulated the helical wrapping of one polysty-
rene chain around a CNT considering only van der Waals interactions via molecular dynamics. The equilibrium
distance between the hydrogen atoms in the polymer and carbon atoms in the nanotube ranged from 0.2851
to 0.5445 nm. However, only one polymer chain was considered when in practical cases there may be other
chains that also wrap around the nanotube. In comparison, Li and Chou [24] studied the compressive behavior
of CNT/polymer composites and assumed that the inside surface of the polymer matrix was located at the
same position as the outside surface of the nanotube giving an interfacial thickness equal to 0.17 nm or half the
thickness of the nanotube itself. Given the above variance, it was reasonable to assume an interfacial thickness
of 0.3816 nm in our simulation. Given that this value corresponds to the equilibrium distance of the Lennard–
Jones potential, the stable configuration of the nanotube and polymer matrix corresponds to a state zero tensile
or compressive stress in the interfacial region. This same value was used by Montazeri and Naghdabadi [43]
in their molecular structural mechanics model of SWCNT–polymer composites.

3 Results and discussion

First, the nonlinear representation of the CNT is studied, and the results are presented in the form of stress–strain
curves from which we were able to deduce several important physical and mechanical properties. Secondly, the
RVE is studied as a whole. In this case, we present a typical stress–strain curve for this system and investigate
the effect of CNT volume fraction on the effective mechanical properties.

3.1 Carbon nanotube

As an intermediate step in the study of the effective properties of nano-reinforced composites, the nonlinear
response of the individual CNT was investigated. Two CNT arrangements were studied: the (16,0) zigzag
nanotube and the (9,9) armchair nanotube, both having diameters of approximately 1.2 nm and lengths of
10 nm. Two loading conditions were investigated to obtain both tensile and shear properties. In both cases, one
end of the nanotube was completely restrained, while the other end was assigned a prescribed displacement.
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Fig. 11 Tensile stress–strain curves for zigzag and armchair nanotubes

Table 2 Tensile properties of armchair and zigzag carbon nanotubes

Property Zigzag Armchair

Tensile modulus (GPa) 920.2 944.8
Maximum tensile stress (GPa) 93.4 114.4
Critical tensile strain (%) 17.5 20.7

In typical atomic level simulations, the force acting in a structure is a more meaningful measure than
the stress. However, in order to present the results in a universally recognized form and for the sake of
comparison reasons, it was decided to derive the uniaxial stress and plot it against the applied strain, ε, com-
puted by ε = (L − Lo)/Lo, where L is the deformed length and Lo is the initial length of the nanotube. To do
so, a corresponding area must be defined. Here, the cross-sectional area is defined as Ao =πDt , where D is
the diameter of the nanotube and t is the thickness taken to be equal to 0.34 nm. Therefore, we can define the
uniaxial stress acting in the nanotube as

σ = Fσ
Ao

= Fσ
πDt

(10)

where the total axial force, Fσ , is obtained by summing the interatomic forces acting on the atoms at the
restrained end of the CNT.

The predicted tensile stress–strain curves for both armchair and zigzag CNT arrangements are presented
in Fig. 11, while the corresponding mechanical properties are provided in Table 2. From both experimental
[44] and theoretical studies, it has been determined that the stress suddenly drops to zero once the maximum
tensile strength has been reached. Therefore, the reported maximum stresses and strains corresponding to
the inflection point on the stress–strain curves are taken as the tensile capacity of the nanotubes. From the
stress–strain curves, we can see that the zigzag nanotube can withstand a strain of 17.5%, while the armchair
nanotube can withstand a strain of up to 20.7%. The respective tensile modulus for the armchair and zigzag
nanotubes is 944.8 GPa and 920.2 GPa. A comparison with other reported tensile moduli is shown in Table 3.
The overall trend of the stress–strain curves agrees well with others in the literature [22,26,30,45] and also
show that the armchair configuration exhibits higher strength and stiffness when compared to the zigzag con-
figuration. Figure 11 leads us to deduce that given the appropriate bonding, dispersion, and alignment, the
armchair nanotube will act as a better reinforcing agent in composite materials, when compared to the zigzag
configuration.

As in the case of the tensile loading scenario, it is also useful to define the shear stress due to torsion so
that the results may be presented in a recognized form. Here, the shear stress is defined in a similar manner
to the above uniaxial stress (τ = Fτ /Ao) where the cross-sectional area also remains the same; however, the
total shear force, Fτ , is now computed by summing the reaction forces acting in the tangential direction of all
the atoms at the restrained end of the nanotube. The shear strain is defined as γ = r�θ/Lo, where r is the
radius of the nanotube, �θ is the rotation of the nanotube around the z-axis, and Lo is the initial length of the
nanotube. The shear loads were induced by applying a prescribed tangential displacement at the free end of
the nanotube while restraining the axial and radial displacements.
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Table 3 Comparison of tensile and shear moduli with other results available in literature

E (TPa) G (TPa)

Theoretical models
Present study 0.9202/0.9448 0.3442/0.3434
Giannopoulos et al. [46] 1.2478 0.3245
Lu [33] 0.9727 0.4550
Hernandez et al. [34] 1.2400 –
Srivastava and Wei [47] 0.9000 0.3000
Li and Chou [23] 0.9947 0.3921
Gupta et al. [48] 1.2238 0.3281
Jin and Yuan [35] 1.2360 0.4920
Tserpes and Papanikos [22] 1.0293 0.4330
To [51] 1.0300 0.4750

Experimental methods
Krishman et al. [52] 1.3000 –
Yu et al. [45] 1.0200 –
Tombler et al. [53] 1.2000 –
Hall et al. [54] – 0.4100

Fig. 12 Shear stress–strain curves for zigzag and armchair nanotubes

Table 4 Shear properties of armchair and zigzag carbon nanotubes

Property Zigzag Armchair

Shear modulus (GPa) 344.2 343.4
Maximum shear stress (GPa) 111.1 105.5
Critical shear strain (%) 37.0 38.0

The shear stress–strain curves for both nanotubes are shown in Fig. 12 along with the corresponding
properties of relevance in Table 4. The shear modulus for zigzag and armchair nanotubes was 344.2 GPa and
343.4 GPa, respectively. Shown in Table 3, these values do agree with several quoted values in the literature
[46–48]. For example, Giannopoulos et al. [46] developed a nanotube model using a spring-based finite ele-
ment approach. They used simple harmonic potentials to derive the stiffness of the elements in their model.
However, instead of using beam elements, Giannopoulos et al. used truss rods to model individual C-C bonds
as well as the bond-angle-bending component of the potential. The average value over a sample size of ten
different chiralities was given as 324.5 GPa. The shear stress–strain curves also show good overall agreement
with those presented by Xiao et al. [49]. In their paper, the predicted shear strength for both armchair and
zigzag nanotubes was 108 GPa with corresponding failure strains in the range of 27–33%. In comparison,
the present study has predicted shear strengths of 105 GPa and 111 GPa for armchair and zigzag nanotubes,
respectively, with corresponding failure strains of approximately 38 and 37%. From Fig. 12, it can also be
concluded that the shear stress–strain relationships are approximately linear up to their critical values, which
indicates that the shear modulus is insensitive to the strain.
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Fig. 13 Tensile stress–strain curves for the representative volume element containing different armchair CNT volume fractions

Fig. 14 Tensile stress–strain curves for the representative volume element containing different zigzag CNT volume fractions

3.2 Representative volume element

Now that the mechanical properties of the CNTs have been determined and show good overall agreement
with those in literature, the properties for the nano-reinforced polymer system can be examined. Due to the
large number of degrees of freedom in the system and to limit the computational time required to simulate
the system, the RVE was restricted to a length of 3.5 nm. The RVE was loaded under tension and torsion to
provide the respective properties. For both loading conditions, the volume of the surrounding polymer was
varied to investigate the effect of CNT volume fraction on the mechanical properties. For all cases, the CNT
was treated as a continuous fiber in the RVE, implying that the CNT extends the same length as that of the
surrounding polymer.

The tensile stress–strain curves for the RVE reinforced with different volume fractions of both armchair
and zigzag nanotubes are depicted in Fig. 13 and Fig. 14, respectively. The figures show that reinforcing the
polymer matrix with 1% volume fraction CNT can result in a 23- to 27-fold increase in the tensile strength,
while a 10% volume fraction CNT reinforcement results in an astonishing 221- to 270-fold increase for zigzag
and armchair nanotubes, respectively. For the sake of comparison, high-strength steel has an ultimate tensile
strength of 0.76 GPa. From the predicted results, when reinforced with 10% (vol.) armchair nanotubes, the
nano-reinforced polymer will result in a material approximately 11 times stronger than high-strength steel.
This demonstrates the reinforcement capabilities of the CNTs in a polymeric matrix. The RVE stress–strain
curves also confirm that the armchair nanotube acts as a better reinforcing agent when compared to the zigzag
nanotube.

The normalized tensile modulus for different cases of CNT volume fraction is shown in Fig. 16 along with
the continuum rule of mixtures given by

EC = EN∗VN + EM∗(1 − VN) (11)
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Fig. 15 Normalized composite tensile modulus for different CNT volume fractions

Fig. 16 Normalized composite shear modulus for different CNT volume fractions

where EC, EN, and EM are the respective tensile moduli of the composite, nanotube, and matrix, and VN being
the volume fraction of the CNTs. Figure 15 reveals that the tensile stiffness for zigzag and armchair RVEs is
comparable for all CNT volume fractions considered. For CNT volume fractions ranging from 1% to 10%, we
see a 3- to 23-fold increase in the Young’s Modulus over that of the pure polymer. However, both zigzag and
armchair RVEs show a clear deviation from the traditional continuum rule of mixtures. This proves that this
continuum law cannot be used to predict the effective properties of nano-reinforced polymers.

The normalized shear modulus is shown in Fig. 16. Again, we see the same desirable increase in the shear
modulus for volume fractions ranging from 1 to 10%. At 1%, we see a 16% decrease in the shear modulus,
while at 10%, there is up to an approximate 8-fold increase. A comparable decrease in shear stiffness for
1% volume fraction reinforcement has been observed by the theoretical model of Hu et al. [21]. The results
pertaining to the RVE for all volume fractions of CNT reinforcement have been summarized in Table 5.

The measured values of mechanical properties of CNT-based composites reported by various researchers
are lower than those predicted by theoretical models. The published experimental results by Qian et al. [8],
Schadler et al. [9], and Yeh et al. [50] have all shown lower improvements in composite stiffness and strength
from the addition of CNTs. This discrepancy can be attributed to the assumption of a defect-free system
in the present analysis as well as the use of perfectly aligned CNT fibers. In comparison, the results of the
experimental work would have been hindered by the random orientation of CNTs in the polymer matrix, the
inability to ensure defect-free nanotubes, as well as the possible agglomeration of CNTs. In addition, the use of
MWCNTs has been shown to perform less efficiently as reinforcing agents when compared with single-walled
CNTs. This is due to a failure mechanism associated with MWCNTs. It has been suggested by Qian et al. [8]
that when the outermost layer of the nanotube carries the load, the inner layers tend to slide within the tube
and do not assist in the load transfer process. However, the present results do agree well with the theoretical
findings of Liu and Chen [20]. In their development of an entirely continuum-based RVE, they showed that
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Table 5 Mechanical properties of the representative volume element reinforced with 1, 2, 5, and 10% by volume CNTs

Volume
fraction (%)

Tensile
modulus
(GPa)

Normalized
tensile modulus
(Ec/Em)

Shear
modulus
(GPa)

Normalized
shear modulus
(Gc/Gm)

Zigzag
1 14.35 3.12 1.49 0.84
2 22.65 4.92 2.15 1.22
5 49.08 10.67 4.97 2.81

10 97.90 21.28 11.28 6.32
Armchair

1 14.24 3.10 1.49 0.84
2 23.19 5.04 2.15 1.22
5 50.30 10.93 5.24 2.96

10 104.16 22.64 13.52 7.64

with the addition of 5% by volume continuous CNT fibers, the composite stiffness can increase as many as
10.7 times. This agrees very well with the present prediction of a 10.7- and 10.9-fold increase for zigzag and
armchair configurations, respectively. It should be noted that the present analysis has only considered the case
of a continuous CNT, which extends the same length as the surrounding polymer. It is expected that with the
case of embedded CNTs whereby the nanotube is completely engulfed in the polymer matrix, the results would
be lower and comparable with the experimental findings. In addition, the present analysis has examined the
reinforcing potential of an individual CNT and has not considered multiple interacting CNTs in the matrix.
In this case, it would be desirable to couple the present model with micromechanical techniques to scale up to
the macro level.

4 Conclusions

A nonlinear atomistic-based continuum model has been developed for the study of nano-reinforced polymers.
This paper described the development of a representative volume element consisting of the CNT reinforce-
ment, the surrounding polymer matrix, and the CNT–polymer interface. A nonlinear atomistic descrip-
tion has been incorporated through the integration of both modified Morse and Lennard–Jones potentials.
The nonlinear mechanical properties of both zigzag and armchair nanotubes have been presented along with
their nano-reinforced polymer equivalents. From the predicted results, the following conclusions can be drawn:

(i) The use of the modified Morse potential to describe the behavior of carbon-carbon bonding in the CNT
can reasonably predict the nonlinear response of both armchair and zigzag nanotubes under both tensile
and shear loads.

(ii) Given the appropriate bonding, dispersion, and alignment, the armchair nanotube will act as a better
reinforcing agent in composite materials when compared with the zigzag configuration.

(iii) The effective mechanical properties of the nano-reinforced polymer system cannot be accurately pre-
dicted by the traditional continuum rule of mixtures.

(iv) The use of CNTs as reinforcing agents in the polymer matrix considered herein can improve the com-
posite stiffness and strength. For a CNT volume fraction ranging from 1 to 10%, our model predicted a
3- to 23-fold increase in the Young’s Modulus over that of the pure polymer. Similarly, desirable increases
in the shear modulus can be attained for volume fractions ranging from 1 to 10%. At 1%, our model
actually predicted a 16% decrease in the shear modulus, while at 10%, an approximately 8-fold increase.

Acknowledgments The authors wish to acknowledge the financial support provided by the Natural Sciences and Engineering
Research Council (NSERC) of Canada.

References

1. Iijima, S.: Helical microtubules of graphitic carbon. Nature 354, 56–58 (1991)
2. Endo, M., Hayashi, T., Kim, Y.A., Terrones, M., Dresselhaus, M.S.: Applications of carbon nanotubes in the twenty-first

century. Phil. Trans. R. Soc. Lond. A 362, 2223–2238 (2004)



Multiscale modeling of the nonlinear response of nano-reinforced polymers

3. Kim, B.C., Park, S.W., Lee, D.G.: Fracture toughness of the nano-particle reinforced epoxy composite. Compos.
Struct. 86, 69–77 (2008)

4. Zhai, L.L., Ling, G.P., Wang, Y.W.: Effect of nano-Al2O3 on adhesion strength of epoxy adhesive and steel. Int. J. Adhes.
Adhes. 28, 23–28 (2008)

5. Salehi-Khojin, A., Jana, S., Wei-Hong, Z.: Thermal-mechanical properties of a graphitic-nanofibers reinforced epoxy.
J. Nanosci. Nanotechnol. 7, 898–906 (2007)

6. Huang, C.K.: Prediction model of thermal conductivity for composite materials with nano particles. Technical Proceedings
of the NSTI Nanotechnology Conference and Trade Show, NSTI, pp. 320–323 (2007)

7. Qinghua, L., Jianhua, Z.: Effects of nano fillers on the conductivity, adhesion strength, and reliability of isotropic conductive
adhesives (ICAs). Key Eng. Mater. 353, 2879–2882 (2007)

8. Qian, D., Dickey, E.C., Andrews, R., Rantell, T.: Load transfer and deformation mechanisms in carbon nanotube-polystyrene
composites. Appl. Phys. Lett. 76, 2868–2870 (2000)

9. Schadler, L.S., Giannaris, S.C., Ajayan, P.M.: Load transfer in carbon nanotube epoxy composites. Appl. Phys. Lett. 73,
3842–3844 (1998)

10. Meguid, S.A., Sun, Y.: On the tensile and shear strength of nano-reinforced composite interfaces. Mater. Des. 25,
289–296 (2004)

11. Chang, T., Geng, J., Guo, X.: Prediction of chirality- and size-dependent elastic properties of single-walled carbon nanotubes
via a molecular mechanics model. Proc. R. Soc. A 462, 2523–2540 (2006)

12. Rudd, R.E.: The atomic limit of finite element modeling in MEMS: Coupling of length scales. Analog. Integr. Circ. Signal
Process. 29, 17–26 (2001)

13. Abraham, F.F., Walkup, R., Gao, H., Duchaineau, M., DeLa Rubia, T.D., Seager, M.: Simulating materials failure by using
up to one billion atoms and the world’s fastest computer: brittle fracture. Proc. Natl. Acad. Sci. USA 99, 5777–5782 (2002)

14. Wernik, J.M., Meguid, S.A.: Coupling atomistics and continuum in solids: status, prospects, and challenges. Int. J. Mech.
Mater. Des. 5, 79–110 (2009)

15. Hyer, M.W.: Stress analysis of fiber-reinforced composite materials. McGraw-Hill, Boston
16. Nemat-Nasser, S., Hori, M., Denda, M.: Micromechanics: overall properties of heterogeneous materials. Appl. Mech.

Rev. 47, B24 (1998)
17. Shan, Z., Gokhale, A.M.: Representative volume element for non-uniform micro-structure, Comput. Mater. Sci. 24,

361–379 (2002)
18. Sun, C.T., Vaidya, R.S.: Prediction of composite properties from a representative volume element. Compos. Sci.

Technol. 56, 171–179 (1996)
19. Bogetti, T.A., Wang, T., VanLandingham, M.R., Gillespie, J.W. Jr.: Characterization of nanoscale property variations in

polymer composite systems: 2. numerical modeling. Compos.: Part A 30, 85–94 (1999)
20. Liu, Y.J., Chen, X.L.: Evaluations of the effective material properties of carbon nanotube-based composites using a nanoscale

representative volume element. Mech. Mater. 35, 69–81 (2003)
21. Hu, N., Fukunaga, H., Lu, C., Kameyama, M., Yan, B.: Prediction of elastic properties of carbon nanotube reinforced

composites. Proc. R. Soc. A 461, 1685–1710 (2005)
22. Tserpes, K.I., Papanikos, P., Labeas, G., Pantelakis, S.G.: Multi-scale modeling of tensile behavior of carbon nanotube-

reinforced composites. Theor. Appl. Fract. Mech. 49, 51–60 (2008)
23. Li, C., Chou, T.: A structural mechanics approach for the analysis of carbon nanotubes. Int. J. Solids Struct. 40,

2487–2499 (2003)
24. Li, C., Chou, T.: Multiscale modeling of compressive behavior of carbon nanotube/polymer composites. Compos. Sci.

Technol. 66, 2409–2414 (2006)
25. Shokrieh, M.M., Rafiee, R.: On the tensile behavior of an embedded carbon nanotube in polymer matrix with non-bonded

interphase region. Compos. Struct. 92, 647–652 (2010)
26. Belytschko, T., Xiao, S.P., Schatz, G.C., Ruoff, R.S.: Atomistic simulations of nanotube fracture. Phys. Rev. B 65, 1–8 (2002)
27. Esfarjani, K., Gorjizadeh, N., Nasrollahi, Z.: Molecular dynamics of single wall carbon nanotube growth on nickel

surface. Comput. Mater. Sci. 3, 117–120 (2006)
28. Liew, K.M., Chen, B.J., Xiao, Z.M.: Analysis of fracture nucleation in carbon nanotubes through atomistic-based continuum

theory. Phys. Rev. B 71, 235424-1–235424-7 (2005)
29. Sun, X., Zhao, W.: Prediction of stiffness and strength of single-walled carbon nanotubes by molecular mechanics based

finite element approach. Mater. Sci. Eng. A 390, 366–371 (2005)
30. Xiao, J.R., Staniszewski, J., Gillespie, J.W. Jr.: Fracture and progressive failure of defective graphene sheets and carbon

nanotubes. Compos. Struct. 88, 602–609 (2009)
31. Natsuki, T., Endo, M.: Structural dependence of nonlinear elastic properties for carbon nanotubes using continuum

analysis. Appl. Phys. A 80, 1463–1468 (2005)
32. Wernik, J.M., Meguid, S.A.: Atomistic-based continuum modeling of the nonlinear behavior of carbon nanotubes.

Acta Mech. 212, 167–179 (2010)
33. Lu, J.P.: Elastic properties of carbon nanotubes and nanoropes. Phys. Rev. Lett. 79, 1297–1300 (1997)
34. Hernandez, E., Goze, C., Bernier, P., Rubio, A.: Elastic properties of C and Bx CyNz composite nanotubes. Phys. Rev.

Lett. 80, 4502–4505 (1998)
35. Jin, Y., Yuan, F.G.: Simulation of elastic properties of single-walled carbon nanotubes. Compos. Sci. Technol. 63,

1507–1515 (2003)
36. Odegard, G.M., Gates, T.S., Nicholson, L.M., Wise, K.E.: Equivalent-continuum modeling of nano-structured

materials. Compos. Sci. Technol. 62, 1869–1880 (2002)
37. Natsuki, T., Tantrakan, K., Endo, M.: Effects of carbon nanotubes structures on mechanical properties. Appl. Phys. A 79,

117–124 (2004)
38. Keller, T., De Castro, J., Schollmayer, M.: Adhesively bonded and translucent glass fiber reinforced polymer sandwich

girders. J. Compos. Constr. 8, 461–470 (2004)



J. M. Wernik, S. A. Meguid

39. Lordi, V., Yao, N.: Molecular mechanics of binding in carbon-nanotube-polymer composites. J. Mater. Res. 15,
2770–2779 (2000)

40. Fiedler, B., Gojny, F.H., Wichmann, M.H.G., Nolte, M.C.M., Schulte, K.: Fundamental aspects of nano-reinforced
composites. Compos. Sci. Technol. 66, 3115–3125 (2006)

41. Hu, Y., Shenderova, O.A., Zushou, H., Padgett, C.W., Brenner, D.W.: Carbon nanostructures for advanced composites.
Rep. Prog. Phys. 69, 1847–1895 (2006)

42. Battezzati, L., Pisani, C., Ricca, F.J.: Equilibrium conformation and surface motion of hydrocarbon molecules physisorbed
on graphite. Chem. Soc., Faraday Trans. 71, 1629–1639 (1975)

43. Montazeri, A., Naghdabadi, R.: Investigation the stability of SWCNT-polymer composites in the presence of CNT geomet-
rical defects using multiscale modeling. Proc. Fourth Int. Conf. Multiscale Mater. Model., pp. 163–166 (2008)

44. Yu, M.F., Files, B.S., Arepalli, S., Ruoff, R.S.: Tensile loading of ropes of single wall carbon nanotubes and their mechanical
properties. Phys. Rev. Lett. 84, 5552–5555 (2000)

45. Meo, M., Rossi, M.: Tensile failure prediction of single wall carbon nanotube. Eng. Fract. Mech. 73, 2589–2599 (2006)
46. Giannopoulos, G.I., Kakavas, P.A., Anifantis, N.K.: Evaluation of the effective mechanical properties of single walled carbon

nanotubes using a spring based finite element approach. Comput. Mater. Sci. 41, 561–569 (2008)
47. Srivastava, D., Wei, C.: Nanomechanics of carbon nanotubes and composites. Appl. Mech. Rev. 56, 215–230 (2003)
48. Gupta, S., Dharamvir, K., Jindal, V.K.: Elastic moduli of single-walled carbon nanotubes and their ropes. Phys. Rev.

B 72, 165428-1–165428-16 (2005)
49. Xiao, J.R., Gama, B.A., Gillespie, J.W. Jr.: An analytical molecular structural mechanics model for the mechanical properties

of carbon nanotubes. Int. J. Solids Struct. 42, 3075–3092 (2005)
50. Yeh, M., Hsieh, T., Tai, N.: Fabrication and mechanical properties of multi-walled carbon nanotubes/epoxy nanocompos-

ites. Mater. Sci. Eng. A 483, 289–292 (2008)
51. To, C.W.S.: Bending and shear moduli of single-walled carbon nanotubes. Finite Elements Anal. Des. 42, 404–413 (2006)
52. Krishnan, A., Dujardin, E., Ebbesen, T.W., Yianilos, P.N., Treacy, M.M.J.: Young’s modulus of single-walled nano-

tubes. Phys. Rev. B 58, 14013–14019 (1998)
53. Tombler, T.W., Zhou, C., Kong, J., Dai, H., Liu, L., Jayanthi, C.S., Tang, M., Wu, S.Y.: Reversible electromechanical

characteristics of carbon nanotubes under local-probe manipulation. Nature 405, 769–772 (2000)
54. Hall, A.R., An, L., Liu, J., Vicci, L., Falvo, M.R., Superfine, R., Washburn, S.: Experimental measurement of single-wall

carbon nanotubes torsional properties. Phys. Rev. Lett. 96, 256102-1–256102-4 (2006)


	Multiscale modeling of the nonlinear response of nano-reinforced polymers
	Abstract
	1 Introduction
	2 Atomistic-based continuum model
	2.1 Atomistic-based continuum representation of CNTs
	2.2 Homogenized polymer representation
	2.3 Atomistic-based continuum representation of CNT--polymer interface

	3 Results and discussion
	3.1 Carbon nanotube
	3.2 Representative volume element

	4 Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


