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Understanding the mechanism underlying the behavior of polymer-based nanocomposites re-
quires investigation at the molecular level. In the current study, an atomistic simulation based on
molecular dynamics was performed to characterize the mechanical properties of polycarbonate
(PC) nanocomposites reinforced with single-walled armchair carbon nanotubes (SWCNT). The
stiffness matrix and elastic properties such as Young’s modulus, shear and bulk moduli, and Pois-
son’s ratio for the pure PC and PC/CNT nanocomposites were estimated using the constant-strain
method. In this research, this method was used for the first time to investigate the effects of dif-
ferent parameters, such as the effects of weight fraction and aspect ratio of CNTs on the elastic
properties of PC/SWCNT nanocomposites. From the computational results, the elastic moduli of
PC/CNT nanocomposites increased with increasing the amount of incorporated CNTs, while their
aspect ratio (I/d) also increased. A significant increase in the elastic modulus (41.2%) was ob-
served, even with the addition of a small quantity (2.4 wt%) of SWCNTs. Upon addition of about
6.9 wt% of SWCNTs, the elastic modulus increased by almost 52%.

© 2016 Published by Semnan University Press. All rights reserved.

1. Introduction

Polymer nanocomposites have the potential to
provide significant increases in specific strength-to-
weight and stiffness-to-weight ratios compared with
unreinforced polymers. Polycarbonates (PCs) are an
extremely useful class of transparent thermoplastic
polymers known for their toughness and clarity,
which are widely used in various engineering appli-
cations. Because of their optical clarity, light weight,
high impact resistance, and good molding ability, PC
is predominantly used in transparent armor, protec-
tive eye wear, and automobile and air craft trans-
parencies [1]. Future bullet-proof vests and defense
gear, in particular, aim towards greater fracture
toughness and strength in a material that can ab-
sorb and dissipate large amounts of energy before
failure [2]. The duel capabilities to resist impact and
high temperatures makes PC a suitable candidate
for common applications in house wares, laborato-
ries, and industries, and it is also the object of aca-
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demic research due to its widespread usage and
unusual properties.

In the ongoing research in composite science and
technology, carbon nanotubes (CNTs) have earned
special attention due to their high strength, high
ductility, light weight, and exceptional mechanical,
thermal, optical, and electrical properties. Combined
with their low density and high aspect ratios, CNTs
are ideal fillers for fabricating light-weight polymer
composite materials with improved mechanical per-
formance and multifunctional properties. By incor-
porating CNTs into PC, the resulting material’s
strength and fracture toughness can be significantly
improved. The level of reinforcement depends upon
several factors, such as the type of CNT, surface
modification, CNT orientation, the amount of CNTs,
and polymer/nanotube interfacial bonding [2].

In recent years, PC/CNT nanocomposites have
been investigated through a number of experi-
mental studies. For example, Liu et al. [3] reported
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that with 3 wt% of multi-walled carbon nanotubes
(MWCNTs) added to PC, the tensile strength of the
composite increased by about 40% compared to
pure PC. However, adding 5 wt% of MWCNTs to PC
caused a significant reduction in the material’s
strength. Eitan et al. [4] used bisphenol-A-PC with
MWCNTs as sample composites for mechanical
characterization. Tensile tests were performed, and
for composites with surface-modified MWCNTs (5
wt%), the modulus improved by 95% in comparison
to pure PC. Even for composites using pristine
MWCNTSs (5 wt%), the modulus was enhanced by
nearly 70% in comparison to pure PC. Chen et al. [5]
carried out a study on the mechanical properties of
PC composites containing 1-8 wt% of MWCNTs.
With increasing the MWCNT content, significant
improvements in the elastic moduli were observed.

The extent to which mechanical reinforcement
can be achieved depends on several factors, which
are difficult to control within experimental studies.
For this reason, theoretical studies based on analyti-
cal and computational methods have been widely
applied to the study of polymer/CNT nanocompo-
sites. The main goal of computational materials’ sci-
ence is the rapid and accurate prediction of proper-
ties of new materials prior to their development and
production. New methods have emerged as an al-
ternative to the traditional experimental and theo-
retical methods for estimating mechanical proper-
ties of nanomaterials. In this regard, several theoret-
ical studies have recently been performed specifical-
ly on polymer/CNT nanocomposites, investigating
different aspects of these interesting materials. For
example, Aghadavoudi et al. [6] used a molecular
dynamics (MD) method to investigate the effects of
resin cross-linking ratios on the mechanical proper-
ties of CNT-reinforced epoxy-based nanocompo-
sites. The cross-linking ratio was found to have no
significant effect on resin density, while the nano-
composite’s Young’s moduli, especially in the trans-
verse direction, increased with increases in the res-
in’s cross-linking ratio. In addition, the CNT diame-
ter was observed to have a strong influence on
nanocomposite longitudinal and transverse moduli.
Arash et al. [7] studied the mechanical behavior of
CNT/PMMA composite materials subjected to ten-
sile loading using MD simulations. The effect of the
aspect ratio of CNTs on the elastic properties of the
nanocomposites and the interfacial region between
nanotubes and the polymer matrix was investigated.
It was revealed that a PMMA-based composite rein-
forced with an infinitely long (5, 5) CNT was signifi-
cantly stiffer than a pure PMMA polymer. Further-
more, the CNT/polymer interfacial strength in-
creased by increasing the aspect ratios of CNTs,
leading to higher stiffness values.

Sharma et al. [8] studied the mechanical and
thermal properties of MWCNT/PC nanocomposites,
through MD simulations. Up to an 89% increase in
the elastic modulus was observed, even with the
addition of a small quantity (up to 2 wt%) of
MWCNTSs. Upon addition of about 2% volume of
MWCNTs, the elastic modulus increased by almost
10%. Gates et al. [9] provided an approach for multi-
scale modeling and simulation of advanced materi-
als, such as nanotube-reinforced polymer compo-
sites for structural applications. Odegard et al. [10]
evaluated the effective elastic properties of CNT-
reinforced nanocomposites using MD-based mul-
tiscale approaches. They combined the MD method
with micromechanics, based on their previously
developed equivalent-continuum model [11]. In an-
other study, Rossi and Meo [12] proposed a finite
element (FE) model of single-walled carbon nano-
tubes (SWNTs), based on molecular mechanics, and
they investigated mechanical properties, such as the
Young’s modulus and the materials’ ultimate
strength. In addition, Papanikos et al. [13] utilized
an atomistic-based FE model to evaluate the geo-
metrical characteristics and elastic properties of the
beams with the same tensile, bending, and torsional
behavior as the CNTs. They assumed a linear behav-
ior for the load-displacement relationship of the C-
C bonds, which made the presented results accepta-
ble for small strains in SWCNT. Tserpes et al. [14]
proposed a multiscale representative volume ele-
ment (RVE) of SWCNT-reinforced nanocomposites,
with perfect bonding between the nanotube and the
matrix, until the interfacial shear stress exceeded
the bonds’ corresponding strength.

Study of the properties and behavior of polymer
nanocomposites involves several length and time
scales, for example, the behavior of such materials at
the upper scales is dramatically influenced by the
phenomena occurring at the lower scales. Therefore,
the ability of predictive modeling and simulation of
various scales would be of great importance for de-
velopment of polymer nanocomposites. Well-
validated computational methods, such as molecular
dynamics, can be effectively employed to gain
knowledge about the basic phenomena occurring at
the atomic scale. This method has been used to
study various polymer systems reinforced with
nano-fillers. To the authors’ knowledge, however,
there is no comprehensive atomistic simulation
study on CNT-reinforced PCs, as an important engi-
neering material. The current study used classical
molecular dynamics to estimate the mechanical
properties of PC/CNT nanocomposites, considering
different weight fractions and nanotube aspect rati-
0s.
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2. Methods
2.1. Simulation Procedure

Molecular dynamics, as a powerful and modern
tool for numerical study of materials, is based on
solving the classical Newton'’s equation of motion. It
involves the determination of the time evolution of a
set of interacting atoms, followed by integration of
the corresponding equations of motion [15]. The
molecular configurations, stored at different time
steps of simulation, form the possible phase state
configurations of the molecular system, following
the principles of statistical mechanics. Molecular
dynamics’ simulations are usually performed based
on classical interatomic potential, which can often
be derived from quantum mechanics’ calculations
[16]. The accuracy of MD simulations is intrinsically
dependent on the quality of the empirical potential
energy functions and the force-field parameters
used [17]. A force-field is the average description of
the interactions among various atoms in a group of
molecules, which has a set of functions and parame-
ters in molecular mechanics and molecular dynam-
ics [18].

All simulations here were based on the Con-
densed-phase Optimized Molecular Potentials for
Atomistic Simulation Studies (COMPASS) force-field
[19]. COMPASS, as a member of the consistent force
fields (CFF) family, has been widely used in simula-
tion of polymers and supports atomistic simulation
of condensed phase materials [20-23]. The force-
field parameterization in COMPASS is a combination
of ab initio parameterization and empirical optimi-
zation.

The COMPASS potential function contains bonded,
non-bonded, and cross-coupling interaction terms.
Bonded interactions include bond stretching, angle
bending, dihedral angle torsion, and inversion (im-
proper or out-of-plane) interaction terms. Non-
bonded interactions comprise long-range electro-
static and relatively short-range van der Waals
(vdW) interactions, as well as hydrogen bonding (H-
bonding), implicitly incorporated in other non-
bonded terms. Cross-coupling terms present the
coupling between different bonded interactions. A
typical energy function in CFF is expressed in the
following form [19]:
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in which, b, €, and @ are the bond length, bond angle,
and dihedral angle, respectively, and by, 6,, and ¢,
are their equilibrium values during the simulation.
The coefficients 4, B, C, D, K, H, and V denote the
force constants corresponding to various parts of
the potential function. The distance between the ith
and jth atoms is represented by ry, and g; while g;
shows the electric charges. The parameter ¢ is the
dielectric constant.

Valence terms are described by the first four
terms, while cross-coupling terms are represented
by the next seven terms. The last two terms are Cou-
lombic and Lennard-Jones (L]) 9-6 functions, de-
scribing the non-bonded interactions including vdW
and electrostatic interactions, respectively.

The COMPASS force field was implemented using
the Materials Studio software package [24], which
was used for all molecular modeling and simulation
tasks in this study.

2.2. Preparing the PC/CNT Nanocomposites

In this study, armchair single-walled CNTs (5, 5),
respectively, with the diameters of 6.78 A and 13.56
A were used as reinforcement. Simulations were
performed with different weight fractions of nano-
tubes. The models used in this study consisted of 1.7
wt%, 2.4 wt%, 4.9 wt%, and 6.9 wt% of (5, 5) nano-
tubes.

PC was chosen because of its good combination
of stiffness and ductility, and its ability to disperse
CNTs via melt compounding. PC was made up of
bisphenol-A of the formula C16H1403, as repre-
sented in Figure 1.
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Figure 1. General structure of a polycarbonate (PC) molecule.

Previous studies proved that polymers built with
10 to 15 repeating units can meet the accuracy re-
quirements [25]. Full atomistic models of PC chains,
composed of 10 monomers, were created using the
polymer builder tool within Materials Studio. CNTs
and PC chains were used as input for the construc-
tion of PC/CNT nanocomposites.

The nanocomposite RVEs were constructed
through randomly-packing the appropriate num-
bers of polymer chains and carbon nanotubes into
the simulation box, so that the target weight frac-
tions of CNTs were achieved. The construction task
was performed at room temperature with an initial
density of 0.5 g/cm3 to prevent the build-up of ex-
cessive energy within the system during the cell
construction, due to ring spearing and catenation of
the polymer molecules. The systems were later con-
densed into the real density at the equilibration
step. An instant constructed nanocomposite RVE is
depicted in Figure 2.

The periodic boundary conditions were applied
to achieve the effect of a bulk environment within
the unit cell. An atom-based method, with the cut-off
radii of 12.5 A and a long-range correction, was used
in calculation of the vdW interactions. The electro-
static interactions were calculated through the
Ewald summation method [26], with an accuracy of
10-* kcal/mol. The number of atoms prepared with-
in the models was in the range of 16600-17380.

2.3. Minimization, Equilibration, and Sampling

The energy of the created structures must be
minimized before any subsequent stage of the simu-
lation. The minimization process follows an iterative
procedure based on molecular mechanics, in which
the coordinates of the atoms and cell parameters are
typically adjusted, so the energy of the structure is
brought to a local minimum. This phase removes
any strong vdW interactions between the atoms,
which might otherwise lead to local structural dis-
tortion and unstable simulations.

Here, the conjugate gradient method, with a
maximum number of iterations limited to 10000
and an energy convergence criterion of 0.001
kcal/mol, was utilized to minimize the energy of the
structures. The variations of total energy and con-
vergence versus iteration are plotted in Figure 3,
and the comparison of various energy terms before
and after minimization appears in Table 1.

Polycarbonate (PC)

Carbon Nanotube

PC/SWCNT Nanocomposite RVE
Figure 2. Typical structure of a CNT/PC RVE (6.9 wt%).

Table 1. The energy portions for different contributors to the
total energy of the system, before and after minimization

Energy (kcal/mol)

Energy Before After
Terms e . c
Minimization Minimization

Total 9932382888.51 -1863.71
Bonded 7979.83 5631.45
Non-Bonded 9932375298.79 -5129.31
Cross-Coupling -393.85 -2369.60

As shown in Table 1, the non-bonded energy
portion was the main contributor to the total energy
of the system before minimization, because the at-
oms are randomly packed into the cells, and there-
fore can be placed at very short distances from the
others. After energy minimization, 500 ps isother-
mal-isobaric (NPT) dynamics with time step of 1 fs
at 298 K and 1 atm was performed, to reach the real
density and achieve equilibrium within the system.
The Berendsen thermostat and barostat [27] were
used to control the temperature and pressure of the
system, respectively.
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Figure 3. The variations of potential energy and convergence
versus iteration in the minimization process.

The time evolutions of the potential energy,
temperature, and density of the system were moni-
tored during the dynamics, and the equilibrium
state was confirmed as the density reached a con-
stant value with slight fluctuations. For instance, the
density of the 6.9 wt% model was converged to 1.17
g/cm3 after equilibration, as shown in Figure 4. The
system was then subjected to 100 ps dynamics
through a canonical (NVT) assembly at room tem-
perature to generate sampling trajectories, for pre-
diction material properties in the next step. The
Nose-Hoover method [28,29] was applied for con-
trolling the temperature during sampling stage. In
each case, configurations were saved as trajectories
every 1000 time steps.

2.4. Calculation of Mechanical Properties

Generally speaking, two primary methods are
typically used when calculating elastic constants
using molecular simulations: the static method,
based on molecular mechanics; and the dynamic
method. In the current study, the static method was
applied, due to its accuracy and reliability. After an
initial energy minimization, three pairs of uniaxial
tension/compression and three pairs of pure shear
deformations within the elastic limits were applied.
Each deformation corresponded to a strain pattern
(&), in which one of the components of the strain
vector takes a small value of 0.001-0.003 while
keeping the other components at zero [30], followed
by energy minimization. Each strain pattern, repre-
sented in Voigt notation, was converted into the
strain matrix (&), which was then used to generate
the metric tensor, G, as follows:

G ~Hi[2s+1 |H, (2)

Here, Hy is a matrix composed of lattice parame-
ters, while I represents the identity matrix, and Ho"
denotes the transposition of Hp. From G, new lattice
parameters were derived, while fractional coordi-
nates were held fixed. Following these steps, the
structure was optimized, and the stress was calcu-
lated [31,32]. For small deformations, the relation-
ship between stress and strain is represented by
O~ C i€ (3)

where o; denotes the components of the stress
tensor; Cj are the elastic stiffness coefficients, and ¢
denotes the components of the strain tensor. There-
fore, the stiffness matrix was built up from a linear
fit between the applied strain and the resulting
stress patterns.

Because of the random orientation of CNTs, the
material was almost isotropic, for which the elastic
stiffness matrix follows a particular pattern, as
shown in Eq. (4):

At2u A A 000

A A+2u A 0 0 0
c | 4 A A+2u 0 0 O (4)
! 0 0 0 u 00

0 0 0 0 u 0

0 0 0 0 0 u

Thus, the stress-strain relations can be completely
described by two Lame constants, A and g, calculat-
ed from the stiffness constants

1 2
A==(C,;+C,,+C,;)+=(C,, +C,+C
3( 11 22 33) 3( 44 55 66) (5)

1
ﬂzg(CM +Cy +Cee)



118 M. Farhadinia et al. / Mechanics of Advanced Composite Structures 3 (2016) 113-121

1.2
-~ 1.0 ‘fﬂ‘
“q ,/
9 [
C og!/
g Tl
= /
%) ¥
A 061
0.0.
0 100 200 300 400 500

Time (ps)
Figure 4. Convergence of density during the simulation for
the 6.9 wt% model, as evidence of equilibration.

Finally, the engineering elastic constants can be
described in terms of the Lame constants, according
to the following equations:

3A+2u

A+u
G=u (6)
K—/1+g

3/1

A
v=— 2

21+ p)

where E, G, K, and v represent the Young’s modulus,
the shear modulus, the bulk modulus, and Poisson’s
ratio, respectively.

Applying the above-mentioned procedure, the
mechanical properties of pure PC and PC/CNT sam-
ples were calculated and averaged over all valid
configurations.

3. Results and Discussion

In this section, the results obtained for the atom-
istic simulation of PC/SWCNT nanocomposite mod-
els are presented. The bulk elastic properties of a PC
polymer were predicted based on MD simulations.
Experimental results for mechanical properties of
the pure PC, showed values of 2.35 GPa [5,33], 0.8
GPa [34] and 0.39 [33] for Young’s modulus, shear
modulus, and Poisson’s ratio, respectively, which
were in good agreement with the simulation results.

A sample elastic stiffness matrix for one of the
nanocomposites reinforced with 2.4 wt% of (5, 5)
CNT (length of 32 &) appears as

We can confirm that although the non-bolded
components of the tensors are not strictly zero, they
are dominated by the bolded components, and the
deviations of the estimated elastic constants from
the values, suggested by Eq. (4), are negligible. Fur-
thermore, all of the stiffness tensors were symmet-
rical along the diagonal components. Therefore, the
calculated elastic stiffness constants reasonably im-
plied the behavior of an isotropic amorphous mate-
rial.

For nanocomposite models, described in the
previous sections, the calculated mechanical proper-
ties are reported in Table 2.

The effect of the volume fraction of CNT rein-
forcements on the mechanical properties of CNT/PC
composites is also presented in Table 2. The values
for series 1 and series 2 show that when PC is filled
with about 4.9 wt% and 6.9 wt% CNTs, Young’s
modulus improved by 19.4% and 51.7%, respective-
ly, while the shear modulus improved by 26.1% and
60.2%, respectively, when compared to the values
for pure PC.

Table 2. Predicted mechanical properties of the polycarbonate
reinforced with (5, 5) CNTs.

Series 1 Series 2
Models CNT (5, 5) CNT (5, 5) Pure PC
L=22A L=32A4
wt% 1.7 49 2.4 6.9 0
Cell . . . . .
dimensions 57.2A 401A 573A 404A 57.6A
(a=b=c)
E (GPa) 2.84 3.06 3.62 3.89 2.56
G (GPa) 1.11 1.15 1.33 1.46 091
\Y 0.28 0.33 0.36 0.33 0.41
K (GPa) 2.15 3.02 4.26 3.85 4.57

Table 3. Type and wt% of the CNTs used in previous studies,
presented in Figure 5.

Type of CNT CNT wt% Ref.
MWCNT (AR) 2-5 [4]
MWCNT (EP) 2-5 [4]
MWCNT 1-8 [5]
MWCNT 1-5 [35]
SWCNT 1-5 [35]
SWCNT 1-5 [35]
MWCNT 2-8 [36]
MWCNT 0.5-10 [37]
MWCNT (room temp.) 1.5-5 [33]
MWCNT (77 K) 1.5-5 [33]
MWCNT (77 K) 0.1-10 [38]
MWCNT (room temp.) 0.1-10 [38]
MWCNT 0.1-1 [39]
MWCNT (C30) 0.1-1 [39]
MWCNT (C50) 0.1-1 [39]

482 207 214 -009 0.17 -0.12

207 594 289 -0.08 -0.09 0.10

C - 214 289 352 0.09 0.02 -0.13
" [-0.09 -0.08 0.09 248 0.19 -0.08
033 -0.09 0.02 019 1.04 0.09

-0.12 0.09 -0.13 -0.08 0.09 0.63
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For validation of the results, the calculated prop-
erties were compared with some findings and im-
portant results from previous studies on PC/CNT
nanocomposites, as depicted in Figure 5. The types
and weight fractions of CNTs corresponding to each
series of results in Figure 5 are also summarized in
Table 3. Current simulation results for series 1 and 2
shown in Figure 5 are presented in yellow and red,
respectively, to distinguish them from other results
marked with black arrows.

Variation of Young’s modulus, with increased
CNTs" wt% are plotted in Figure 6, showing a data
comparison to a number of studies with the same
parameters as the current study.

8000
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Figure 5. Young’s modulus of PC/CNT nanocomposites as a func-
tion of CNT content.
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Figure 6. Calculated Young’s modulus of PC/CNT composites in
comparison to some other experimental results.

Table 4. Variations of Young’ moduli of nanocomposites with
increasing amounts of CNTs

Increase in Increase in

Models SWCNT wt% Young’s modulus (%)
Series 1 0-17 T
1.7-4.9 7.8%
. 0-2.4 41.2%
Series 2

2.4-6.9 7.5%

As shown in the figures, the elastic modulus in-
creased with increased CNT content in the PC ma-
trix, and the predicted modulus was in good agree-
ment with the experimental results. In addition,
greater values of Young’s modulus were predicted
for the series 2 with longer CNTs. The quantitative
effects of CNT content on the Young’'s modulus of
nanocomposites is reported in Table 4.

A 52% increase in Young's modulus was seen
due to incorporation of 6.9 wt% SWCNT when com-
pared to pure PC. However, beyond a certain
amount of CNT content, the reinforcement effect
was reduced. This behavior is attributed to the
proper dispersion of CNTs at lower weight ratios,
which consequently led to stronger m-m interaction
between CNTs and the matrix, the combination of
large aspect ratios and high surface-to-volume rati-
os of CNTs, and improved load transfer capability of
SWCNTs. However, for higher weight ratios, aggre-
gation of CNTs prevented significant improvement
of the mechanical properties [3].

The relatively high predicted mechanical proper-
ties from the simulations followed a trend similar to
that observed in the literature. In the current study,
the predicted properties were slightly higher than
those reported in experimental studies, which was
due to the fact that in molecular simulations, prop-
erties are calculated for a nearly perfect uniform
molecular structure, whereas, under real experi-
mental conditions, the materials may contain air
pockets, impurities, and unreacted monomers. Addi-
tionally, previous studies have shown that nanotube
imperfections or defects significantly reduced the
mechanical properties of CNT-reinforced nanocom-
posites [40,41].

Variations of the shear modulus with respect to
SWCNT weight percentages demonstrated the in-
crease in the shear modulus, when the SWCNT vol-
ume fraction increased from 0% to 1.7%, and from
1.7% to 2.4%, respectively, for the series 1 and se-
ries 2 models. This increase was steeper than the
increase when the CNT volume fraction increased
from 1.7% to 4.9% for series 1, and from 2.4% to
6.9% for series 2. The aspect ratio (I/d) of CNTs
played an important role in the final mechanical
properties of polymer/CNT composites. In this
study, the effect of the aspect ratio of carbon nano-
tubes on the mechanical behavior of PC/CNT was
investigated for two aspect ratios—1.6 and 6.2, and
a weight fraction of 3.2%. This study found that the
elastic moduli increased with increasing the CNT
aspect ratio.
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4. Conclusions

In this study, PC/SWCNT nanocomposites were
modeled at the atomic scale, and the engineering
properties of the material were estimated through
the MD method. This research investigated the in-
fluence of geometry, aspect ratio, and weight frac-
tion of CNTs on the elastic properties of nanocom-
posites. The results indicated that mechanical prop-
erties of PC were greatly enhanced by incorporating
carbon nanotubes. A significant increase in the elas-
tic modulus (up to 52%) was observed with the ad-
dition of only 6.9 wt% of SWCNTs. Also, upon addi-
tion of about 2.4 wt% of SWCNTs, the elastic modu-
lus increased by almost 41.2%. In most cases, when
the CNT weight fraction increased up to 3%, the im-
provement in elastic modulus was greater than that
for wt% higher than 3%. Higher CNT aspect ratios
(I/d) led to enhanced mechanical properties of
nanocomposites. The predicted results were in good
agreement with the experimental observations.
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