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Abstract Elastic and engineering properties of nanopar-
ticle enhanced composites and their constituents (matrix,
reinforcement and interface) are calculated. The nano-
composites considered in this study consist of a single-wall
carbon nanotube (SWCNT) embedded in polyethylene
matrix. Molecular dynamics simulations are used to esti-
mate the elastic properties of SWCNT, interfacial bonding,
polyethylene matrix and composites with aligned and
randomly distributed SWCNTSs. The elastic properties of
bundles with 7, 9, and 19 SWCNTs are also compared
using a similar approach. In all simulations, the average
density of SWCNT-polymer nanocomposite was main-
tained in the vicinity of CNTs, to match the experimentally
observed density of a similar nanocomposite. Results are
found to be in good agreement with experimentally
obtained values by other researchers. The interface is an
important constituent of CNT—polymer composites, which
has been modeled in the present research with reasonable
success.
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Position vector of an electron in the
atom (or any particle in general)

Force field

Mass of the particle

Time

Total potential energy of the system
Force constants associated with bond
length change

Changed bond length

Equilibrium bond length

Force constants associated with bond
angle change

Changed angle between two bonds
Equilibrium angle between two bonds
Force constants associated with bond
torsion

Torsion angle

Force constants associated with out of
plane angle change

Out of plane angle

Equilibrium out-of-plane angle

Force constants associated with bond
length change and bond angle change

coupling
Force constants associated with bond
length change and bond torsion
coupling

Force constants associated with bond
angle change and bond torsion coupling
Force constants associated with second
order bond angle change and bond
torsion coupling

Charge of an electron

Stiffness matrix

Stress component
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Strain component

Helmbholtz free energy

Volume of the simulation cell
Undeformed volume of the simulation
cell

Velocity of the particle

Force acting on the particle i

Di Momentum of the atom (particle) in
original system

=<>g

]

- <

F,G Trajectory average of any
thermodynamic property

N Total number of atoms in the system

Di Position vector in the scaled coordinate
system

0 Same as volume, V

n, M Constants

; Momentum conjugate to p;

IT Momentum conjugate to Q

S Stochastic collision term for atoms

Y Mean rate of stochastic collision

Cj Material stiffness matrix

E;, vj, 1y K;  Engineering constants (Youngs
modulus, Poisson’s ratio, shear modulus
and bulk modulus)

Eputi-out Pull-out energy

T; Interfacial shear stress

a Radius of the nanotube

L Length of the nanotube

Introduction

The emergence of nano-sciences during the last decade has
drastically altered the landscape of scientific research and
technology development. Nano reinforcement of engineer-
ing materials can impart dramatic structural (e.g., stiffness)
and physical (e.g., reduced CTE) property benefits without
adding significant weight [1, 2]. For example, nanolayered
reinforcement can impart greater thermal stability [3, 4]
with reduced permeability, making the polymer less flam-
mable, and improving barrier performance [5-7]. Ideally,
the nanolayer reinforcement distributes internal stresses
more uniformly allowing greater dimensional latitude in
forming and shaping processes compared to conventional
macroscale reinforcement. The unparalleled characteristics
of clay nanolayers to boost mechanical properties of an
engineering polymer (Nylon-6) were first demonstrated by
Toyota researchers [8]. With only 4.2 wt.% of clay nano-
layers, the modulus doubled and heat distortion temperature
increased by 80 °C compared to the pristine polymer, along
with a reduction in water permeability and an increase in
flame retardant properties. These dramatic improvements in
properties made it possible to extend the use of low-cost

polymers in under-the-hood applications. In order to fully
utilize this type of mechanical property improvement for
structural applications, the resulting nanoreinforced com-
posite materials must have high modulus, high heat
deflection temperature, low thermal expansion coefficient,
high tensile strength and low permeation rates.

A critical issue for nanotechnology is the ability to
understand, model, and simulate the behavior of small
structures and to make the connection between structure
properties and functions. Most nanosystems are too small
for direct measurements but too large to be described by
current rigorous first principles in theoretical and compu-
tational methods. They exhibit too many statistical
ensembles. This problem is even more challenging in the
case of nanocomposites where carbon nanotubes are dis-
persed randomly in a polymeric (i.e., polystyrene, epoxy
etc.) matrix. The vital role of molecular modeling in this
field is to enable engineering design at the component and
systems level, and to set objectives that could guide labo-
ratory efforts of the physical implications. An important
component in molecular mechanics calculations of nano-
structured materials is the description of the forces between
individual atoms which are characterized by force fields.

Simulation of carbon nanotube composites using
molecular dynamics approach

Many researchers have attempted to model the mechanical
behavior of single wall carbon nanotube (SWCNT) taking
input from molecular mechanics. Several new computa-
tional methods and their applications to nanostructures
have been developed: equivalent continuum models
[9-11], quasi-continuum models [12-18] using Tersoff and
Brenner interatomic potential [19, 20], and molecular
dynamics simulations [21, 22]. In this article we focus on
modeling and simulation of SWCNT composites using the
molecular dynamics approach.

The Born—Oppenheimer approximation

The Born—Oppenheimer approximation is the foundation of
molecular dynamics [23]. Noting that the electrons are
several thousands of times lighter than the nuclei and
therefore move much faster, Born and Oppenheimer pro-
posed that the motion of the electrons can be decoupled
from that of the nuclei, giving two separate equations. The
first of these equations describes the electron motion where
the energy is the function of coordinate of nucleus E(R)
only and is termed as potential energy surface. The second
part of the equation describes the motion of the nucleus on
this potential energy surface. The solution of the nucleus
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motion is the basis of molecular dynamics. But prior to
that, one needs to solve the equation pertaining to the
motion of the electron for the expression of the E(R; r).
Solving the equation for electronic motion is not easy
because the potential energy surface is not unique. Thus, an
empirical fit to the potential energy surface, commonly
called a force field (E\y.1), is usually used. Since the nuclei
are relatively heavy objects, quantum mechanical effects
are often insignificant and equation of motion for nuclei
can be replaced by Newton’s equation of motion given as:

de d’*R
“®R- "R ()

where, O is the force field, R describes the location of the
nuclei in space, m is the mass of the nuclei and ¢ is time.
The solution of the above equation is the term R (¢) called
the trajectory of the system.

The force field

A force field in molecular mechanics and molecular
dynamics is the average description of the existing inter-
actions among various atoms in a molecule or a group of
molecules in terms of functions and parameters sets [24].
The electronic configuration around atoms is not included
into the description of these atomic interactions. Generally,
the force field parameters are empirical, derived from
quantum modeling and, sometimes, from heuristics.

The functional forms of various interactions, summed
together in order to yield the COMPASS force field can be
achieved from the introductory paper on COMPASS by
Sun [25].
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where the first 10 terms are “valence terms”. The first
through fourth terms represent the energy associated with
bond (b), angle (0), torsion (¢), and Wilson out-of-plane
(y) internal coordinates respectively. The rest of the terms
excluding the last two terms represent the energies of
cross-coupled internal coordinates which are important for
calculating the vibration frequencies and structural varia-
tions associated with conformational changes. The last two
terms represent ‘“nonbond” interaction between atoms
separated by two or more intervening atoms, or belonging
to different molecules. The second-to-last term is the
Coloumb potential that represents electrostatic interactions.
The last term of Eq. 2, that is the Lenard-Johns 9-6 (LJ 9-6)
potential, represents the van der Waals interaction. The
LJ-9-6 function is considered as a soft function in the
repulsive region compare to the conventional LJ-12-6
function.

Simulation of SWCNT composites and their
constituents

In this article we use commercially available molecular
dynamics software (Materials Studio® 4.1) by Accelrys
[23] to simulate a nanocomposite and its constituents (e.g.,
reinforcement, matrix, and interface). The nanocomposite
considered in this study consists of a single-wall carbon
nanotube (SWCNT) embedded in polyethylene matrix.
Molecular dynamics approaches are used to estimate
the elastic properties of SWCNT, interfacial bonding,
polyethylene matrix, and composites with aligned and
randomly distributed SWCNTSs. The elastic properties of
bundles of 7, 9, and 19 SWCNTs are also compared using
the same approach.

For each configuration submitted for static elastic con-
stants analysis, the first step consists of energy
minimization using conjugate gradients method. In this
study, the target minimum derivative for the initial step is
0.1 kcal/A. However, to reduce the time required for the
calculation, a maximum of 1,000 steps are performed in
attempting to satisfy the convergence criterion. Following
the initial stage, three tensile and three pure shear defor-
mations of magnitude +0.0005 are applied to the
minimized system and the system is re-minimized fol-
lowing each deformation. The internal stress tensor is then
obtained from the analytically calculated virial, which is
also used for obtaining estimates of the stiffness matrix.

As a result of these simulations, the elastic stiffness
coefficients can be obtained by calculating Ag;/Ag; for each
of the applied strains, where a; represents, in vector nota-
tion, elements of the stress tensor obtained analytically
using the following expression:
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where, index i runs over all particles 1 through N; m;, v; and
f; denote the mass, velocity and force acting on particle i;
and V, denotes the (undeformed) system volume.

Due to scaling problems and computational limitations,
one can simulate the behavior of only a small number of
particles (few thousand atoms) by using molecular
dynamics. However, in order to eliminate the surface
effects and to simulate the bulk material, periodic boundary
conditions are imposed on the system.

Results and discussion

Molecular dynamics simulation of SWCNT—polymer
constituents

Molecular dynamics simulation of SWCNT

One of the primary aims of the present study is to determine
the elastic and/or engineering constants of single-wall car-
bon nano tubes of different chirality. Molecular dynamics
simulation runs of SWCNT with (7,0) chirality (Fig. 1a)
and (5,5) chirality (Fig. 1b) were carried out under the
constant Number of particle, constant Pressure and constant
Temperature (NPT) ensemble. These two chiralities were
chosen because they have a similar radius of the CNT. The
length of SWCNT was chosen as 105 A so that an aspect
ratio of 25:1 (Iength:diameter) could be maintained in order
to capture the slender structure of SWCNTs. One SWCNT
was then placed into a 105 A x 8.7 A x 8.7 A simulation
cell. The simulation parameters for NPT molecular
dynamics of one SWCNT are given in Table 1.
Depending upon load conditions, the simulation was
divided into three parts: axial, transverse, and shear load-
ings. The simulation cell was subjected to uniaxial tensile
loading along the tube axis. The load was varied from
2.0265 x 1072 MPa to 1.01325 x 10> MPa during different
simulation runs. In other simulation runs, the load was

applied either in the transverse or shear direction with load
varied between 2.0265 x 10° MPa and 1.01325 x
10* MPa during different simulation runs. All of the runs
gave similar results. For each configuration submitted for
static elastic constants analysis, a total of 13 minimizations
are performed. The first consists of a conjugate gradients
minimization of the undeformed amorphous system. The
target minimum derivative for this initial step is 0.1 keal/A.
However, to reduce the time required by the calculation, a
maximum of 1,000 steps are performed in attempting to
satisfy the convergence criterion. Following this initial
stage, three tensile and three pure shear deformations of
magnitude +0.0005 are applied to the minimized unde-
formed system and the system is re-minimized following
each deformation. The internal stress tensor is then
obtained from the analytically calculated virial and used to
obtain estimates of the six columns of the elastic stiffness
coefficients matrix. These are the default values in the
software which are calculated automatically and this is why
the choice of applied loading magnitude (as long as it is in
the elastic limit) and direction are irrelevant. Typical
elastic constants obtained for the case of 7,0 SWCNT are:

1027 2518 1945 0 0 0
2678 4311 2054 0 0 0
2033 2808 3743 0 0 0
CGi=1 9 0 o 728 o o |02
0 0 0 0 559 0
0 0 0 0 0 7.14
and for the 5,5 SWCNT case are:
7298 1.123 1489 0 0 0
1.494 2320 016 0 0 0
1.463 0341 0766 0 0 0
CGi=1 9 0 0 1181 0 o |GPa
0 0 0 0 1435 0
0 0 0 0 0 1186

where i,j = 1,2,3 with 1 representing the axial direction and
2, 3 representing plane of symmetry. Thus we have a

Fig. 1 Molecular dynamic simulation of SWCNT with (a) 7,0 chirality, and (b) 5,5 chirality
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Table 1 Molecular dynamics simulation parameters for one SWCNT

System One £7,0) or (5,5) SWCNT,
105 A length

MD ensemble NPT

Temperature 293 K

Time step 1 femto second (fs)

Duration of simulation 100 pico second (ps)

Periodic boundary condition ON

transversely isotropic problem. For this case, the five
engineering constants may be calculated from elastic
constants using the following relations [26]:

2C?
EW=Cy ————"12
1 1" Cnt Cn
C3,(—Cxn + Cx3) + C3(—C11Caz + C3))
Euy = Eyy = Cyy 4 S12 12
33 =Ep=Cxp ChCn—
by i Cip
R=V3=F—
Cp+Cx3

1
fay = §(C22 —Ca3)

1
Ky = E(sz +Ca3)
(4)

Thus, the axial Young’s modulus of arm-chair CNT is
1007 GPa (&1 TPa) whereas the axial Young’s modulus
of zigzag CNT is 728 GPa. These are in good agreement
with experimentally obtained values by other researchers
[27].

Molecular dynamics simulation of clusters of SWCNT

Carbon nanotubes naturally tend to form crystals of hex-
agonally packed bundles or ropes that exhibit transversely
isotropic behavior. Determination of the effective
mechanical properties of nanotube bundles is important so
that their applicability as reinforcements in composite
materials can be evaluated. Also, once the effective prop-
erties of the carbon nanotube bundles are determined, these
values can be used as input parameters for the next step in
case of multi level modeling of SWCNT—polymer matrix
composites. In these bundles, the inter-tube force interac-
tions are due to primarily nonbonding Van der Waals
interactions. These weak cohesive properties of nanotube
bundles are important in the prediction of mechanical
properties of nanotube composite materials and those of
fibers of woven carbon nanotubes.

Three clusters of (7,00 SWCNTs were examined using
molecular dynamics. The first cluster consists of seven

@ Springer
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Fig. 2 Cluster of seven (7,0) SWCNTSs inside the simulation cell
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Fig. 3 Cluster of nine (7,00 SWCNTs inside the simulation cell

QOO
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00000

Fig. 4 Cluster of 19 (7,00 SWCNTs inside the simulation cell

Q
Q
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SWCNTs packed in hexagonal fashion in a simulation cell,
the second cluster consists of nine, and third cluster con-
sists of 19 SWCNTs packed in hexagonal fashion in a
simulation cell as shown in Figs. 2, 3, and 4, respectively.
Constant temperature—constant pressure (NPT) molecular
dynamics was performed. In order to simulate normal
temperature and pressure conditions during the simulation
experiment, the temperature of the system was maintained
at 298 K and an arbitrary chosen small hydrostatic pressure
of magnitude 10 atm was applied on the simulation cell in
all three experiments. The NPT MD simulation parameters
are given in Table 2 and the results of MD simulation are
reported in Table 3.
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Table 2 Molecular dynamics simulation parameters for SWCNT
bundles

System Clustf:r of (7,0) SWCNTs,
105 A length

MD ensemble NPT

Temperature 298 K

Time step 1 femto second (fs)

Duration of simulation 100 pico second (ps)

Periodic boundary condition ON

Molecular dynamics simulation of matrix

Polyethylene, a thermoplastic, has been chosen as the
matrix material for construction of the composite. Poly-
ethylene [IUPAC name—polyethene (PE)] is a
thermoplastic commodity polymer [28] created through
polymerization of ethylene. Its name originates from the
monomer ethene, also known as ethylene, used to create
the polymer. The ethylene molecule, C,H, is CH,=CH,,
two CH, connected by a double bond. The polymerized
structure of the polyethylene is shown in Fig. 5.

Polyethylene is classified into several different catego-
ries based on its density and branching. Sometimes some of
the carbons, instead of having hydrogen attached to them,
they have long chains of polyethylene attached to them.
This is called branched, or low-density polyethylene, or
LDPE. When there is no branching, it is called linear
polyethylene, or HDPE. Linear polyethylene is much
stronger than branched polyethylene. The mechanical
properties of PE depend significantly on variables such as
the extent and type of branching, the crystal structure, and
the molecular weight [28].

Simulation of the polymer consists of potential energy
minimization followed by two steps of molecular dynam-
ics. A single simulation cell of the polymer consists of
eight chains of monomer comprising of total 1,216 atoms.
This simulation cell was then subjected to periodic
boundary conditions in order to simulate the behavior of
the bulk polymer. Initially, during the actual chemical
reaction the rate of the reaction is reported to be fast which
gradually slows down as the chemical reaction proceeds.
Therefore, in order to capture the complete trajectory of the
polymer chains during molecular dynamics simulations, a
two step molecular dynamics simulation was carried out.

E H H H H H H H
o
—————— ¢c—C—C—C—C—C—C—=C
I R A
H H H H H H H H

Fig. 5 Polymerized structure of the polyethylene

The first stage of dynamics was carried out for 20 pico
second (ps) with a smaller time step of 0.2 femto second
(fs). This was followed by the second stage with a com-
paratively larger time step of 1.0 fs which lasted for
100 ps. The final density of the polymer matrix was
maintained as 0.92 g/cc. The temperature of the system
was maintained at 298 K throughout the simulation and a
hydrostatic pressure of 1 atm pressure was applied to the
system during the dynamics. Figures 6 and 7 show the
polymer chains used in this simulation, and Table 4 shows
final engineering properties of the simulated polymer
system.

Molecular dynamics simulation of the SWCNT-polymer
interfacial bonding

In case of composites, the effective transfer of load from
matrix to reinforcement occurs via the interface. The extent
of this load transfer depends upon the degree of adhesion
between the nanotube and matrix material. The adhesive
strength between the nanotubes and the polymeric matrix
can be evaluated by the interfacial bonding energy. In case
of nonfunctionalized SWCNT-polymer composites, the
nature of interfacial bonding energy comes from electro-
static and Van der Waals force in the composite system.

Fig. 6 Simulated single polymer chain of polyethylene

Table 3 Results of MD
simulation of (7,0) SWCNT
clusters

Simulation conditions E E> Via 13 K3
(GPa) (GPa) (GPa) (GPa)
Seven nanotubes, NPT, 1.0 Mpa (hydrostatic), 293 K 1021.7 26.85 031 8.4l 33.7

Nine nano-tubes (displaced from their equilibrium positions),

1019.6 1949 029 5.73 32.88

NPT, 1.0 MPa (hydrostatic), 293 K

19 nanotubes, NPT, 1.0 Mpa (hydrostatic), 293 K

9313 1496 0.29 4.44 239
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Molecular dynamics simulation of the interface for
SWCNT-polymer composite was carried out by simulating
the single fiber pull-out test. Figure 8 shows the atomistic
model used for interfacial binding simulations. The poly-
mer composite model used in this study was 10,0 SWCNT-
polyethylene composite. The model has a total of 1,206
atoms and the final density of the composite was 1.3 g/cc.
Before the start of pull-out test, the periodic boundary
conditions imposed on the system were removed. The total
energy of the system increases as the SWCNT is pulled out
of the composite. This increase in total energy can be
attributed to an increase in the potential energy of the
system due to the formation of new surfaces. Figure 9
shows the variation in total energy, essentially the potential
energy, of SWCNT-polyethylene resin composite as a
function of the number of sub-units of SWCNT pulled out
Fig. 7 Simulated polymer chains of polyethylene of the composite. Once, the whole SWCNT is pulled out of
the matrix, the variation in total energy attains a plateau as
the SWCNT is left far away from the matrix, because in

Table 4 Engineering constants such a situation the interaction between matrix and
. E (GPa) Vi2
of the simulated polyethylene SWCNT is extremely weak.
1.22 0.37 According to Gou et al. [29], the pull-out energy,

Epui-ou 18 defined as the energy difference between
the fully embedded nanotube and the complete pull-out

Fig. 8 Atomistic model of the
composite for interfacial
binding energy analysis

Pull - out
Direction

Fig. 9 Potential energy 19600
variation for SWCNT pull-out

test from polyethylene matrix in 19550
single SWCNT composite
19500
19450
19400
19350
19300
19250 -
19200 A : : : : :
5 8

Fully embedded 2 Pull-out Complete Far-away

Total energy (Kcal / mole)

# of sub-units of SWCNT pulled out of matrix

@ Springer



J Mater Sci (2008) 43:164-173

171

configuration. It can be related to the interfacial shear
stress, 7;, by the following relation:

L
Epuli-out = / 2na(l — x)t; dx = nat;L? (5)
0

= T = pull—out/ﬂ:aL2 (6)

where, a and L are the radius and length of the nanotube,
respectively, and x is the displacement of the nanotube.

The Epuou for the system comes out to be 224 kcal/
mol. The radius of the (10, 0) nanotube is 7.875 A and the
length of the SWCNT in the present system was 42.26 A.
The interfacial shear strength for the system under con-
sideration comes out to be 133 MPa. This value of
interfacial strength is comparable to interfacial strength
value of 150 MPa for nanotube—polystyrene system
reported in literature [30].

In another set of simulations, the same system was
subjected to periodic boundary conditions. But, because of
periodic boundary conditions of the system, when a
SWCNT is pulled out from one end, another SWCNT
enters from the opposite end into the simulation cell from
its neighboring image cell. Therefore, the total energy of
the system remains almost unaffected. Therefore, effect of
the SWCNT pulling on the total energy of the system could
not be studied in such a scenario.

Molecular dynamics simulation of SWCNT-
polyethylene composite

A key problem in the case of CNT polymer composites is
the bonding between CNT and polymer matrix. On the one
hand, the Van der Waals forces are too week to provide
strong connections between CNT and the matrix such that
attacks on CNT by chemical agents may result in devel-
opment of covalent bonds with carbon atoms, which affect
the structure of CNT. On the other hand, due to spatial
mismatch between the atomic structure of CNT and matrix
material, there can exist (by analogy with epitaxial growth)

Fig. 10 An arm chair CNT
surrounded by ethylene
molecules, before energy
minimization

significant residual stresses, which in turn may cause
defects in the matrix and deformation of CNT. These
factors can change key properties of the CNT such as
electrical and thermal conductivity. Figure 10 illustrates
the deformed shape of a CNT (departure from circularity of
cross-section) when surrounded by polymer chains, as
obtained from molecular dynamics simulation.

Molecular dynamics simulation was carried out for the
SWCNT-polyethylene matrix composite. The simulation
cell for the composite consists of single 7,0 SWCNT
embedded in polyethylene matrix. The dimensions of the
simulation cell were maintained as 100 A x 50 A x 50 A.
The two-step NPT molecular dynamics, described in Sec-
tion “ MD simulation of matrix material”, was applied to
the present case as well. The temperature of the system was
maintained at 298 K throughout the simulation and a
hydrostatic pressure of 1 atm pressure was applied to the
system. Figure 11 also shows the polymer chains used in
this simulation and Table 5 shows final engineering con-
stants of the simulated polymer system.

Fig. 11 Molecular dynamics simulation cell for SWCNT-polyethylene
matrix composite

Table 5 Mechanical properties for SWCNT—polyethylene composite
from molecular dynamics simulation

Ey; (GPa) E>; (GPa) V12 H3(GPa) K>3 (GPa)

92.18 231 0.33 0.97 13.55

@ Springer



172

J Mater Sci (2008) 43:164-173

Fig. 12 Molecular dynamics
simulation cell for three 7,0
SWCNTs embedded in
polyethylene matrix

Table 6 Engineering constants of simulated composite with three 7,0
SWCNTSs randomly embedded in polyethylene matrix

E (GPa) Vi2

24.62 0.36

In order to account for random distribution of CNTs in
the polymeric matrix, molecular dynamics simulation was
carried out for the three SWCNTs embedded in polyeth-
ylene matrix as shown in Fig. 12. The simulation cell for
the composite consists of three single 7,0 SWCNTs
embedded in the polyethylene matrix. The dimensions of
the simulation cell were maintained as 100 A x 100 A x
100 A. Two step NPT molecular dynamics was applied.
The temperature of the system was maintained at 298 K
through out the simulation and a hydrostatic pressure of
1 atm pressure was applied to the system. The same vol-
ume fraction used in the case of single CNT embedded in
polyethylene matrix was maintained with a total of 13,414
atoms used in the simulation. The engineering constants
obtained as a result of this simulation are summarized in
Table 6.

Conclusions

Results obtained from various types of loadings applied to
SWCNT show that SWCNTs are transversely isotropic.
Elastic constants are the same for SWCNT under various
loadings. Thus, SWCNT behaves as a linear elastic mate-
rial. The simulation of various SWCNT clusters establishes
the fact that clusters of nanotubes have lower transverse
properties when compared to individual nanotubes.
SWCNTs lose their circularity when a polymer chain is
placed in their vicinity. This shows that their transverse
properties are comparatively poor. The interface is an
important constituent of CNT—polymer composites, which
has been modeled in the present research with reasonable
success.
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