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We have developed a molecular mechanics approach to study surface modification and its effect on the mechanics of
interfaces in nanocomposites. Investigation of this topic is motivated by the exceptional mechanical properties that have
been demonstrated in a new generation of nanomaterials. The systems studied mainly include polystyrene polymers that
are reinforced by carbon nanotubes subjected to different surface modifications. The interactions among the atoms in the
system are governed by the empirical potentials in the form of force fields. To directly probe the interfacial mechanics, a
nanotube pull-out test is simulated. The interfacial properties between the carbon nanotube and polystyrene matrix are
evaluated from the numerical experiments under different surface modification conditions. The simulation results show
that both the interfacial energy and interfacial shear stress can be improved significantly by introducing a functional
group on the surface of the carbon nanotube. Interfacial strength up to 486 MPa can be achieved with the employed
surface modification. The simulation also indicates the existence of an optimum functional ratio in terms of the energy
barrier for interfacial sliding.
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1. INTRODUCTION

Since its discovery in 1991, the carbon nanotube (CNT)
has been widely studied as a new generation of nanoma-
terial. Besides the potential of being applied in sensors,
field emission, and other devices, another research direc-
tion is using CNTs as reinforcing materials for composite
applications due to the combination of their high strength
and lightweight properties. One of the major obstacles to
using CNT as a polymer filler is the weak adhesion (inter-
facial properties) between the CNT and the polymer ma-
trix. Without good adhesion, the external load could not

be transferred from the polymer matrix to the CNT effi-
ciently (Mokashi et al., 2007). In other words, the excel-
lent mechanical properties of the CNT could not be fully
utilized if the interfacial properties between the CNT and
the polymer matrix are too weak. Therefore, much re-
search has focused on improving the adhesion between
the CNT and polymer matrix using a surface modifica-
tion approach and understanding the interaction between
the surface-modified CNT and the polymer matrix.

In a general context, the interfacial properties of CNT-
based composites have been investigated in a number of
modeling studies (Lordi and Yao, 2000; Liao and Li,
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2001; Frankland et al., 2002; Frankland and Harik, 2003;
Frankland et al., 2003; Griebel and Hamaekers, 2004;
Mylvaganam and Zhang, 2004; Namilae and Chandra,
2005; Liu, Xiao et al., 2007; Namilae et al., 2007) using
an atomistic simulation approach. Specific topics such as
elastic properties, interfacial strength based on pull-out
tests, and load transfer mechanisms are discussed. In the
case of pristine CNT embedded in a polymer matrix, in-
terfacial strengths are observed to be in the range of 18–
135 MPa. The interfacial mechanics between functional-
ized CNTs and the polymer matrix have been investigated
(Frankland, 2002; Namilae and Chandra, 2005; Liu et al.,
2007; Namilae et al., 2007) using a molecular dynamics
approach. Due to the large variations in the surface mod-
ification in terms of both the functional species and func-
tional ratio, interfacial strengths in a relatively wide range
(50–500 MPa) have been reported. However, a major lim-
itation with use of the molecular dynamics approach is the
time scale associated with the loading condition, which is
typically on the order of pico-seconds. Correspondingly,
the imposed loading rates in these cases are very high
and it is difficult to directly verify the pull-out simulation.
For instance, it has been shown that the computed interfa-
cial shear stress is strongly dependent on the loading rate
(Frankland and Harik, 2003). In this paper, we developed
a molecular mechanics approach in which an equilibrium
solution is obtained for the pull-out test. Compared with
the molecular dynamic simulation, the solution is not af-
fected by the loading rate and is compatible with the typ-
ical pull-out experiment, which is quasi-static in nature.

In terms of the selection of the material system, there
are several experimental techniques widely used to mod-
ify the surface of CNTs to improve interfacial properties
in CNT nanocomposites, such as the solution oxidation
method (Ajayan et al., 1993; Ebbesen, 1996; Esumi et
al., 1996; Sekar and Subramanian, 1996; Colomer et al.,
1998; Yumura, Ohshima et al., 1999; Hernadi et al., 2001;
Jeong et al., 2001; Mann and Hase, 2001; Moon et al.,
2002; Feng et al., 2003; Gajewski et al., 2003; Leon-
hardt et al., 2003; Xu et al., 2004), sidewall functionaliza-
tion method (Holzinger et al., 2001; Hirsch, 2002; Tag-
matarchis et al., 2002; Peng et al., 2003; Dyke and Tour,
2004; Kang, 2004; Banerjee et al., 2005; Wu and Shi,
2005), fluorination method (Hamwi et al., 1997; Mick-
elson et al., 1999; Kudin et al., 2001; An, Heo et al.,
2002; Lebedev et al., 2003; Kawasaki et al., 2004; Khare
et al., 2004), and high-energy radical bombardment (Ni
and Sinnott, 2000; Lim et al., 2003; Pomoell et al., 2004).
Previous experimental studies on the interfacial properties
have yielded conflicting results. Generally there seems to

be two classes of observations: one concludes that the
load transfer is weak, such as in Schadler et al. (1998)
and Ajayan et al. (2000). The other groups of exper-
iments (Wagner et al., 1998; Cooper et al., 2002) have
reported very high interfacial strengths (300–500 MPa).
The discrepancies in the experimental data are largely due
to the combination of processing conditions for surface
modification of the CNT and the synthesis process of the
nanocomposites. These discrepancies highlight the im-
portance of using a modeling approach to study the nature
of the interface, which could provide invaluable insights
on the fundamental mechanisms.

To mimic the experimental procedure, we consider
systems of CNT that are either pristine or surface mod-
ified. The functional species are assumed to be covalently
bonded to the CNT surface. The interaction between the
surface-modified CNT and polymer matrix is governed by
the van der Waals type of interaction. The interface being
studied in this paper is similar to that of intertube interac-
tions in the case of nanotube ropes (Qian et al., 2003) in
which a Lennard–Jones potential developed earlier (Qian
et al., 2001) was used. For the system being studied here,
we propose that there are two fundamental mechanisms
that account for the load transfer: The first is the frictional
effect due to the surface roughness of the CNT and poly-
mer. The functional species and the rough interface of the
polymer provide energy barriers that prevent the interfa-
cial sliding. The second is the energy cost to create the
free surface. Such a free surface could take place as the
polymer matrix might contain voids. For the simulation
to be presented, we mainly focus on the first mechanism.
In our previous studies, we demonstrated plasma deposi-
tion of a thin polymer film on the surfaces of CNTs [46]
and used the coated nanotubes to reinforce a polystyrene
matrix [47]. In this paper, the interfacial properties and
mechanical properties of this particular material system
are studied by computational approaches. A similar ma-
terial system has also been studied by Liao and Li (2001).
The major difference here is the size of the system and
the additional surface modification considered in this pa-
per. Comparisons with the results in Liao and Li (2001)
are presented.

In addition to the influence of surface modification on
interfacial strength, a highly related topic is the effect of
the functionalization on the mechanical properties of the
CNTs themselves. For instance, a modeling study (Garg
and Sinnott, 1998) has indicated that surface modifica-
tion could degrade the mechanical properties of the CNTs
such as stiffness and strength. Although this effect is
not being specifically dealt with in the present paper, its
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contribution to the interfacial mechanics is directly repre-
sented by the molecular model. For the functional ratio
we tested (up to a moderate 2%), we speculate that the
degradations in the mechanical properties are insignifi-
cant in terms of their effect on the CNT/polymer inter-
face. However, a separate study is needed to verify this
proposition.

The rest of the paper is organized as follows: we first
describe the basic simulation setup in Section 2, includ-
ing structure generation, interatomic potential, and load-
ing conditions. We then present and discuss the results
in terms of the interfacial strength and interfacial energy
calculations. Final conclusions are made in Section 4.

2. SIMULATION CONCEPTS AND SETUP

Molecular simulation has been proven to be an extremely
useful tool in that it can provide direct insight into ma-
terial and bulk phenomenon. There are several simula-
tion methods available, such as ab initio (or first princi-
ples), Monte Carlo simulation, molecular dynamics, and
molecular mechanics. In this research, molecular me-
chanics is used to investigate the interfacial properties
between the polymer matrix and CNT. As the term indi-
cates, molecular mechanics is different from conventional
and widely used molecular dynamics methods. In molec-
ular mechanics, the system is solved based on equilib-
rium. The potential energy of the system is minimized
with respect to the atomistic degrees of freedom. The
system is in equilibrium at the end of every simulation
step and a new set of atomic positions is obtained dur-
ing the minimization. At equilibrium, the energy of the
system is at the minimum based on the force field used
to represent the molecular interactions. The force field
for a molecular system can be defined as a set of inter-
atomic potentials required and parameterized to represent
the physical system as accurately as possible. For a com-
plex structure, involving multiple types of molecules in-
teracting with each other, the force field also incorporates
intermolecular and short-range potentials. The potential
functions, their derivatives, and parameterization govern
the equilibrium in molecular mechanics. To obtain an
equilibrium solution, energy minimization based on the
L-BFGS-B (Byrd, 1995) minimization algorithm, found
to be robust for constrained and unconstrained problems,
is used throughout our study. The pull-out simulations
presented in this study are modeled by a quasi-static, dis-
placement update scheme. The DLPOLY (Smith and
Forester, 1996) software package was modified to incor-

porate the energy minimization scheme to implement the
molecular mechanics scheme.

2.1 Force Fields and Molecular Potentials

In the case of our composite systems, CNTs and
polystyrene are two distinct molecules with different sets
of properties and definitions. A combination of various
interatomic and intermolecular potentials is used for rep-
resenting the composite systems.

The expression for the total energy of nanotube–
polystyrene composite system is written as

Etotal = ECNT + Epolymer + Eintermolecular (1)

in which Etotal is the total energy of the system,ECNT

is the potential energy of the CNT,Epolymer is the energy
of the polymer matrix, andEintermolecular is the energy
of interaction between the CNT and the polymer matrix.
The potential energy models for these components are de-
scribed in subsequent sections.

2.2 Potential Model for CNTs

The empirical bond order potential proposed by Brenner
(Brenner, 1990) is used for modeling CNTs in either pris-
tine or functionalized forms. This potential is formulated
for covalent systems and leads to accurate representation
of graphite-like systems. The potential energy equation
for Brenner potential is given as

Eb =
∑

i

∑

j(>i)

[
VR (rij)−BijVA (rij)

]
(2)

whereVR (rij) andVA (rij) are the repulsive and attrac-
tive terms as follows:

VR (rij) =
fij (rij) D

(e)
ij
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2Sijβij
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(4)

in which D
(e)
ij , Sij , βij , andR

(e)
ij are constants, formu-

lated for each atom in the covalent bond. The equation
for fij (rij), a smooth cutoff function which accounts for
bond stretching and breaking, is given below.
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HereR
(1)
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(2)
ij are cutoff lengths corresponding to

bond stretching and breaking, respectively.Bij , the bond
order term, is an average of the terms associated with each
atom participating in the bond and a correction termFij ,
primarily dependent on the number of bonds each, made
by atomsi andj.

Bij = (Bij + Bji)/2 + Fij
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(7)

The functionGi(θ) is given below withc0 andd0 con-
stants, andθ is the angle between two adjacent covalent
bonds of atomi.

GC (θ) = a0



1 +

c2
0

d2
0

− c2
0[

d2
0 + (1 + cos θ)2

]


 (8)

For the specific parameterization of the modeling con-
stants, we refer to Brenner (1990) for details.

2.3 Force Field for Polymers

The polymer systems are modeled using DLPOLY force
field. The DL POLY force field representation of poly-
mer incorporates four interatomic potentials: bond, va-
lence angle, dihedral angle, and 1–4. The only inter-
molecular potential accounted for is the short-range (van
der Waals) potential. Electrostatic (coulombic) forces are
ignored. The total energy of the polystyrene matrix can
be expressed as

Epolyethylene = Ebond + Eangle + Edihedral

+ Eshort−range

(9)

The terms in the above expression are explained in
the form of the following potential equations from the
DL POLY force field.

a) Bond (Morse potential):

E (rij) = E0

[{
1− e(−k(rij−r0))

}2

− 1
]

(10)

whererij is the bond length,E0 andk are constants, and
r0 is the equilibrium bond length. The parameters used
for various bonds are listed in Table 1.

b) Valence angle (harmonic cosine potential):

E (θjik) =
k

2
(cos (θjik)− cos (θ0))

2 (11)

whereθjik is the angle between the two bonds,k is a con-
stant, andθ0is the equilibrium value of the angle. The
parameters used for the various valence angles in the sys-
tem are given in Table 2.

c) Dihedral angle (cosine potential):

E (φijkn) = A [1 + cos (m · φijkn − δ)] (12)

in which φijkn is the dihedral angle, andA, m and δ

are constants. The parameter values used for all the di-
hedral interactions are given in Table 3. In addition to
these parameters, two more parameters are used to control
the nonbonded forces acting between the 1st and the 4th
atoms defining the dihedral. These interactions are called
1–4 interactions and use the same potentials defined for
the rest of the short-range interactions. These potentials
are described in the next section.

2.4 Interaction Model between CNTs and
Polymer

The DL POLY force field incorporates potentials for non-
bonded as well as intermolecular interactions. The com-
plete definition of the force field for polystyrene includes
nonbonded interactions between the polymer atoms. In
our system, the only interactions between the two mate-
rials are the nonbonded or van der Waals (vdW) forces.
Algorithms to generate van der Waals interaction lists are
incorporated in DLPOLY to simulate double-walled nan-
otube and graphite systems in a separate study. Lennard–
Jones (Lennard-Jones, 1929) (L-J) potential is the poten-
tial of choice for all vdW interactions in our system. L-
J parameters reported by Girifalco (Girifalco and Lad,

TABLE 1: Parameters for bond (Morse) potential

Parameter C–C bond C–H bond Units
E0 70.000 70.000 kcal/mol
r0 1.53 1.09 Å
k 2.236 2.236 (Å)−1
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TABLE 2: Parameters for valence angle (harmonic cosine) potential

Parameter C–C–C H–C–H C–C–H/H–C–C Units
k 112.5 112.5 112.5 kcal/mol
θ0 109.47 109.47 109.47 rad

TABLE 3: Parameters for dihedral angle (cosine) potential

Parameter H–C–C–H/H–C–C–C C–C–C–H/C–C–C–C Units
(terminal C atom) (internal C atom)

A 0.1667 0.1111 kcal/mol
δ 0 0 rad
m 3 3 -

1956) for carbon–carbon systems are used for all vdW
interactions involving carbon atoms. The L-J potential
equation is given below:

U (rij) = 4ε

[(
σ

rij

)12

−
(

σ

rij

)6
]

(13)

whererij is the distance between the nonbonded pair of
atoms, andε andσ are constants. The form of the L-J
potential in Eq. (13) can be simplified and written as

U (rij) =

[
A

(rij)
12 −

B

(rij)
6

]
(14)

The parametersA and B used for different atom-pair
combinations are reported in Table 4 below.

2.5 Atomic Structures

The nanocomposite systems studied in this research are
based on single-walled nanotubes embedded in an amor-
phous polystyrene matrix. In the first step, a random walk
algorithm implemented in DLPOLY’s Java Graphic User
Interface (GUI) is modified to generate the amorphous

TABLE 4: Parameters for L-J potential

Interaction Parameter
type A(kcal/molÅ12) B(kcal/molÅ6)
C–C 802442.06 460.584
C–H 150602.42 151.339
H–H 17198.63 32.337

polystyrene structure. In this process, the polymer chain
starts with a single methane unit. One hydrogen atom
from each unit is replaced by the carbon atom from an-
other coming unit to propagate the chain. Unlike the al-
gorithm in the original DLPOLY for polyethylene gener-
ation, the difference in the backbone atom attachment is
carefully considered for polystyrene. The atom is divided
into two groups. One group is (CH2). For this group
of backbone atoms, no special change is made. Another
group of backbone carbon atoms is connected with the
benzene ring. For this group of atoms, one hydrogen atom
is substituted by the benzene ring. The coordinates of this
benzene ring are generated according to the vector which
points from the backbone carbon atom to the hydrogen
atom that is substituted.

Each added carbon unit is verified to be energetically
stable and not overlapping with any of the previous units.
Unlike polyethylene, the side group of polystyrene, i.e.,
the benzene ring, is much larger compared with the hy-
drogen atom. In certain cases, the random chain propa-
gation may be stopped due to the large space barrier. In
these cases, the energy barrier is reduced so that the ran-
dom chain can be further propagated. A typical composite
cell is shown in Fig. 1.

The connectivity algorithm is crucial to the proper def-
inition of the polymer force field. The algorithm imple-
mented in DLPOLY is divided into two main parts—
generating the bond connectivity and defining the force
field functions and parameters. The bonds are generated
based on interatomic distances, and the original logic is
slightly modified to sort the bonds based on atom num-
bers. The bond list is further traversed to define the va-
lence angle and dihedral interactions. Finally, the inter-
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(a) (b)

FIG. 1: Composite with through CNT in amorphous polystyrene(a) Longitudinal(b) Transverse

atomic potential corresponding to each bond, angle, and
dihedral interaction is selected and the parameters are
generated. An important part of this logic is finding the
hybridization and neighbors of the carbon atoms and se-
lecting the potentials and parameters accordingly. For ex-
ample, a carbon atom bonded to three hydrogen atoms
and one carbon has slightly different constants from a car-
bon bonded to two hydrogen and two carbons.

2.6 Simulation Setup

A pull-out test is a standard test used to determine the in-
terfacial properties and load transfer capabilities between
reinforced material and the polymer matrix. For glass
fiber or carbon fiber reinforced composite (the size is
around 10–100µm), a pull-out experiment can be carried

out by applying force on an individual fiber, then pushing
or pulling this fiber out of the sockets. The loading his-
tory is recorded to analyze the interfacial mechanics. To
model CNT pull-out, boundary conditions similar to the
experimental test are applied. The specific implementa-
tion is discussed in the next section.

2.6.1 Atomic Structures and Boundary Conditions

All the composite systems studied for interfacial proper-
ties are based on a through armchair (10,10) CNT with
700 carbon atoms inside an amorphous polystyrene ma-
trix enclosed in a cell of65 × 65 × 40 Å. The amor-
phous polystyrene matrix has a total of 12,002 atoms.
An illustration of the pull-out process is shown in Fig. 2.
The incremental axial displacement is imposed on 20 car-

FIG. 2: Illustration of CNT pullout

Journal for Multiscale Computational Engineering



4 Surface Modifications of Carbon Nanotubes 7

bon atoms at the tip of the CNT. For the amorphous
polystyrene matrix, a5 Å slab of polymer atoms is fixed
on the front and back sides (shaded area in Fig. 2) during
the loading process. An additional2 Å slab of polymer
atoms is also fixed on each of the four sides in the cross-
section plane (Fig. 2).

The location of the functional sites on the CNT is con-
trolled mainly by a statistical uniform distribution. In ad-
dition, two rules are followed during the functional sites
generation:

(1) No atom at the end of CNT is functionalized. The
range is2 Å. This rule ensures that the functional
sites are embedded in the polystyrene matrix.

(2) No more than two functional groups are attached on
the neighbor carbon atoms. During the plasma modi-
fication, when one atom on the CNT surface is active
and absorbs one functional group, the benzene ring,
the large space barrier prevents the neighbor carbon
atoms from absorbing another benzene ring.

An example of a (10,10) tube functionalized by ben-
zene is shown in Fig. 3.

The functional ratio of a CNT, which is defined as the
number of carbon atoms connected with the functional
groups divided by the total number of carbon atoms,
changes from 0 to 2%. More specifically, four cases

of CNTs corresponding to different surface modification
conditions are simulated. These cases are summarized in
Table 5. No higher functional ratio is simulated because
2% is almost the highest value that can be obtained in the
experiment (He et al., 2006).

2.6.2 Pull-Out Simulation Setup

During the simulation, incremental displacement is im-
posed at one end of the CNT, then the energy is minimized
at each incremental pull-out step to arrive at equilibrium.
This process continues until the entire CNT is removed
from the polystyrene matrix. In the present simulation, a
displacement of0.005 Å per step is carried out until the
complete pull-out is accomplished. Figure 4 shows im-
ages of the nanotube pull-out process. To evaluate the in-
terfacial mechanics, two measures have been developed.
One is the “average” interfacial shear stress obtained by
dividing the shear force at the nanotube/polystyrene in-
terface by the entire nanotube surface area. The second
one is the “local” interfacial shear stress by evaluating the
shear force corresponding to the two translational CNT
unit cells (40 atoms) in the middle of the CNT and then
dividing it by the equivalent surface area. Use of the av-
erage shear stress gives an overall estimate of the load
transfer, while the local shear stress provides some indi-
cation of the tube/polymer matrix interaction at the local
level.

TABLE 5: A summary of the functional ratio and number of functional sites

Functional ratio 0 0.003 0.01 0.02
The number of functional site 0 2 7 14

FIG. 3: The structure of benzene funcionalized (10, 10) armchair carbon nanotube (Functional sites: 4)
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(a) (b)

(c) (d)

FIG. 4: Sanpshots of nanotube pull-out process

3. SIMULATION RESULT

Figures 5–8 show the average and local interfacial shear
stresses for both the pristine CNT and surface-modified
CNT. For the surface-modified tube, the number of func-
tional sites is seven in this case.

As can be seen in Figs. 5 and 6, both the average and
local shear stresses change in almost periodical patterns
when no surface modification is involved. In addition,
they reduce to zero when the imposed CNT tip displace-
ment is larger than50 Å. (At this moment, the entire CNT
is removed from polystyrene matrix). The shear stress
during the pull-out also shows a negative sign, an indi-
cation that the shear force is opposite to the pull-out di-
rection. In contrast, the shear stress history of the func-
tionalized CNT (Figs. 7 and 8) shows a dramatic differ-
ence. The periodical feature of the shear stress history
is no longer preserved and large positive shear stress val-
ues are shown in Figs. 7 and 8. As mentioned before,
the size of the benzene ring is much larger than the size

of the hydrogen atom. Subsequently, it becomes a space
barrier during the pull-out simulation. When the benzene
ring functional group passes the region where it was orig-
inally trapped, the interfacial force acting on it becomes
repulsive and this leads to a switch from pull to push at
the interface. As shown in the shear stress history curve,
the positive range can be clearly observed because of this
pull-to-push change. Unlike the smooth surface of the
original CNT with periodically arranged atoms, the sur-
face of the functional CNT becomes rough because of the
attached benzene ring. As such, the random roughness
destroys the periodical surface pattern, leading to a ran-
dom shear force history during the pull-out process.

In order to study the effect of functional density on
interfacial shear stress, the maximum shear stress corre-
sponding to the total CNT surface is evaluated during the
pull-out cases for different functional ratios. The reason
for choosing the maximum shear stress value is that, with-
out overcoming this obstacle, the CNT could not be pulled
out from polystyrene matrix. Therefore, we define this
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4 Surface Modifications of Carbon Nanotubes 9

FIG. 5: Shear stress computed based on entire carbon nanotube (pristine CNT)

FIG. 6: Shear stress computed based on middle layer of carbon nanotube (pristine CNT)

Volume 8, Number 2, 2010



10 Qian, He, & Shi

FIG. 7: Shear stress acted on entire carbon nanotube (modified CNT)

FIG. 8: Shear stress acted on middle layer of carbon nanotube (modified CNT)
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maximum shear stress as the shear strength of the inter-
face. Figure 9 shows the shear strength as a function of
number of functional sites. It is clearly seen that the max-
imum shear force increases dramatically with the increase
of the functional ratio.

Compared with the pristine CNT, the shear strength is
observed to increase up to 6.3 times when the functional
site increases to 14, which corresponds to a functional ra-
tio of 2%. This result indicates the benefit of attaching
a functional group on the surface of the CNT at a moder-
ate functional ratio and further explains the improvements
in the mechanical properties. In terms of the comparison
with the experimental data, we note that the shear strength
value at 2% is 486 MPa, which is on the same order of
magnitude as observed in Cooper et al. (2002) (366 MPa)
and Wagner et al. (1998) (500 MPa). For the pristine tube,
our computed value of 72 MPa is smaller than the shear
strength of 160 MPa presented in the modeling work of
Liao and Li (2001). This difference is mainly contributed
by the length of the tube, which leads to different mech-
anisms of interfacial shear. In Liao and Li (2001), their
CNT length is approximately20 Å. As a result, the en-
ergy needed to create a free surface during the pull-out
plays a more important role than the frictional effect due

to the relatively short contact length. In our work, the tube
length is about three times longer and the frictional effect
is a more important contributing factor. Finally, we note
that a different force field is used in Liao and Li (2001)
which could also lead to the differences.

In order to find out the effect of functional ratio on the
energy, the energy after 200 steps relaxation is used as a
reference for the composite system. The maximum en-
ergy value obtained during the pull out is used as another
value to calculate the energy barrier for pull-out, which
is essentially the difference between the two. As can be
seen in Fig. 10, the energy barrier keeps increasing with
the increasing functional density.

In terms of the basic trend, the value of the energy
barrier increases significantly when the number of func-
tional sites increases from 0 to 7 (1%). However, when
the number of the functional sites is further increased to
14 (a functional density of 2%), no appreciable improve-
ment can be found. This phenomenon can be qualitatively
interpreted as follows: When the functional ratio is low,
one functional group addition will seriously change the
roughness of the CNT surface. At this range, the energy
barrier for pull-out will be increased rapidly. But when
the density reaches certain value (1% in this study), fur-

FIG. 9: Maximum shear force vs Number of functionalized sites
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FIG. 10: The pull-out obstacle energy vs. number of functionalized sites

ther increasing the functional group will prevent the close
interaction between the CNT and polymer matrix. As a
result, it reduces the energy barrier for pull-out. It is noted
that the same trend is not reflected in the shear stress as
shown in Fig. 9. This because the average shear stress
can be approximated as the energy barrier divided by the
average sliding distance to overcome this energy barrier.
With the increasing functional ratio, the average sliding
distance to overcome an energy barrier will reduce. In
our simulation, the combined effects yield an increasing
shear stress at the interface.

For the case of a pristine tube, we obtain an en-
ergy threshold value of 147 kcal/mol. We note that
Liao and Li (2001) quoted an adhesion energy value of
158.7 kcal/mol. Although this is close to the energy bar-
rier we obtained, the two energy terms have different
meanings. From a mechanics viewpoint, the adhesion en-
ergy provides a measure of the surface energy difference
between a completely embedded CNT and isolated CNT.
In contrast, the energy barrier used in this paper indicates
the maximum variation in the surface energy during the
pull-out process. For most applications involving CNT-
based nanocomposites, the sliding at the CNT/polymer
interface is unlikely to create a significant amount of free

surface. As such, the energy barrier is a more suitable
measure of the interfacial load transfer for nanocompos-
ites. In summary, interfacial properties of CNTs can be
improved by introducing a functional group on the sur-
face of the CNT. However, there is an optimum surface
functional density as far as the energy barrier for sliding
is concerned.

4. CONCLUSION AND SUMMARY

In this paper, the pull-out of a surface-modified CNT em-
bedded in polystyrene matrix is successfully simulated by
using a molecular mechanics approach. The DL-POLY
force field for polystyrene matrix and Brenner potential
for CNT are integrated to compute the energy and force
history as a function of load. The interfacial properties be-
tween the CNT and the polystyrene matrix are evaluated
for both pristine and a CNT functionalized by benzene
molecules. The numerical results show that both interfa-
cial energy and interfacial shear stress can be improved by
introducing a functional group on the surface of the CNT.

The numerical result provides a useful theoretic model
for future surface modification experiments. In addition,
the interfacial strength computed can be further cast in the
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form of a cohesive law which enables large-scale simula-
tion of CNT-based nanocomposites at the continuum level
(Liu et al., 2008).

The present work has only partially succeeded in re-
vealing the possibility of improving dispersion and adhe-
sion of CNTs by polymerization. There are still some im-
portant issues requiring further investigation, such as the
selection of better monomers and the study of chemical
reactions actually occurring during the coating process.
The computational framework presented in this paper can
be extended to perform further studies on these topics.
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