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The use of carbon nanotubes (CNTs) as fiber reinforcement

in polymer matrix composites is currently being investi-

gated because of their superior mechanical, electrical, and

thermal properties [1]. However, recent research has raised

some concerns that the widespread use of CNTs may lead

to mesothelioma, cancer of the lining of the lungs, just like

asbestos [2]. During the machining of the CNT-reinforced

composites, CNTs may be pulled out of the polymer matrix

and spewed into the air, where they present health risks. To

ensure safety in using and manufacturing CNT-based

products, a detailed understanding of the CNT pullout from

a polymer matrix is essential.

The CNT pullout from a polymer matrix has been

investigated with classical molecular dynamics simulations

[3–5]. In addition to the nonbonded van der Waals inter-

action, the chemical bond (i.e., cross-link) between CNT

and polymer matrix plays an important role in the pullout

[5]. The pullout at nanoscale levels exhibits an interesting

debonding–rebonding behavior of the cross-link. When the

cross-link separates, there is a sudden drop in force, but this

is followed by rejoining of the hydrocarbon chain with

adjacent atoms of the CNT. The debonding–rebonding

behavior greatly affects the resulting pullout force. Our

previous work [6] presented a new approach addressing

such interfacial molecular switching behavior of the cross-

link for a CNT and crystalline-polymer system. An energy-

based switching criterion was incorporated into a molecu-

lar dynamics simulation to deal with cross-links traveling

on the CNT, without directly solving the many-body

interaction between the CNT and polymer. With this

molecular dynamics simulation, we investigated the effect

of cross-link switching on the pullout of CNT from

amorphous polymer in this study.

We will first explain the procedure of the molecular

dynamics simulation. Figure 1 depicts the unit-cell model

for the CNT-polyethylene (PE) system used in this study.

The CNT was modeled as a graphite tube consisting of C

atoms. The amorphous polymer chains were modeled by

the united-atom model, which treats a CH2 methylene

group as a single united atom. Though the united atom

model neglects the debonding and rebonding in polymer, it

enables us to simulate a large system within a limited

computational power. The axial length of the matrix was

6.0 nm and the model’s cross-sectional area was

4.0 9 4.0 nm2. The model included a (5,5) armchair CNT

with an aspect ratio of 9.2 (530 atoms) at its center. The

axial length of the CNT was 6.4 nm, and that of the CNT-

embedded portion was approximately 5.5 nm. In order to

reproduce the amorphous structure of the PE, chains of

CH2-united atoms were randomly located outside the CNT.

The bond length r and bond angle h were set to the equi-

librium values; r0 = 0.153 nm and h0 = 110.0�. The

dihedral angle / was set to a random angle within 5� of the

‘‘gauche’’ angle (65�) or ‘‘trans’’ angle (180�) that gives the

minimum energy of the dihedral angle potential. The sep-

aration distance between the nonbonded united atoms

exceeded 0.25 nm. The chains were successively created

until the PE density reached 1.0 g/cm3. The model contains

212 chains with 20 CH2-united atoms for each (i.e., 4240

CH2-united-atoms).
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The total potential energy E of the system is composed

of that of the CNT (ECNT), that of the amorphous PE (EPE),

and that of the interface between CNT and PE matrix (Eint).

E ¼ ECNT þ EPE þ Eint ð1Þ

The Brenner potential [7], which is used for carbon–

carbon interaction in the CNT, is given as

ECNT ¼
X

i

X

jð[ iÞ
VRðrijÞ � �BijVAðrijÞ
� �

; ð2Þ

where rij is the bond length from atoms i to j. VR(rij),

VA(rij), and �Bij denote pair-additive repulsive and attractive

interactions, and a many-body coupling term, respectively.

The second set of parameters given by Brenner [7] was

adopted here. The following united-atom potential given by

Capaldi et al. [8] was used for PE chains.

EPE ¼
X
fEbsðrÞ þ EbeðhÞ þ Etoð/Þ þ Evwð�rÞg; ð3Þ

where Ebs, Ebe, and Eto are the bond-stretch, bond-angle,

and bond-torsion potential energies, respectively. Evw is the

van der Waals interaction energy that depends on the dis-

tance �r between two nonbonded polymer united atoms.

The pull-out simulation was conducted with and without

cross-links in the interface. With no cross-links, the non-

bonded van der Waals interaction between the CNT and the

polymer is modeled with the 12-6 Lennard-Jones potential,

given as

Eint ¼
X

4e
r
�r

� �12

� r
�r

� �6
� �

; ð4Þ

where e is the potential well depth and r is the van der

Waals separation distance. We adopted e = 0.4492 kJ/mol

and r = 0.3815 nm [6], and set a cut-off radius of 1.0 nm.

For the interface with cross-links, the cross-link bonding

was considered in addition to the van der Waals interaction

of the interface. Cross-link chains, consisting of four united

atoms, were added in the interface (Fig. 2a). The cross-link

chain was modeled by the CH2-united atom chain. Fig-

ure 2b schematically illustrates the cross-link chain. The

cross-link switching was represented as the switching of

the CNT atom to which the end atom of the cross-link was

attached. This study employed an energy-based switching

criterion [6]. When a new position gave a minimum

energy, the cross-link end atom was attached to the new

position as depicted in Fig. 2b. If the cross-link end bond

length exceeded the bond-breaking length then cross-link

detached from the CNT. The bond-breaking length was set

to twice the equilibrium bond length of PE.

These cross-link chains were inserted into the interface

after the total energy of the CNT-polymer system without

cross-links was minimized by the relaxation for over

16.0 ps. The CNT pullout from an amorphous PE matrix

was simulated using this initial configuration. Equations of

motion were solved using the velocity-Verlet method with

a time step of 0.5 fs. The temperature of the system was

kept constant at 300 K and controlled by velocity scaling.

The boundary conditions are schematically illustrated in

Fig. 1. Four sides of the unit cell were subjected to periodic

boundary conditions. The bottom end of the CNT was free,

while an incremental displacement of 3.0 9 10-4 nm was

applied to the atoms of the last three rings of the exposed

end of the CNT. Each incremental end displacement was

followed by the conjugate energy minimization method

and eight molecular dynamics steps for equilibration of the

system. The cross-link switching was judged every ten

steps.

We present the results of molecular dynamics simulation

for the CNT-polymer system without cross-links and with

two, four, and six cross-links. The cross-links were arran-

ged at the same cross section, which was near the center of

CNT embedded length, as depicted in Fig. 1. Figure 3

compares the relation between the pullout displacement

Fig. 1 Schematic of the atomistic model for the CNT pullout from

amorphous PE
Fig. 2 Schematic of cross-links between the CNT and the polymer

matrix
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and the total force applied to the CNT by the surrounding

polymer.

With no cross-links, the pullout force peaks at 0.8 nN

just after the pullout simulation starts. The resistible sur-

face pressure, defined as the peak pullout force divided by

the interfacial area between the CNT and the polymer (i.e.,

interfacial strength), is 66 MPa. This means that when that

surface pressure is applied to the composite, the applied

force, localized to the CNT in the region where the CNT

sticks out of the polymer matrix, is likely to pull the CNT

out of the matrix and into the air. In this case, the inter-

facial strength between the CNT and the polymer cannot

adequately ensure the safety of using and manufacturing

CNT-based products.

For interfaces with cross-links, multiple peaks appear in

the relation between pullout force and displacement. As

pointed out by Namilae and Chandra [4], the pullout force

drops and rises successively due to cross-link switching.

When the cross-link switches frequently, the pullout force

continues to drop. The pullout force begins to rise while the

motion of the polymer chain to which the crosslink is

attached is restricted by other polymer chains and the chain

of the cross-link is extended. The peak force is not nec-

essarily reached in the initial stage of the pullout. As our

previous study [6] reported, the interfacial shear strength

increases as the PE density increases, so the variation of the

pullout force may be controlled by the local density of the

PE matrix. The local density of the polymer chains influ-

ence the restricted motion of the polymer chain to which

the cross-link is attached and consequently influences the

reaction force.

As the number of cross-links increases, the peak force

increases as shown in Fig. 3. Even if cross-link switching is

permitted to reduce the reaction force, the cross-link serves

as the driving force to resist the external pullout force. The

corresponding interfacial strength is then 130 MPa for two

cross-links, 216 MPa for four cross-links, 263 MPa for six

cross-links. Previous experiments using atomic force

microscopy by Barber et al. [9, 10] reported the interfacial

strength between the CNT and the polymer. In the case of

no chemical bonding, the interfacial strength was 47 MPa

between pristine CNT and PE-butene matrix and 30 ± 7

between pristine CNT and epoxy matrix. For chemically

modified CNT, the interfacial strength increased up to

151 ± 18 MPa. The interfacial strength calculated with

our simulation is very close to the order of those experi-

mental values. From these discussions, we can conclude

that the chemical bond between the CNT and the polymer

significantly increases the resistible surface pressure. In the

conventional composite materials with micro-fiber, the

strong interface, such as the interface between carbon fiber

and epoxy matrix, has 100 to 200 MPa strength [11, 12].

This interfacial strength can be achieved when the density

of the cross-link per CNT atom reaches about 0.5 to 1%.
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