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H I G H L I G H T S

� MD simulation was used study the torsional characteristics of a GNR@SWCNT.
� The shear stress increased with an increase in the twist angle before breaking.
� GNR@SWCNT endured a smaller twist angle than a single SWCNT.
� GNR@SWCNT fractured easily at a higher temperature.
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a b s t r a c t

Molecular dynamics (MD) simulations were performed to study the torsional characteristics of a gra-
phene nanoribbon encapsulated in a single-walled carbon nanotube (GNR@SWCNT) with different
chiralities at different temperatures. Based on the simulations, the relationship between the shear stress
and the twist angle was obtained. The maximum shear stress increases with an increase in chirality.
However, the corresponding twist angle decreases with increasing chirality. GNR@SWCNT withstands a
smaller twist angle compared with a single SWCNT. In addition, the interaction force between the GNR
and the SWCNT increases with increasing temperature. GNR@SWCNT at an elevated temperature is
easier to break during torsion with a lower twist angle. The results are valuable for the design of na-
nocomposites composed of carbon nanotubes and graphene materials.

& 2016 Published by Elsevier B.V.

1. Introduction

Over the last several years, carbon nanotubes (CNTs) and gra-
phene nanoribbons (GNRs) have attracted great interest from all
over the world because of their potential applications in nano-
technology [1–4]. Nanocomposites composed of CNTs, GNRs, and
other nanomaterials have also attracted much attention [5–7]. This
is because nanocomposites are expected to possess novel me-
chanical, electrical, and thermal properties.

CNTs filled with nanomaterials such as nanoparticles and na-
nowires have been intensively studied for potential applications in
nanoelectronic devices, nanosensors, and nanobiotechnology. In
addition, owing to the fact that experiments at the nanoscale are
extremely difficult, molecular dynamics (MD) simulations are of-
ten used to explore the physical characteristics of CNTs filled with

nanomaterials [8–12]. For example, Wu et al. [10] investigated the
mechanical characteristics of a SWCNT filled with C60 fullerene
using MD simulations. They determined that the loading force,
Young's modulus, elastic energy, and plastic energy of a C60-filled
CNT were proportional to the indentation velocity and tip size. Wu
et al. [11] performed MD simulations to study the mechanical
properties of Si-nanowire@CNT and found that Si nanowire is not
coaxial with CNTs.

In addition, the physical and structural characteristics of GNRs
encapsulated in CNTs have been increasingly studied. For example,
Talyzin et al. [13] synthesized GNRs encapsulated in SWCNTs
(GNR@SWCNT) and explored the electronic structure of the sys-
tem. Lebedeva et al. [14] studied the structure and electronic
properties of a sulfur-terminated zigzag GNR inside CNTs using
calculations in the framework of dispersion-corrected density
functional theory. Mandal et al. [15] utilized the self-consistent
charge density-functional tight-binding method to study the en-
ergetics and electronic structure of encapsulated GNRs in CNTs and
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found that the nanocomposites have higher hydrogen adsorption
characteristics than the individual components, and that hydrogen
adsorption is efficient only at high hydrogen concentrations.

Zhang et al. [16] investigated the elastic response of CNTs in
torsion through a density-functional-based tight-binding model
and obtained that the band gap of CNTs is dominated by rippling.
SWCNTs are prone to significant rippling with the smaller dia-
meter tubes being more stable than larger ones. Nikiforov et al.
[17] studied the torsional deformation of freestanding GNRs with
hydrogen (H) and fluorine (F) armchair edges. They found that the
F-GNR tends to form a helix with a smaller radius even at higher
twist rates and then it is more prone to helical packing into CNTs
with narrow diameters.

The earlier reports mentioned above focused on the structural
and electronic characteristics of a GNR@CNT. To our knowledge,
only a few studies have been reported on the mechanical char-
acteristics of nanocomposites. Recently, Fang et al. [18] performed
MD simulations to investigate the superelastic property of a
GNR@SWCNT using the nanoindentation technique. They found
that GNR@SWCNT has a 415% rate of springback, exhibiting a
superelastic nanocomposite behavior. In this article, the torsional
mechanical properties of GNR@SWCNT are studied. In addition,
the effects of different sizes and temperatures on the torsional
characteristics are examined.

2. Simulation method

A schematic of the MD model for an armchair graphene na-
noribbon with a horizontal configuration encapsulated in a sus-
pended SWCNT with length L¼15 nm is illustrated in Fig. 1. Five
layers of atoms at both ends of the suspended SWCNT were fixed.
Four layers of thermostat atoms that obey Newton's second law
close to the fixed layers were set to dissipate any excess heat
generated during the torsion period. A constant angular velocity of
π/180 rad/ps was used for the torsion test. Constant-temperature
simulations at 300 K were performed using a simple velocity
scaling thermostat for temperature control. The GNR@SWCNT was
subjected to unilateral torsion performed with clockwise rotation
until failure. The twist applied to the carbon nanotube and
transmitted to the graphene ribbon via van der Waals forces.

MD simulations with different potentials were used to study
the mechanical characteristics of the GNR@SWCNT by solving the

Hamilton equations of motion using Gear's fifth predictor–cor-
rector method [19]. The Tersoff potential [20–24] was selected to
calculate the interactions among carbon atoms of the nanoribbon
graphene and the carbon nanotube. In addition, the Lennard–Jones
potential was adopted to model interactions between graphene
nanoribbons and nanotube atoms.

3. Results and discussion

3.1. The size effect

We investigated the torsional characteristics of GNR@SWCNT
with different chiralities of (10, 10), (13, 13), and (15, 15) using MD
simulations. Snapshots of the vector distribution of atoms for a
GNR@SWCNT with a chirality of (11,11) subjected to torsion with
torsional angles of 180°, 360°, 720°, and 835° at 300 K are shown
in Fig. 2(a)–(d), respectively. The lower halves of the figures show
the deformation configuration of the graphene nanoribbon. A
longer arrow indicates a larger vector displacement. From Fig. 2
(a) to (c), it can be observed that both GNR and SWCNT experi-
enced a larger twist deformation as the torsional angle increased.
The deformation on the right region relative to the left region is
larger because of unilateral torsion on the right side of the nano-
composite. In addition, Fig. 2(d) shows that the SWCNT breaks
open and the GNR is exposed at a torsional angle of 835°. This is
because the shear stress of the SWCNT induced by torsion reached
its fracture strength.

In order to examine the size effect, we investigated the tor-
sional characteristics of a GNR@SWCNT with different chiralities of
(11,11), (13,13), and (15,15). The atoms and widths of different

Fig. 1. Schematic of an MD model of a GNR@SWCNT subjected to a torsion loading.

Fig. 2. Snapshots of vector distribution of atoms for a GNR@SWCNT with a chirality
of (11,11) subjected to torsion with different torsional angles of (a) ∘180 , (b) ∘360 ,
(c) ∘720 , and (d) ∘835 at 300 K.
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