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a b s t r a c t

In this paper, the buckling behavior of fixed–fixed, both single- and multi- wall carbon nanotubes (CNTs)
under axial compressive loads, are studied using analytical continuum theory and molecular dynamics
(MD). An approach based on the tethering of atoms (applying a spring force), is used to apply the bound-
ary conditions and extract the reaction forces during the MD simulation. The effects of the vacancy defect
position on the CNT critical buckling load are studied at room temperature and at low temperature (1 K).
It is concluded that the defects at the ends of the CNT and close to the middle of the CNT significantly
reduce the critical buckling load and strain of CNTs at 1 K. At room temperature the influence of vacancy
defects on the critical buckling load and strain appears to be small. The MD simulation results can prove
to be useful for developing more accurate continuum descriptions of the CNT mechanics in future
research.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) are attracting much interest due to
their exceptional mechanical, thermal and electrical properties.
Many promising applications have been suggested for CNTs ranging
from: sensing, imaging, energy storage and interconnect technology
to fiber reinforced materials [1]. Recent examples of technologies
that contain CNTs are nano-interconnects [2–4], nano- electro
mechanical systems (NEMS) [5], nanocomposites [6–9] and atomic
force microscope (AFM) tips [6,10,11].

The mechanical behavior of CNTs has been the subject of many
experimental, molecular dynamics (MD), and elastic continuum
modeling studies [12,13]. Because of their high aspect ratio, CNTs
may easily become mechanically unstable and buckle under com-
pressive axial loads [6]. Buckling is a mechanical instability which
can lead to failure in the form of a sudden reduction of the load car-
rying capability of the structure, an undesirable distorted configu-
ration or electrical shortcuts. Therefore, particular interest has
been shown in the mechanical stability of CNTs that are used in
nanocomposites and AFM tips [6,7,14]. However, experimental
studies on the mechanical behavior of small structures becomes
challenging at the nanoscale due to the increased difficulty in han-
dling, specimen fabrication, deformation detection and force load-
ing [15]. Recently, novel experimental approaches have been
introduced for accurate and robust measurement of material prop-
erties at the nanoscale [16,17].

In order to overcome limitations of experiments, computational
methods are used for studying the parameters that influence the
mechanical stability of CNTs. In addition, more realistic models
are needed to predict and understand the mechanical behavior of
CNTs and other materials in experiments and applications better
[18]. One approach is to include vacancy defects (missing atoms)
into the atomistic model of the CNT. The vacancy defects can be
formed during the CNT synthesis or they can be formed under high
temperature environments or stress [12,19]. Therefore several the-
oretical studies on CNTs have already considered the effects of va-
cancy defects on the elastic properties [20], the fracture strength
[21] and the critical buckling load [12,19,22]. It has been men-
tioned that single vacancy defects have a weak effect on the critical
buckling load of slender (length/diameter P 12) CNTs at room tem-
perature [22]. However, most of these studies considered defect
locations at the middle of the axial compressive loaded CNTs.
The aim of this study is to explore the effects of the position of
the single vacancy defects on the CNT critical buckling load at
low temperature and room temperature by performing MD simu-
lations. Furthermore, the CNT Euler modes were determined by
comparing the MD simulation results with the continuum theory
of Euler buckling for different CNT geometrical dimensions.

2. Theory: molecular dynamics

Molecular dynamics has become an important tool for studying
the properties of materials and structures [23]. Molecular dynam-
ics is a computer simulation technique where the equations of mo-
tion of atoms and molecules are solved numerically over time. The
modeled particles are allowed to interact with each-other by
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means of forcefields [24]. MD simulations can provide details, or
control individual particle motion, more easily than experiments
on a similar system [25]. Therefore, we choose MD to study the ef-
fects of the position of missing atoms (vacancy defects) on the
mechanical stability of CNTs.

In our study, we numerically calculate the load–displacement
curve of defective and non-defective CNTs under uniaxial compres-
sion and determine the buckling load. Modeling of CNTs was car-
ried out with the commercial computational materials program
Material Studio 5.0 and the module Forcite from Accelrys [26]. The
scripts were developed with the programming language Perl.

2.1. Dreiding forcefield

The generic Dreiding forcefield is used to regulate the bonded
and non-bonded interaction forces between the carbon atoms dur-
ing the simulation [24]. The atomistic interaction forces can be de-
scribed using the potential energy that is required for the different
types of bond deformation, see respectively Fig. 1a–d. The function
that describes the total potential energy of the system is expressed
as,

EP ¼
P

bonds
Er þ

P
angles
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Ex þ
P
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where Er, Eh, E/, Ex and Enb are respectively the bond stretching en-
ergy, angle bending energy, torsional energy, inversion energy and
the non-bond energy [24,27].

Er ¼
1
2

krðr � r0Þ2 ð2Þ

The stretching energy is given by Eq. (2), the equilibrium bond
length and bond stiffness between the atoms i and j in Fig. 1a, are
denoted by respectively r0 and kr. The energy terms given by Eqs.
(3)–(6), refer to the angle bending and torsion terms,
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1
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For out of plane-equilibrium inversion angles: x0 – 0, Eq. (5) is
used,

Ex ¼
1
2
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For in-plane configurations x0 = 0, Eq. (6) is used,
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1
2
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The bonded constants, kh, k/, r0, h0, etc. can be found elsewhere
for a variety of different atomistic interactions [24]. The non-
bonded interactions, such as van der Waals (vdW) and electrostatic
(Coulomb) are given by
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EC ¼ C
qiqj

er
: ð8Þ

For the vdW interaction, constant D0 can be found in [24]. The
electrostatic interactions are calculated by using Eq. (8), where qi

and qj are the respective charges of the particles, r the distance
and � the dielectric constant [24,26]. The sum of the ELJ and EC

forms Enb, which is the total non-bonded potential energy. Recent
MD studies have shown that the Dreiding forcefield can be success-
fully used for the predictions of the elastic properties of CNT com-
posites, yield criterion for PMMA and the crystallization of polymer
chains on the CNT walls, respectively [18,27,28]. Furthermore, the
Dreiding forcefield parameters can be extended to include atomic
bonds with a user specified stiffness and length.

2.2. Boundary conditions and reaction forces

Fig. 2 shows a schematic representation of a single wall CNT
with applied boundary conditions. The ends of the CNT are fixed
to linear elastic tethers (springs). The tethers have a user specified
stiffness k and reference length l0. The tethers are fixed between
the atoms at the ends of the CNT and the anchor points. The anchor
points have fixed translational degrees of freedom in a Cartesian
reference frame. When the anchor points at one boundary are gi-
ven a small incremental displacement, the tethers are stretched
and a restoring force is created within the tethers. The tether stiff-
ness is high compared to the stiffness of the atomistic bonds and is
used in the calculation of the reaction force.

The restoring spring force is determined by the multiplication of
the tether stiffness k with the tether elongation

f i ¼ k li � li
0

� �
; ð9Þ

where i is the index number of the boundary atom, li is the current
tether length after applying the displacement and li

0 is the reference
tether length. The reference (undeformed) tether length is deter-
mined after the equilibration of the CNT to a specified temperature
and before any prescribed displacement. The current tether length
is the norm of B, which is the distance vector between the anchor
point coordinates xp and the boundary atom coordinates xa during
the MD simulation

li ¼ kBik ¼ kxi
a � xi

pk: ð10Þ

The restoring force always acts in the direction of the tether.
The reaction forces in x-, y- and z- direction are found by projecting
the force vector onto the Cartesian axis

(a) (b)

(c) (d)
Fig. 1. Schematic illustration of the different Dreiding functional terms that
describe the bonded interaction between the atoms: (a) bond stretch, (b) angle
bend, (c) torsion, (d) inversion.

Fig. 2. Schematic illustration of a single-wall (SW) CNT and the approach used for
prescribing the boundary conditions and extracting the reaction forces during the
simulations.
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