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This investigation focuses on the design of functionalization configuration at the atomic level to determine the influence of
atomic structure on the mechanical properties of functionalized carbon nanotubes (F-CNTs) and their composites. Tension and
compressive buckling behaviors of different configurations of CNTs functionalized by H atoms are studied by a molecular dynamics
(MD) method. It is shown that H-atom functionalization reduces Young’s modulus of CNTs, but Young’s modulus is not sensitive to
the functionalization configuration. The configuration does, however, affect the tensile strength and critical buckling stress of CNTs.
Further, the stress-strain relations of composites reinforced by nonfunctionalized and various functionalized CNTs are analyzed.

1. Introduction
Carbon nanotubes (CNTs), discovered in the early 1990s,
have promising mechanical, thermal, and electrical properties and thus have many applications in engineering [1,
2]. The properties of CNTs can be simulated by molecular
dynamics (MD) [3], molecular mechanics (MM) [4], and
other approximation methods [5, 6].
A primary application of CNTs is in the fabrication of
composites, in which the CNTs are embedded in a polymer
matrix. However, it has been shown that the interfacial
adhesion of the polymer and the CNT is weak, which results
in a lower efficiency in transferring the external load to the
CNT [7]. Chemical functionalization of the CNTs is an efficient way to achieve stronger interface adhesion between
CNTs and the surrounding polymer chains in such composites. Xie et al. [8] and Daniel et al. [9] reviewed some of
the functionalizing methods available. Chemical functionalization methods allow specific carbon atoms to be selected
for the sidewall modification of CNTs by hybridizing the

functional group or a particular atom, such as the hydrogen
atom.
Some research also indicates that functionalization of
CNTs can lead to degradation of some of their properties,
depending on the chirality and functionalization configuration. Work by Garg and Sinnott [10] shows that the functionalization of CNTs decreases the maximum buckling load by
about 15% despite the tubule helical structures and regardless
of the radius. Buffa et al. [11] state that surface defects are
induced by functionalization, which leads to loss of tensile
strength in the CNTs. The molecular dynamics simulation of
CNTs by Xin et al. [12] indicates that the buckling behavior
of SWCNTs is affected by vacancy defects owing to chemical
functionalization. Molecular mechanics investigations by
Kuang et al. [13, 14] and He et al. [15] reveal a reduction in
Young’s modulus of up to 37% after functionalization when
the functional group is densely distributed. Functionalization
may also weaken the fracture strain and tensile strength [16]
and the torsion behavior of CNTs [17].
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Although existing investigations on functionalized CNTs
focus on the mechanical property reduction of CNTs, several
problems remain unsolved. In particular, the desired functionalization configuration that results in optimum mechanical properties of CNTs is still unknown. Indeed, for design at
the atomic level of CNTs, it is very important to understand
the variation of mechanical properties with the functionalization configuration of CNTs. In this paper, the overall
performance, including tensile and buckling behaviors, of
CNTs with different functionalization configuration and their
composites are investigated by MD simulations. Optimum
configuration of CNT functionalization with hydrogen atoms
is explored by varying the atomic design of functionalized CNTs. Then the average properties of functionalized
CNT/polyethylene composite are studied to understand the
effect of atomic structure on the overall properties of the
composite.

2. MD Simulation Method
The main steps in molecular dynamics simulation include
the selection of the potential function, setting of initial
conditions, and balance of calculations [18].
In MD simulation, the movement of atoms at the nanoscale can be described by the classical Newton equation of
motion:
𝑚𝑖

𝜕2 𝑟𝑖
= 𝐹𝑖,
𝜕𝑡2

(1)

where 𝑚𝑖 is the mass of an atom, 𝑟𝑖 coordinate of an atom,
and 𝐹𝑖 combination of forces acting on atom 𝑖 from the
surrounding atoms. In molecular dynamics,
𝐹𝑖 = −

𝜕𝑉
,
𝜕𝑟𝑖

(2)

where 𝑉 is the potential function between the atoms.
The research object of molecular dynamics is always a
multiparticle system. The number of particles in a system that
can be simulated is finite due to the influence of the external
conditions. However, the rules of statistical physics are still
tenable, and thus suitable ensemble must be selected for the
simulation.
The main ensembles used in MD simulation are Microcanonical Ensemble (NVE), Canonical Ensemble (NVT),
Isobaric-isothermal Ensemble (NPT), and Pressure-enthalpy
Ensemble (NPH) [18]. NVT is adopted for the simulation
conducted in this work.
With the NVT, the particle number, volume, temperature,
and total momentum are all conserved. However, the total
energy of a system is not conserved at a constant temperature:
energy exchange must occur between the system and the
external environment to maintain a constant temperature.
The method adopted here achieves a heat balance between the
system and the external heat bath using a variable that
describes the interaction between the system and the external
environment [19]. Thus (1) becomes
𝑟̈ =

𝐹𝑖
− 𝜂𝑟𝑖̇ ,
𝑚

(3)

where 𝜂̇ = (1/𝜏2 )(𝑇/𝑇𝐶 − 1) and 𝜏 = √𝑄/3𝑁𝑘𝐵 𝑇𝐶. 𝜏 is the
relaxation time of the heat bath that determines the rate at
which the system tends to a constant temperature and that
can be evaluated once or several times in time-steps. 𝑘𝐵 =
1.3806 × 10−23 J/K is the Boltzmann constant.
Because the model is made of CNTs and functionalized
atoms, only C and H atoms are present. The AIREBO potential for the C and H atoms is thus adopted. This potential,
which includes the Lennard-Jones pair potential, is a modified REBO potential.
The AIREBO potential [18] can be written as
1
TOR ]
,
𝐸 = ∑ ∑ [𝐸𝑖𝑗REB + 𝐸𝑖𝑗𝐿𝐽 + ∑ ∑ 𝐸𝑘𝑖𝑗𝑙
2 𝑖 𝑗 ≠ 𝑖
𝑘 ≠ 𝑖,𝑗 𝑙 ≠ 𝑖,𝑗,𝑘
[
]

(4)

where 𝐸𝑖𝑗REB gives the model its reactive capabilities and only
describes short-range C−C, C−H, and H−H interactions (𝑟 <
2 Å), and 𝐸𝑖𝑗𝐿𝐽 adds longer range interactions (2 Å < 𝑟 < 𝑟cut )
using a form similar to the standard Lennard-Jones potenTOR
tial. 𝐸𝑘𝑖𝑗𝑙
is an explicit four-body potential that describes
the various dihedral angle preferences in the hydrocarbon
configurations. The Lennard-Jones potential is
𝜎 6
𝜎 12
𝐸 = 4𝜀 [( ) − ( ) ] ,
𝑟
𝑟

𝑟 < 𝑟cut .

(5)

Different parameters are given for 𝜀 and 𝜎 based on the atoms
that are included in the foregoing formula.
Finite difference algorithms can be applied to determine
the movement of the atoms. Some commonly used algorithms include the Verlet algorithm, Beeman algorithm, and
Leapfrog algorithm [18, 19]. The most extensively used Verlet
algorithm is employed here.
Suppose that the position of an atom in a molecular
system is 𝑟(𝑡) at time 𝑡. The position of the atom can then be
obtained by Taylor expansion for time (𝑡 + 𝛿𝑡) as
1
𝑟 (𝑡 + 𝛿𝑡) = 𝑟𝑖 (𝑡) + 𝛿𝑡V𝑖 (𝑡) + 𝛿𝑡2 𝑎𝑖 (𝑡) + ⋅ ⋅ ⋅
2

(6)

and for time (𝑡 − 𝛿𝑡) as
1
𝑟 (𝑡 − 𝛿𝑡) = 𝑟𝑖 (𝑡) − 𝛿𝑡V𝑖 (𝑡) + 𝛿𝑡2 𝑎𝑖 (𝑡) − ⋅ ⋅ ⋅ .
2

(7)

By adding (6) and (7), we can obtain the position of the
atom at (𝑡 + 𝛿𝑡) as
𝑟 (𝑡 + 𝛿𝑡) = 2𝑟𝑖 (𝑡) − 𝑟𝑖 (𝑡 − 𝛿𝑡) + 𝛿𝑡2

𝐹𝑖 (𝑡)
.
𝑚𝑖

(8)

The velocity of the atom can be calculated from
V (𝑡) =

[𝑟 (𝑡 + 𝛿𝑡) − 𝑟 (𝑡 − 𝛿𝑡)]
.
2𝛿𝑡

(9)

3. Model of Functionalized CNTs
CNTs have periodicity in the axial direction. The configuration of a CNT is characterized by (𝑚, 𝑛), which governs
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Figure 1: Cross-section of CNT functionalized by H atoms.

the diameter, helix angle, lattice constant, and physical properties. In the present study, for simplicity, a functionalized
(5, 5) CNT is examined to characterize the tension and
buckling behavior by using molecular dynamics simulation.
The radius and length of the CNT are 0.339 nm and 5.903 nm,
respectively. The cross-section of CNT functionalized by the
H atoms is shown in Figure 1 where 5 atoms of 20 carbon
atoms in a ring are functionalized by H atoms. The functionalized length is half the total length of the CNT. Thus the
functionalized density is 12.5%. Different functionalization
configurations are adopted which have the same atomicity of
H atoms. The H atoms in the model are divided into one,
two, three, and six separate segments along the CNT axial
direction, which are labeled F-CNT-1, F-CNT-2, F-CNT-3,
and F-CNT-4, as shown in Figure 2.
In the simulation, the CNT and the H atoms are modeled using the AIREBO potential. The NVT ensemble is
employed to keep the volume and temperature constant, and
the Nose-Hoover method [20] is used to control the temperature at absolute zero, which eliminates the influence of
thermal activation. The Verlet algorithm is adopted to solve
the molecular dynamics equations in the simulation procedure. The same boundary condition is imposed on the CNTs
for all the functionalization configurations: the two layers of
atoms at the bottom are fixed and displacements are imposed
on the atoms in the two layers at the top of the model.
Young’s modulus, buckling configurations, and critical buckling strain are obtained. The force applied on the atoms can
also be calculated by this MD simulation. Then a resultant
force of CNT can be obtained by adding all forces on the
atoms along certain direction. The stress of CNT is defined
as the resultant force subjected by all atoms divided by the
volume of CNT.

4. Properties of Functionalized CNTs
The tensile behavior of a virgin CNT is determined first to
verify the reliability of the present MD simulation. Young’s
modulus obtained is 1.03 TPa in agreement with the values

F-CNT-2

F-CNT-1

F-CNT-3

F-CNT-4

Figure 2: Functionalized CNT models.

Virgin CNT

F-CNT-1

F-CNT-2

F-CNT-3

F-CNT-4

Figure 3: Tensile deformation of virgin CNT and functionalized
CNTs.

reported in [5, 14–16]. It can be seen from the simulation that
when the models are extended, the hexagons begin to deform.
Necking then occurs, after which, the models fracture completely. Figure 3 shows the deformation of the five models.
In model F-CNT-1, some top functionalized atoms undergo
necking. In model F-CNT-2, the functionalized atoms are
divided into two parts, and necking occurs at the top of the
upper segment. In models F-CNT-3 and F-CNT-4, necking
happens at the bottom of the upper functionalized segment.
Comparisons of the deformation of the five models show
that the transition region between the functionalized and
nonfunctionalized atoms is weak leading to necking and
fracture easily.
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Table 1: Tensile properties of F-CNTs with different functionalized configurations.
CNT
1.03
0.264
188
597.59

Young’s modulus (TPa)
Failure strain
Maximum stress (GPa)
Maximum potential energy increment (eV)

F-CNT-1
0.68
0.266
134
593.53

F-CNT-2
0.692
0.25
117
554.25

F-CNT-3
0.669
0.26
123
582.91

F-CNT-4
0.676
0.239
112
504.35

2.0 × 105

Stress (MPa)

1.5 × 105

1.0 × 105

5.0 × 104

0.0
0.00

Virgin CNT

0.05

CNT
F-CNT-1
F-CNT-2

0.10

0.15
0.20
Strain

0.25

0.30

F-CNT-1

F-CNT-2

0.35

F-CNT-3
F-CNT-4

Figure 4: Variation of tensile stress versus strain of CNTs with
different functionalization configurations.
F-CNT-3

Figure 4 shows the variations of stress with strain of
the CNTs with different functionalization configurations. The
stress increases with increasing strain. The range of stress
increase in the nonfunctionalized CNTs with strain is larger
than those of the functionalized CNTs. Thus, at the same
strain, the stress in F-CNT-1 is larger than all of other functionalized configurations. Also, F-CNT-4 sustains the lowest
stress and fractures first.
Young’s modulus of CNTs with different functionalization
configuration can be obtained from Figure 4 and shown in
Table 1. Functionalization decreases markedly Young’s modulus and tensile strength of the CNTs, but the functionalization
configurations with the same intensity do not have any significant effect. Young’s modulus of the functionalized CNTs
is almost always degraded by ∼33% in these models. These
results are consistent with prior studies [14, 21], which depend
on the functionalization degree, hybridized atom, and chirality of CNT. The failure strains and maximum stresses are
listed in Table 1 for the extension of virgin and functionalized
CNTs. It is shown that the theoretical strength of CNT
decreases by 28–40% due to the functionalization, while the
variations of the failure strains are indistinguishable.
Buckling of the CNTs under compression with different
functionalization configurations is then simulated using the
same method. In the simulation, multiple necking occurs
until the models finally bend, as shown in Figure 5. In

F-CNT-4

Figure 5: Buckling deformation of CNTs with different functionalization configurations.

F-CNT-1, necking is located in the middle, and bending
occurs at the boundary of the functionalized atoms. In FCNT-2, necking occurs at the top of the lower functionalized
segment, and bending appears at the bottom of the upper
functionalized segment. In F-CNT-3, the bend is located in
the middle, as in F-CNT-1. Buckling of F-CNT-4 is similar to
that of the non-functionalized CNT. This comparison shows
that the transition region between the non-functionalized
and functionalized atoms is weak and breaks easily.
The strain of the models before necking occurs is called
the critical buckling strain. Table 2 shows the critical buckling
strain, maximum stress (theoretical strength), and maximum
potential energy increment of CNTs for different functionalization configurations. There is little difference (often less
than 10%) between the strain of the functionalized and
nonfunctionalized models. But functionalization can reduce
the maximum stress of the CNT by 45–52%.
Figure 6 shows the curves of potential energy increment
and strain. When the potential energy increment drops,
necking occurs, and the corresponding strain is the critical
buckling strain. It can be seen from these curves that the
potential energy increment also increases with strain increment after the critical buckling strain; but this change is
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Table 2: Mechanical properties of F-CNTs with different functionalized configurations.

Critical buckling strain
Maximum stress (GPa)
Maximum potential energy increment (eV)

CNT
0.058
125
73.70

F-CNT-1
0.062
68
72.96

F-CNT-3
0.061
67
72.50

F-CNT-4
0.053
60
57.74

1.4 × 105

80

1.2 × 105
60

1.0 × 105
Stress (MPa)

Increment of potential energy (eV)

F-CNT-2
0.062
67
70.00

40

8.0 × 104
6.0 × 104
4.0 × 104

20

0
0.00

2.0 × 104
0.0
0.00
0.02

0.04

0.06

0.08
F-CNT-3
F-CNT-4

Figure 6: Variation of potential energy increment versus strain of
CNTs with different functionalized configurations.

smaller because the initial buckling releases a large amount
of energy, so that the energy release in subsequent buckling
gradually decreases. The buckling strain of F-CNT-1 is larger
than other models with F-CNT-4 being the smallest (see
Figure 6). Under compression, the maximum buckling stress
of the nonfunctionalized CNT is the largest, followed by FCNT-1 as the second largest and F-CNT-4 as the smallest (see
Figure 7).
It must be noted that in the above simulation studies on
the tensile and compressive behaviors, the H-atoms represent
the functionalization. In the present model, CNTs with these
H-atoms are considered for “stress-free” boundary conditions. Though the functionalization leads to decreases of
the modulus and strength of CNTs, the interfacial adhesion
between CNT and polymer matrix may improve owing to
the functionalized CNTs. The property evaluation of functionalized CNTs is significant to the determination of in
situ properties of the components prior to the prediction of
effective properties of CNT composites.

5. Simulation of CNT/Polyethylene Composite
A composite model can be built by embedding the nonfunctionalized and functionalized CNTs into the polyethylene
(PE) matrix. Figure 8 shows a molecular dynamics model of
the CNT/PE composite where there are four-layer (total 150)
molecules of PE surrounding the CNT. The distances between

0.04

0.06

0.08

0.10

Strain

0.10

Strain
CNT
F-CNT-1
F-CNT-2

0.02
CNT
F-CNT-1
F-CNT-2

F-CNT-3
F-CNT-4

Figure 7: Variation of compression stress versus strain of CNTs with
different functionalization configurations.

Figure 8: CNT/polyethylene composite.

the carbon atoms of CNT and PE are 0.48 nm in the 𝑥direction and 0.36 nm in the 𝑦-direction, respectively. Several
studies were performed on the interfacial adhesion behavior
of functionalized-CNT/PE composites [21, 22]. In the present
work, the overall properties of the composite are emphasized
so as to consider the influence of functionalized CNTs on the
overall properties of the CNT/PE composites.
After free relaxation of the CNT/PE composite corresponding to a stable state with minimum energy, uniform
tensile displacement is applied as shown in Figure 9. This
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60

Stress (GPa)

50
40
30
20
10
0
0.00

0.05

0.10

0.15

0.20 0.25
Strain

0.30

0.35

0.40

Figure 11: Tensile deformation and failure of CNT/PE composite.

60

Stress (GPa)

50

Figure 9: Boundary condition of composite.

30
20
10

250

0
0.0

200

Stress (GPa)

40

0.1

0.3

0.2

0.4

0.5

Strain
1.79% CNT/PE
3.03% CNT/PE
9.04% CNT/PE

150
100

Figure 12: Variation of tensile stress versus strain of CNT/PE
composites with different volume fractions.

50
0
0.00

0.05

0.10

0.15

0.20
Strain

0.25

0.30

0.35

0.40

CNT/PE
CNT

Figure 10: Tensile stress-strain curves of CNT/PE composite.

displacement boundary condition will induce a uniform tension in the CNT and PE. The uniaxial stress-strain curve of
the composite can be obtained by MD simulation.
Comparisons of the stress-strain curves of the CNT and
the composite reinforced by virgin or nonfunctionalized
CNTs are given in Figure 10. The volume fraction of CNT

is 9.04% and the CNT is considered as a solid cylinder. The
calculated Young’s modulus of the composite is ∼244 MPa.
This result does not agree with the rule of mixtures for Young’s
modulus. However, the composite failure strain is nearly
equal to that of CNT under tension. This is in agreement with
the conclusion of the molecular mechanics method [23].
Figure 11 gives the deformed profiles of the CNT/PE composite at different deformation and failure stages. It can be
seen that the CNT dominates the deformation of the composite as PE has very low modulus and high ductility. The peak
stress borne by the composite can be obtained as the CNT
is broken. Then the stress rapidly decreases until complete
failure of the composite. The strength of the composite is
naturally affected by the volume fraction of the CNTs (see
Figure 12). Three volume fractions of CNTs, that is, 1.79, 3.03,
and 9.04%, are considered. It can be seen that the stress-strain
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60

8
7
Stress (GPa)

50

Stress (GPa)

40
30

6
5
4
3
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2
1
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0
0.0

0.1

0.2

0.3

0.4

0
0.00

0.5

Strain
CNT/PE
F-CNT-1/PE
F-CNT-2/PE

0.02

0.03
Strain

0.04

0.05

0.06

9.04% CNT/PE
3.03% CNT/PE
1.79% CNT/PE

F-CNT-3/PE
F-CNT-4/PE

Figure 13: Variation of tensile stress versus strain of CNT/PE
composites with different functionalization configurations.

0.01

Figure 14: Variation of compression stress versus strain of CNT/PE
composites with different volume fractions of CNTs.

5

6. Concluding Remarks
The tension and compression behaviors of CNTs with different functionalized configurations are simulated with a
molecular dynamics method. The stress-strain relations of the
F-CNT/PE and CNT/PE composites are obtained. The main
findings are given below.

4
Stress (GPa)

curve is the highest for the composite with the highest level
of CNTs, thus indicating the largest composite modulus and
strength.
Figure 13 displays the stress-strain relations of CNT/PE
composites for different functionalized configurations. Clearly, Young’s moduli of the composites reinforced by nonfunctionalized and various functionalized CNTs are very similar
though Young’s modulus of CNT is reduced by H-atom
functionalization. This means that the H-atom functionalization hardly affects the overall elastic properties of continuous CNT/PE composites under uniform axial deformation.
Also, the functionalization configurations, which introduce
different interfacial adhesion between CNT and PE, do not
influence the overall stress-strain behavior of the composites,
since there are no large differences in the stress transfer
capacity at the interface.
The compression and buckling behaviors of CNT/PE and
F-CNT/PE composites are studied. With different volume
fractions of CNT, the first buckling of CNT/PE corresponds
to the yield of PE as shown in Figure 14. The second buckling
at 6% compression strain relates to the failure of the CNT,
which leads to critical buckling of the whole composite.
Figure 15 illustrates the relations of compression stress
and strain of CNT/PE composites with different functionalization configuration, which reduces the load-bearing capacity just before and immediately after the peak stress.

3
2
1
0
0.00

0.01

0.02

CNT/PE
F-CNT-1/PE
F-CNT-2/PE

0.03
Strain

0.04

0.05

0.06

F-CNT-3/PE
F-CNT-4/PE

Figure 15: Variation of compression stress versus strain of CNT/PE
composites with different functionalization configurations.

(a) The functionalization of CNTs decreases their Young’s
modulus by 33% at a functionalized density of 12.5%.
However, functionalization configurations have no
effect on the modulus.
(b) Tensile strength and fracture strain of F-CNTs differ
across functionalization configurations. The maximum stress of a functionalized CNT is smaller
than that of a nonfunctionalized CNT. In terms of
functionalization configurations, the more dispersed
functionalized atoms yield lower strength and failure
strain of CNTs.
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(c) Functionalization configuration has no obvious effect
on the critical buckling strai, but does affect the buckling mode of CNTs. The transition region between
functionalized and nonfunctionalized atoms is weaker than other regions of the CNTs. Thus, functionalization yields lower maximum buckling stress.
(d) Unlike CNT/PE composites, functionalization of
CNTs hardly affects Young’s modulus and maximum
stress of F-CNT/PE composites. Also, the failure
strain of the composites is nearly equal to that of the
CNTs. There is almost no effect of functionalization
configurations of CNTs on the overall properties of
the composites under both tension and compression.
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