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ABSTRACT

Carbon Nanotubes (CNTs) are potential additives to polymeric materials as they can enhance the
mechanical, structural, and electronic properties of the resulting polymeric composite. However, the
improvement of different properties is not always guaranteed and the results usually depend on the
specific polymer used, along with the quality and quantity of CNTs used in the polymer composite. In
this work, a reactive force field (ReaxFF) is applied to perform molecular dynamics (MD) simulation to
determine the change in mechanical properties of single-walled carbon nanotube (SWCNT)-reinforced
Polyoxymethylene (POM) composite. We have varied the diameter of CNTs from 0.542 to 1.08 nm
keeping the temperature constant at room temperature (300 K) and observed a significant change in
the resulting mechanical property. Volume fraction of CNT and temperature are also varied and the
results are presented through a stress—strain plot. After that, our Molecular Dynamics (MD) simulation
result of CNT is compared with existing literature for code validation. Dependence of mechanical
property on the interaction energy, fracture mechanism, and reasons behind it are discussed
elaborately. It is clear from the results that the use of SWCNT in the polymer matrix of POM
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significantly improves the mechanical property of SWCNT-reinforced POM composite.

1. Introduction

In 1991 a revolution in the field of nanomaterial was started
with the introduction of carbon nanotubes (CNT) by lijima
[1] as CNT has excellent structural, mechanical, and electronic
properties and became a focus of considerable research [2-6].
Due to the properties of having extremely high tensile strength
and Young’s modulus, it has become a potential reinforcement
for structural and multi-functional composites and can increase
strength and stiffness in many folds compared to typical carbon
fibre-reinforced polymer composites [7].

Ajayan et al. [8] conducted one of the first studies about
polymer/CNT composite using the arc discharged method to
create multi-wall carbon nanotube (MWNT) and then dis-
persed randomly in a liquid epoxide-base resin by the mechan-
ical mixing. Although polymer has lightweight and low cost, it
has less tensile strength. But mixing a small percentage of CNT
with it significantly increases the tensile strength of the polymer
composites [9-13]. So, this mixing needs to be done carefully as
it is already well known that the strength and stiffness of the
fibre-reinforced polymer composite critically depends on the
interfacial bonding between the polymer matrix and fibre.
High fibre-polymer interfacial bonding results in high compo-
site strength and stiffness in exchange of low composite tough-
ness [14]. Carbon nanotube has a high aspect ratio, so large
areas are available for load transfer. Now, it is clear that to
take the advantage of novel property like extremely high
Young’s modulus or stiffness of CNT it is very essential to
have an eflicient load transfer between the polymer matrix

and the nanotubes. This is why preparing a polymer matrix
with SWCNT as reinforcement has become challenging as
the dispersion of CNTs in the polymer matrix [15], improper
alignment of CNT in the polymer matrix, and weak interface
adhesion between the polymer matrix and CNT can signifi-
cantly decrease the performance [16].

Now in most cases, CNT/polymer composite is prepared
through in situ polymerisation, mechanical mixing, solution
mixing, melting mixing, or solid mixing process. [16]. Due to
these difficulties molecular mechanics (MM) and molecular
dynamics (MD) simulation has become more and more popu-
lar among researchers for investigating CNT-polymer inter-
face, reinforcement mechanisms in CNT-polymer composite
systems specially in polymer resin [17]. MD simulations have
been applied satisfactorily to predict the elastic properties of
CNT-polymer composites. In 2003 MD simulation is used by
Frankland et al. to represent the stress—strain behaviour of
polyethylene-CNT composites where CNT is loaded mechani-
cally in both the longitudinal and transverse directions [18].
Mahboob et al. [19] used MD simulation to investigate the
effect of stone wales defect on the mechanical properties of
composites reinforced with SWCNTs. Tahreen and Masud
determined Young’s modulus, bulk modulus, shear modulus,
and compressibility of single-walled carbon nanotube
(SWCNT)-reinforced polyethylene (PE) using molecular
dynamics (MD) simulation which satisfactorily reproduced
experimental results [20]. Kamal et al. investigated the mechan-
ical behaviour of carbon fibre-amine functionalised multiwall
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carbon nanotube/epoxy composites and determined Young’s
modulus, poison ratio, and validated their work with exper-
imental results [17]. Later on, they performed a Pull-out simu-
lation of interfacial properties of amine-functionalised multi-
walled carbon nanotube epoxy composites and developed an
artificial neural network (ANN) model to develop a nonlinear
relationship between input-output data [21]. Four aforemen-
tioned studies used the compass force field which is suitable
for condensed phase application for its hybrid approach of
both ab initio and empirical methods but cannot represent
the construction and destruction of chemical bonds in the
simulation systems. In addition, breaking stress/strain of com-
posites cannot be predicted by compass and it can only predict
stress—strain curves in the harmonic region [22]. This limit-
ation can be overcome by using a reactive force field like
ReaxFF [23]. So later on, Xiong et al. modelled CNT-reinforced
polyethylene (PE) composite with an interfacial covalent
bonded interaction and used MD simulations to determine
mechanical property where they used ReaxFF which is spatially
developed for hydrocarbon and successfully reproduced the
experimental result of Young modulus of 1000 GPa for CNT
[24]. Zaminpayma studied the interaction between polythio-
phene (PT)/ polyethylene (PE)/poly(p-phenylenevinylene)
(PPV) and CNTs using MD simulation and determined the
effect of temperature, diameter, and polymer type on inter-
action energy using ReaxFF [25].

ReaxFF is a multi-body potential and has been developed
based on the concept of bond order which ensures a smooth
transition of the energy between different molecules and uses
the geometry-dependent charge calculation scheme to calculate
polarisation effects and redistribution of partial atomic charges
perfectly when the molecule or cluster of atoms changes its
shape [23,26]. This force field has successfully optimised the
trade-off between the accuracy of large-scale MD simulation
and the computational expenses by establishing a bridge
between quantum chemical (QC) and empirical force field
(EFF) which attracts many researchers to use ReaxFF to predict
the interaction of different hydrocarbons [27] and polymer-
CNT composite [28,29], and this is the reason for using this
force field to model our CNT-polyoxymethylene composite
and predict the interaction between them.

Polyoxymethylene (POM) is a high-performance engineer-
ing plastic resin with high mechanical strength, high crystalli-
nity, good abrasion resistance, and excellent solvent
resistance. Thermal stability and the electrical conductivity
can be increased with the addition of CNT, but this will
decrease the crystallinity of the polymer. The polyoxymethy-
lene (POM)-CNT can be used in different fields like anti-elec-
trostatic, conductive, and electromagnetic interference
shielding fields. Plastic particles with a perfect surface finish
can be produced from the moulded POM composite filled
with CNTs compared to conventional carbon fibre [16]. So
CNT-POM composite may find application in manufacturing
elements that work under variable load conditions as well as
precision machine parts as polyoxymethylene has high dimen-
sional stability, fatigue, wear resistance, and good sliding prop-
erties [30]. This is the reason why researchers have shown their
interest in determining the mechanical property of CNT-poly-
oxymethylene where both single-wall CNT and multi-wall

CNT are used [31-34], but no research has been conducted
yet using molecular dynamics to determine the properties of
CNT-polyoxymethylene.

In the present work, we use a reactive force field (ReaxFF)
which accounts for the van der Waals interaction, covalently
bonded interaction, and the electrostatic interaction in the
interface of the nanocomposite to conduct molecular dynamics
simulation to explore the impact of the interfacial covalent-
bonded interaction on the mechanical properties of carbon
nanotube (CNT)-reinforced polyoxymethylene (POM) compo-
site. We also studied the influence of CNT diameter, CNT
volume fraction, and temperature on the interaction energy
and after that, we computed stress—strain curves of CNT-
POM composites to calculate Young’s modulus and extracted
the breaking stress/strain point of composites. Our investi-
gation revealed that volume fraction and diameter play a
major role in changing properties where the dependence of
properties on temperature is less significant. A sharp drop in
the interaction energy between CNT and POM is observed
between 400 and 500 K temperature which is discussed with
appropriate reasoning.

2. Simulation method
2.1. Force field (ReaxFF)

Different valance terms like angle, torsion (see Equation (1)),
etc. used in ReaxFF can smoothly go to zero with the breaking
of bonds as they are defined in terms of the same bond order
and use a general relationship between bond distance and
bond order as well as between bond order and bond energy
which helps it to perform proper dissociation of bonds to sep-
arated atoms. In addition to this, ReaxFF has Coulomb and
Morse (van der Waals) potentials to describe nonbonded inter-
actions between all atoms (no exclusions). The parameters used
in ReaxFF were derived from quantum chemical (QC) calcu-
lations on bond dissociation and reactions of small molecules
plus the heat of formation and geometry data for a number
of stable hydrocarbon compounds. A good description of
these data is provided by ReaxFF as it has developed a bridge
between quantum chemical (QC) and empirical force field
(EFF)-based computational chemical methods which allow it
to simulate the system containing thousands of atoms [23].

In general, the reactive force field ReaxFF calculates the total
energy of the system from various partial energy contributions
[23], which is

Esystem = Epond + Eover + Eunder + Evar + Epen + Etors
+ Econj + Evawais + Ecoulomb» (1)

where Ep,ng is the bond energy of nanosystem, E,, and
E,nder are the bond energy penalty of the atom over coordi-
nation and under coordination, respectively, E,,; denotes the
valence angle energy of nanosystem, Ej,, is the angle penalty
energy of the atom over coordination and under coordination,
Ejors is the torsion angle energy of nanosystem, E,y; is the con-
tribution of conjugation effects to the molecular energy,
Eydwans denotes nonbonded van der Waals interactions energy
of nanosystem, and Eoyjomp is the coulomb interaction energy



Table 1. Comparison of Young’s modulus with literature data.

Investigations Young's modulus (GPa)

Present work 1260

Krishnan et al. [Experimental] [36] 900-1700
Salvetat et al. [Experimental] [37] 800 + 410
Qiang et al. [Morse Potential][39] 840 + 20

Bao WenXing et al. [REBO and LJ potential] [38]. 935.805 + 0.618

of nanosystem. The fundamental assumption in ReaxFF is that
the bond order between two atoms is directly related to the
bond length or interatomic distance which is not the case
always and to fix this issue Eyr as well as E,,4,, is introduced.
In spite of correcting the original bond order, it is possible to
remain some over coordination in the system and a penalty
of E,,.r is added to fix this issue. On the other hand, to take
into account the effect of coordination due to resonance
Eynder is introduced. In our model, we do not have E,, as
energy contribution as there is no atom sharing two double
bonds. Detail explanation about the energy contribution and
all the parameters used in the above formulae can be obtained
from [23] which also contain the detail value about the hydro-
carbon parameters used for our MD simulation in the recent
work.

To validate ReaxFF used in our study, we have taken arm-
chair (6,6) carbon nanotube with a length of 4.92 nm and a
diameter of 0.815 nm. ReaxFF is used to define the interaction
between carbons. The system is minimised and then deformed
to calculate stress and strain from which Young’s modulus is
obtained.

The obtained results for CNT are in a good agreement with
experimental results except some small discrepancies and can
be explained as a result of using different diameter CNTs and
also the presence of some defects in the experimental samples
which is reported by Kamal et al. [35] that defects in CNT sig-
nificantly decrease the modulus of CNT. Krishnan et al. [36]
used the thermal vibration of CNT, and Salvetat et al. [37]
used an atomic force microscope on two ends clamped nano-
tubes. On the other hand, Bao WenXing et al. [38] and
Qiang et al. [39] used molecular dynamics to predict different
types of armchair CNTs with varying length and diameter
and all of the results are very close to the result obtained by
our simulation. So, the result indicates the effectiveness and
accuracy of ReaxFF (Table 1).

(a)

(b)
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2.2. Molecular model and MD simulations

At first, we have generated a single chain of polyoxymethylene
and CNT crystal then packed the polymer chain around the
SWCNT. Visual Molecular Dynamics (VMD) [40] is used to
convert the initial generated model into Large-Scale Atomic
Molecular Massively Parallel Simulator (LAMMPS) compatible
file and post-processing. Then the final molecular dynamics
simulation is carried out in LAMMPS.

A picture of the unit cell of the polyoxymethylene (POM)/
CNT composite used in the current study is shown in Figure
3 from different perspectives (Figure 1).

The interfacial intermolecular distance controls interfacial
C-C covalent bond so, in our work, CNT-polyoxymethylene
nanocomposite interfacial bond is attained by eradicating
inter-molecular distance.

A constant integration time step of 0.1 fs is used during all
the simulations. In the case of uniaxial tests of nanocomposite
before applying the tensile load, the energy of the system is
minimised at the desired temperature using the conjugate gra-
dient algorithm. After that, Nose-Hoover style thermostat
(NVT) [41] and barostat (NPT) simulations are carried out
to ensure the desired temperature and zero pressure in all
directions.

The uniaxial deformation is performed under NPT ensem-
ble to control temperature fluctuations with a strain rate of
10" s7' 10" 57! from which we have generated a stress—strain
curve and calculated breaking stress, breaking strain, and
Young’s modulus from them.

3. Results and discussion
3.1. Effect of diameter

To determine the effect of diameter change, the molecular
structure of CNTs was built using three different diameters of
0.542, 0.815, and 1.08 nm where the length of the CNTs was
kept constant at 4.92 nm in the middle of an amorphous simu-
lation cell with a dimension of 3 nm x 3 nm x 4.919 nm. On the
other hand, a single chain of polyoxymethylene was built hav-
ing 20 repeating units containing 82 atoms, and then the poly-
mer chain was packed into the simulation with geometry
optimisation. This packing results in 51, 53, 56 chains to be

(©

Figure 1. (Colour online) The MD model of CNT/polyoxymethylene (POM) nanocomposite, (a) side view (900 view), (b) front view (00view) and (c) lateral views (450view)

(CNT carbon: green; hydrogen: white; oxygen: red and POM carbon: grey).
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Figure 2. (Colour online) Potential energy evolution of CNT-polyoxymethylene
composite for different CNT diameters during 11 ps of equilibration at 300 K.

packed randomly into the simulation cell to obtain the initial
nanocomposite structure with a density of 1.42 g/cm’.

At the first stage, we studied the interaction between a CNT
and a chain of the polymer. If the covalent chemical bonding is
absent, the interfacial bond strength in the molecular system
comes mainly from the electrostatic and van der Waals forces.
The interfacial bond strength between the CNT and polymer
can be measured by the interaction energy, AE [42] which is

AE = Erotal — (Ecnt + Epolymer)a (2)

where E,,,, is the total potential energy of the system including
polymer and CNT, Ecyr is the potential energy of the CNT
without the polymer, and Epoiymer is the potential energy of
the polymer without CNT. This method actually calculates
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Figure 3. (Colour online) Stress—strain curve for CNT-POM composite at different
CNT diameters.

interaction energy as the difference between the minimum
energy of the CNT-POM composite simulation cell and the
energy at an infinite separation of the polymer matrix and
the nanotubes. The interaction energy is used to measure
adhesion between polymer and CNT where a strong interaction
energy is an indication of the strong adhesion.

Figure 2 represents the potential energy of the simulation
box at a different diameter of CNT. To mimic the real-life scen-
ario, we need to minimise the energy of the system as every
stable structure remains in minimum energy. The figure indi-
cates a sign of equilibration and a stable structure as the oscil-
lation of the potential energy is very negligible and the
fluctuations are observed in the system after 180 fs is less
than 0.03%.

Figure 3 represents a stress—strain relationship used to deter-
mine breaking stress, breaking strain, and Young’s modulus
where catastrophic brittle failure is observed on the polymer
matrix and the final load bearing observed on the graph is
due to CNT fibre. Figure 4 represents the dependence of
Young’s modulus on the CNT radius where the increase in
Young’s modulus is observed by increasing CNT diameter.
This phenomenon is an expected one from the interaction
energy relationship calculated using Equation (2) illustrated
in Figure 4. If we look carefully on the fracture mechanism pre-
sented in Figure 5, then we can observe that polymer matrix
being pulled out from the CNT reinforcement keeping the
CNT undeformed. So, the strength of CNT is not a critical
issue here; rather interaction energy between them plays the
main role in determining CNT-polyoxymethylene tensile
property.

The relation between the interaction energy and the CNT
radius is shown in Figure 4 where interaction energy changes
from —105 kcal/mol to —649 kcal/mol with varying CNT diam-
eter. The reason behind this can be explained as the surface
contact area between the CNTs and polymer matrix increases
with an increasing radius of CNTs and results in increasing
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Figure 4. (Colour online) Change in interaction energy and Young's modulus with
respect to the diameter.
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(a)

(b)

(©)

Figure 5. (Colour online) MD simulation snapshots of the atomic arrangement of (6,6) CNT-POM composite at different strain values. (a) strain = 0; (b) strain = 1.2% and

(c) strain = 2.3%.

the interaction energy. But the rate of increase in interaction
energy is following a decreasing (see Figure 4) trend. This is
due to the large deformation of the polymer network to accom-
modate the large diameter CNTs. So this suggests that in spite
of inserting a large diameter CNT insertion of multiple small
diameter CNTs is more favourable as it will increase surface
area with respect to minimal polymer deformation [43].

3.2. Effect of CNT volume fraction

The Carbon Nanotube (CNT) volume fraction plays a signifi-
cant role in defining the mechanical properties of the compo-
site. Since the polymer matrix does not penetrate the CNTs,
and we use (6,6) SWNT in this purpose with a radius of
0.815 nm which can be treated as a solid beam. Therefore,
the entire CNT cross-section, fonr is included as its effective
volume fraction and is defined by

Hoaw'\*
7T(RCJ\JT-l- VZ )

b
Acell

3)

fenr =

where h,gw is the equilibrium van der Waals separation dis-
tance between the CNT and the matrix, and A is the cross-
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Figure 6. (Colour online) Stress—strain curve for CNT-POM composite at varying
CNT contents.

sectional area of the unit cell transverse to the nanotube axis.
The nature of the CNT-polymer interfacial interaction drives
the van der Waals separation distance and was calculated to
be 0.3035 nm in the present work.

Using Equation (3) CNT volume fraction is calculated as
10.9%, 8% and 6.02% with varying the amorphous cell dimen-
sion which results in packing 53, 76 and 102 number of a poly-
mer chain in the simulation box with a constant density of
142 g/cm’.

The simulation boxes are then deformed at a constant strain
rate of 0.1 per ps and the results are represented as a stress-—
strain graph on Figure 6 which is used to calculate breaking
stress, breaking strain, and Young’s modulus. Figure 7 is gener-
ated after extracting values from the above to represent the
variation of Young’s modulus and interaction energy with
respect to CNT content which represents an increasing trend
of composite Young’s modulus with increasing CNT volume
fraction that is very similar to the result found by the previous
researcher Yue et al. [44] while investigating poly{(m-phenyle-
nevinylene)-co-[(2,5-dioctoxy-p-phenylene) vinylene]}- CNT
composite through MD simulation. With the increase of
CNT volume fraction the interaction energy between polymer
matrix and CNT also increases as an increase in CNT volume
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Figure 7. (Colour online) Change in interaction energy and Young's modulus with
respect to CNT contents.
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Table 2. Comparison of breaking stress and strain with changing temperature,
volume, and diameter.

CNT
CNT volume Young's Breaking
Temperature diameter fraction modulus stress Breaking
(K) (nm) (%) (GPa) (GPa) strain (%)
300 542 6.24 652 +18 13.5 9.4
815 10.89 101 +1.7 12.3 123
1.08 16.7 136 +1.8 12.8 16.8
300 815 6.02 541 +1.6 134 73
8 70.7 +£1.3 13 9.1
10.89 101 +1.8 127 13.9
100 815 10.89 116 +£1.8 14.9 17.3
200 106 +1.5 14.1 14.9
300 101 £1.4 123 123
400 888 +1.7 1.9 10.5
500 89.6 +1.5 11.4 9
600 795 +1.9 10.7 8.6
700 62 +14 10.4 6.6
1000 37 +13 10 3.8

fraction gives a larger amount of polymer chain opportunity to
interact with the CNT (Table 2).

3.3. Effect of temperature

To determine the effect of temperature chance CNT of .815nm
diameter is used with a constant length of 4.92 nm. The amor-
phous cell dimension used in this purpose is the same as the
above-described one and results in packing 53 polymer chain
of polyoxymethylene. The simulation box is equilibrated at a
varying temperature as 100K-700K and 1000K then deformed
at a constant rate of 0.1 per ps. The result of MD simulations is
used to determine interaction energy and a stress—strain curve
is accomplished from the generated data which later on aid to
determine breaking stress, breaking strain, and Young’s mod-
ulus of the composite. Here Figure 10 shows a very interesting
relationship between interaction energy and Young’s modulus
where both interaction energy and Young’s modulus decrease
slowly with increasing temperature except 400 and 500 K. In
400-500 K temperature interaction energy decreases dramati-
cally that is because the glass transition of the nanocomposite
falls in this range at which glassy state gets converted into the
viscous state. Above 1000 K temperature, another interesting
event is a drastic decrease in the interaction energy between
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i 300K
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Figure 9. (Colour online) Stress—strain curve for CNT-POM composite at varying
temperatures.

CNT and POM because of poor bonding between them
which can be observed from Figure 8 where a clear discrepancy
is visible between stable configuration of CNT-POM composite
at 100 and 1000 K. In 1000 K POM chains are less compactly
packed adjacent to CNT; as a result CNT is visible from yz
plane of the composite resulting in poor interaction energy
between them (Figure 9).

It is also observed that both interaction energy and Young’s
modulus decrease slightly with increasing temperature (except
400-500 K) (see, Figure 10). A similar trend is reported by
Chandrani et al. [45] who reported a negligible impact of temp-
erature and decreasing binding energy for polyacrylonitrile
interactions with carbon nanotubes. We know that kinetic
energy increases with the increase in temperature as a result
potential energy decreases which results in decreasing inter-
action energy and low interaction energy means weak bonding
between CNT and polymer matrix and lower modulus as bond-
ing between CNT and polymer matrix is a bottleneck here.
Another interesting observation from the stress—strain curve
is that with the increase in temperature length of the steep
line decreases which means a decrease in catastrophic brittle

Uncovered CNT

(b)

Figure 8. (Colour online) Visual representation of stable CNT-POM composite (a) at 100 K and (b) at 1000 K.
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Figure 10. (Colour online) Change in interaction energy and Young’s modulus
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failing nature of polyoxymethylene and inclusion of some duc-
tile nature in the matrix that is an indication of the transition
from brittle to ductile with the increase of temperature.

4, Conclusions

In our study, we have used MD simulation method to investi-
gate Young’s modulus, breaking stress, breaking strain, and
interaction energy with varying CNT diameter, CNT volume
fraction, and temperature with a ReaxFF and it is observed that

e The temperature has a small impact on the mechanical
property of the CNT-POM composite.

e CNT volume fraction and diameter plays an important role
in determining the mechanical property.

e The simulation result suggested the possibility of using
CNTs to mechanically reinforce the polyoxymethylene to
get a novel mechanical property in both low- and high-
temperature applications.
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