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ABSTRACT
In this article we compare the Young modulus of polyethylene carbon nanotube
composites with chemical cross-links between the nanotube and the polyethylene
matrix to the modulus of a composite with weak non-bonded matrix-nanotube
interactions only. To this end, we employ molecular dynamics simulations using
the Parrinello-Rahman approach, where all systems are modeled with a reactive
many-body bond order potential due to Brenner. To analyze the effect of chemical
cross-links on the Young modulus, we study systems where different amounts of
carbon atoms of a capped (10,10) carbon nanotube have been cross-linked to a
surrounding polyethylene matrix. Our results show that the Young modulus and
thus the reinforcement of a composite material increases with the amount of crosslinks.
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Introduction

After their discovery by Iijima in 1991 [1], tube-like structures of pure carbon have
attracted a lot of attention in the area of nanomaterial science due to their unusual
material properties. In particular, carbon nanotubes possess great strength, high
stability and high elasticity, but are nevertheless extremely lightweighted [2, 3].
Due to these mechanical properties, carbon nanotubes are an interesting material
to be used for the reinforcement of polymer matrices. Polymer-nanotube composites possess the potential for larger strength and stiffness compared to typical
carbon-fiber-reinforced polymer composites. Here, the quality of the reinforcement of the polymer matrix depends on the strength of the interactions between
the nanotube and the matrix. One way to obtain relatively strong interactions is
by chemical cross-linking. This is also known as functionalization [4, 5].
Meanwhile, some nanotube composites materials have been characterized experimentally [6, 7]. This however is a demanding and expensive task. To this end,
numerical methods can be used to greatly facilitate the study and further development of nanotube composite materials. Here, for large systems with thousands
of atoms and more, molecular dynamics calculations based on empirical potentials
are an important tool to better understand macroscopic mechanical properties of
composite materials [8]. In particular, molecular dynamics simulations have been
successfully applied to study the mechanical properties of polyethylene nanotube
composites [4, 9, 10].

In this work, we perform molecular dynamics simulations of composite systems
consisting of a polyethylene matrix and an embedded carbon nanotube. We apply
tensile loads, derive stress-strain curves and thus predict the Young modulus of the
composite material. In particular, we examine composites with non-bonded weak
interactions as well as chemical cross-links between the atoms of the nanotube
and the matrix. The results of our numerical simulations show that the Young
modulus and thus the reinforcement of a composite increases with the amount of
cross-links.
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Computational Methods

In our molecular dynamics simulations, we model the bonding of hydrocarbon
systems by the reactive many-body bond order potential (REBO) due to Brenner [11]. Additionally, we employ a modified Lennard-Jones potential term to
describe the van der Waals interactions [12]. Note that for these potentials all interatomic terms are of short range. Thus, we are able use the well-known linked cell
technique. We furthermore employ a domain decomposition approach to obtain a
parallel implementation. Altogether this results in an approach which possesses a
computational complexity of the order O(N/P ), see [13, 8, 10] for details. Here,
N denotes the number of particles and P the number of processors. We employ
a so-called Parrinello-Rahman-Nosé Lagrangian [14, 15] for the equilibration of
the considered systems. In order to deal with the difficulty of velocity-dependent
forces in the related equations of motion, we use the numerical time integration
scheme of Refson [16] which relies on Beeman’s approach [17]. To apply tensile
load to the system we employ an external stress-tensor within the equations of
the Parrinello-Rahman-Nosé approach [10]. In particular, we linearly increase the
longitudinal external stress component over time and compute a discrete stressstrain curve. Under the assumptions that Hooke’s law [18] is fulfilled and the
stress increase is slow enough to be considered adiabatic, we then can calculate
an approximative value of the Young modulus by least squares linear regression.
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Numerical Experiments

All simulation runs were performed with our distributed memory parallel molecular dynamics software package TREMOLO [19] on the PC cluster Parnass2 [20].
Furthermore, all simulations were carried out with a time step size of 0.1 fs at a
temperature of 300 K under normal pressure conditions of 1.01325 · 10 −4 GPa. After 50 ps of equilibration, we applied tensile load with a stress rate of 0.01 GPa/ps
to the different systems under consideration. Throughout our experiments we used
periodic boundary conditions. This way, we studied the following systems:
(1) A polyethylene matrix which consists of 10 chains of 1000 CH 2 units each;
see Figure 1(a). Here, the equilibrated matrix exhibits a density of about
1 g/cm3 .
(2) A capped (10,10) carbon nanotube which is embedded in the polyethylene
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Figure 1: (a) Equilibrated periodic unit cell of the polyethylene matrix. (b) View
of the functionalized carbon nanotube, where 1 % of the carbon atoms have been
randomly linked to a CH2 unit.
matrix (1). Here we employed only non-bonded interactions between the
atoms of the nanotube and that of the matrix.
(3) A capped (10,10) carbon nanotube which is embedded in the polyethylene
matrix (1). Now, in addition to the non-bonded interactions of system (2),
1 % of the carbon atoms of the nanotube have cross-links to the matrix; see
also Figure 1(b).
(4) A capped (10,10) carbon nanotube which is embedded in the polyethylene
matrix (1). Now, 5 % of the carbon atoms of the nanotube have cross-links
to the matrix; see Figure 2.
(5) A capped (10,10) carbon nanotube which is embedded in the polyethylene
matrix (1). Now, 10 % of the carbon atoms of the nanotube have cross-links
to the matrix.
(6) A capped (10,10) carbon nanotube which is embedded in the polyethylene
matrix (1). Now, 15 % of the carbon atoms of the nanotube have cross-links
to the matrix.
(7) A capped (10,10) carbon nanotube which is embedded in the polyethylene
matrix (1). Now, 25 % of the carbon atoms of the nanotube have cross-links
to the matrix.
The nanotube of the systems (2)–(7) is composed of 1136 carbon atoms and is
about 67.5 Å long. To create the embedded systems in the beginning, an artificial
potential was employed analogous to the approach described in [21]. The crosslinks between the nanotube and the matrix were selected randomly.
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Figure 2: Side view (a) and front view (b) of the periodic unit cell of system (4).
Note that we omitted the hydrogen atoms to allow for better visualization. Also,
we cut off the front part of the simulation domain in (b).
Table 1: The computed Young moduli E of the systems (1)–(7).
System (1)
E [GPa] 2.88
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(2)
5.97

(3)
6.21

(4)
6.78

(5)
7.01

(6)
7.13

(7)
7.29

Results and Discussion

Our results for the Young moduli of systems (1)–(7) are given in Table 1. If we
compare the modulus of the polyethylene matrix (1) and that of the composite
system with weak nonbonded interactions (2), we see a substantial reinforcement;
for a further detailed discussion see [10]. For the systems (3)–(7) we see the
following effect of the additional cross-links on the Young modulus: In general,
our results show further reinforcement in comparison to the composite system (2).
To be precise, we obtain a modulus that is 1.04 times higher for system (3), a
modulus that is 1.14 times higher for system (4), a modulus that is 1.17 times
higher for system (5), a modulus that is 1.19 times higher for system (6) and a
modulus that is 1.22 times higher for system (7) than the modulus of system (2).
Note that the rate of reinforcement in comparison to the composite system (2) is
growing sublinearly with the amount of cross-links. Figure 3 shows the growth and
saturation with higher amounts of cross-links. Our results suggest a logarithmic
dependency of the Young modulus of the composite on the rate of cross-links r.
This way, the Young modulus can be estimated by
P (r) = E0 + α ln(r) .

(1)

Here, we determined a value of approximately 0.34 for the factor α and a value of
6.22 GPa for E0 by a parameter fit. The estimator P predicts the Young modulus
quite accurate in the range of a cross-link rate of 5 % to 15 %. The over- and
underestimation in the lower range is probably due to the random distribution of
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Figure 3: Graph of the calculated Young moduli E of the composite systems
(2)–(7) and the estimator function P given in (1).

only a minor number of cross-links. In the range higher than 15 %, the overestimation results from the fact that the Young modulus of the functionalized composite
is bounded due to the saturation of the number of cross-links, whereas our simple prediction function P stays unbounded. To verify a more precise functional
dependence, more simulation data is necessary.
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Concluding Remarks

Our results show that chemical cross-links increase the Young modulus of a polyethylene nanotube composite. This suggests the possibility to use functionalized
nanotubes to reinforce other kinds of polymer-based materials as well.
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