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The discovery of carbon nanotubes (CNTs) has given a new dimension to nanocomposite research. CNTs represent an
interesting class of nanostructure that can be described as a graphite sheet rolled into a seamless cylindrical shape. CNTs
possess a combination of properties never seen before in a conventional material. CNTs can be seen as dream materials due to
their high Young’s modulus and tensile strength. High-strength CNTs have a potential application as reinforcing elements in
composites, especially polymer-matrix composites, where the matrix tensile strength is very low (on the order of 200 MPa).
CNT can also be used at the interface of the macroscopic carbon fiber reinforced polymer (CFRP) composites to increase the
strength of the CFRP composites. During the fiber break or interfacial debonding in macroscopic polymer composites, CNTs
at the interface could bridge the cracks or pull-out at the fractured regions. This improves the interfacial strength and
toughness in macroscopic composites. The interfacial strength of the CNT-polymer at the interface will affect that of the
CFRP composites. Since the load-transfer properties represent the main factor in ensuring that the composite system is
functioning properly, investigation of the interfacial strength between embedded CNTs and matrix is important.

Since interfacial shear strength (ISS) of the CNT-polymer composite has a great influence on the strength and interfacial
toughness of the polymer composites, it is necessary to improve the ISS of CNT-polymer system. Therefore, it is important to
investigate the effects of different factors (i.e. simulation and experimental conditions) on the ISS or how ISS of the
CNT-polymer composites can be increased. Due to the difficulties associated with nanoscale size of the CNTSs, there are few
experimental works, which characterize the interfacial strength of the CNT-polymer composites. All the experimental
measurements are indirect and there is no accurate information as to the magnitude of the ISS. There are also some molecular
simulations studies characterizing the ISS of the CNT-polymer composites. In the molecular simulations, considering detailed
structure (i.e. C-C and C-H bond) of the polymer chains is computationally much expensive. For instance, to reduce the
computational time some researchers have considered small displacement of the nanotubes, which could not discuss the
interfacial failure. To reduce the computational time some other researchers did not consider the deformation of the polymer
matrix. Thus, they assumed rigid polymer matrix in their simulations. To overcome these limitations in the computational
works, an efficient simulation scheme is necessary.

This study introduces an efficient simulation scheme in sense of computational time by modeling both the polymer matrix

and cross-links with a united-atom potential. In the united-atom approach, detailed structures (i.e. C-H and C-C bond) of the



polymer chains are not considered. Rather polymer chains are represented by a set of united-atom. Each united-atom
corresponds to a monomer (i.e. repeating unit) of the polymer. Thus this approach enables us to simulate a large-scale model
with less computational time than conventional approach. Since united-atom approach does not consider the detailed structure
of the polymer, switching of the cross-link chains at the interface will not occur automatically during relative movement
between the nanotubes and the polymer matrix. Special methodology is required for cross-link switching when united-atom
approach is adopted. This study introduces a new switching criterion for the cross-links based on minimum energy. Therefore,
this study enables us to characterize the interfacial properties of large CNT-polymer system considering interfacial failure.
Using our simulation scheme we investigate how the ISS can be increaseél and what factors influence the ISS of the
CNT-polymer composite. In this thesis, the effects of the following factors on the ISS of the CNT-polymer composite are
examined.

1. Polymer matrix density

2. Chemical cross-links at the interface between the CNT and the polymer matrix

3.  Geometrical defects in the CNT

4.  Atomic defects in the CNT

5. Edge effect of the CNT.

In this study, ISS of the CNT reinforced polyethylene composite is investigated by CNT pull-out using molecular dynamics
simulations. Classical molecular dynamics is used where Newtonian equations of motion are solved numerically using the
velocity-Verlet algorithm for a set of atoms. We use classical molecular dynamics since it is simple and takes less
computational time compared to the quantum molecular dynamics. In the simulations, crystalline polyethylene is considered
as polymer matrix. Carbon-carbon interactions in the CNT are modeled by the Brenner potential and the polyethylene polymer
is modeled by a united-atom potential. Each -CH,- group is considered as a single atom in the united-atom approach.
Therefore, for the same size model, united-atom approach reduces the number of the atoms by two third since three atoms (i.e.
one carbon atom and two hydrogen atoms) of the -CH,- group are represented by one atom. Due to this reduction in the
number of atoms, computational time is hugely reduced. For example, for a simulation model with two -CH,- groups,
united-atom approach will save approximately ten times computational time.

A simple physical model of the CNT-polymer is considered is this study where a single-walled CNT is partially embedded
into the polymer matrix. Though this model is simple, it is meaningful. The reason behind this, in real CNT based polymer
composites short length CNTs are pulled out from the surrounding matrix in the fractured regions. Therefore, to investigate
the nanoscale interfacial properties of CNT based polymer composites such model will work well. Moreover, plastic
deformation of the interface is neglected considering only crystalline polymer as the matrix. ISS is calculated based on energy
balance criterion given by Eq. (1), where energy difference of the CNT-polymer system in the pull-out process is considered

as the total work done of the pull-out.
W=ar7,L}. (1)

In Eq. (1), W is the pull-out work (i.e. energy), ry is the CNT radius, L, is the CNT embedded length, and z; is the
ISS.
Interface is modeled with and without the presence of polyethylene cross-links. Cross-links connect the CNT with the

surrounding polymer matrix. For the first time, polymer cross-links in the CNT-polymer composite interface is also modeled



by the united-atom potential. During the pull-out of the CNT with cross-links at the interface, cross-link may completely
detach from the CNT or it may switch from one position to another position on the CNT. However, since our simulation,
based on the united-atom approach, does not address the chemical bond of C-H and C-C in the polymer, the switching
phenomena between the CNT and the cross-link cannot be simulated automatically. Then, we introduce a new switching
criterion here based on minimum energy. This energy is the total of the bond stretching, bond bending, bond torsion, and
nonbonded van der Waals energies of the cross-link. The relative energies of the cross-link are calculated at different positions
around the present position after the calculation of its motion. The cross-link end atom moves to a new position if the new
position gives a lower energy. If the cross-link end bond length exceeds or becomes equal to the bond-breaking length then
cross-link may detach from the CNT or switch to another position on the CNT.

Cross-link connects the CNT with the polymer matrix by coinciding its one end atom with a polymer matrix atom, and the
other end atom with a CNT atom. Figure 1 illustrates schematic of a CNT with one polymer matrix chain and one cross-link
chain of four atoms.

CNT Poly mer matrix chain

Cross-link chain
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Fig. 1 Schematic of CNT along with a polymer matrix chain and a cross-link chain.

Force calculation procedures for the coincident CNT and polymer atoms are described below. It is assumed that atom p in the
polymer matrix coincides with cross-link atom c¢/; and that atom g in the CNT coincides with cross-link atom cl;. The
force of atom gq is then calculated as follows:

Step 1. Calculate the force of atom g considering the CNT-polymer system without the cross-link,

Step 2. Calculate the force of atom ¢/, considering only the cross-link.
The total force of atom ¢ is the sum of the forces calculated in Steps 1 and 2. The total force of atom p is calculated using the
similar procedure. The new positions of atoms p and g are then calculated by solving the Newtonian equations of motion. We
assumed that atom cl; always coincides with atom p. However, atom ¢/, may coincide with another CNT atom based on
the minimum energy criterion. Our simulation approach cannot discuss the automatic switching of the cross-links. However, it
can discuss the deformation phenomena for the cross-links taking less computational time.

The thesis consists of five chapters. Chapter 1 is thé introduction. Here details about CNTs, their applications in composite
materials, literatures review regarding the interfacial strength of the CNT-polymer composites, and objectives of this work are
discussed. In Chapter 2, effects of polymer matrix density, cross-link at the interface, and geometrical defects are examined.
Details about the different empirical potential functions, atomistic simulation model, and simulation conditions are discussed

in this chapter. In the simulation, the crystalline polyethylene matrix is set up in a hexagonal array with the polymer chains



parallel to the CNT axis. Matrix densities are adjusted by changing the distance between the polymer chains. For geometrical
defects, two pairs of pentagons and heptagons are inserted at the same location, also called a 5-7-7-5 Stone-Wales defect. In
this defect, four neighboring hexagons convert into two pentagons and two heptagons with a 90° rotation of a horizontal bond
of the hexagonal structure. Validity of the potential functions is also discussed in this chapter. From the simulated results of
CNT pull-out from polymer, the following conclusions for the effects of matrix density, chemical cross-links and geometrical
defect of CNT on the ISS of the CNT-polymer composite are obtained.

. Matrix density affects the ISS of the CNT reinforced polymer composite. It is found that with the increase of
matrix density ISS increases.

e Presence of chemical cross-links at the interface increases the ISS of the CNT-polymer composite.

. Cross-link position affects the ISS. Cross-links having smaller traveling distance give relatively higher ISS
though in that case energy is transferred for smaller pull-out displacement.

. Pentagon-heptagon geometrical defects do not affect the ISS when there are no cross-links at the interface.
However, they reduce the [SS when cross-links are present at the interface.

In Chapter 3, effects of CNT vacancy defects (i.e. missing atoms) on the ISS of the CNT-polyethylene composite are
investigated. Three patterns of vacancy defects: one-atom vacancy, two-atom vacancy and vacancy at the same ring are
considered. CNT pull-out simulations from the polymer matrix are conducted considering two types of interfaces, with and
without polyethylene cross-links between the CNT and the matrix. Tensile tests of the CNT are also conducted with the same
types of vacancy defects for examining their effects on the CNT tensile strength. Details of the CNT tensile test procedure are
discussed in this chapter. From the simulated results the following conclusions are obtained.

. When vacancy defect sites are distributed at different positions in the CNT, tensile strength of the CNT is not
significantly affected by the increase of vacancy defects. However, tensile strength decreases with the increase of
vacancy defects when they accumulate at the same ring of the CNT.

. ISS decreases as the vacancy defects increase.

. For the same number of missing atoms, one- and two-atom vacancy defects do not affect the ISS when there is no
cross-link at the interface. However, they do affect the ISS when there are cross-links at the interface.

. For the interface with cross-links, when vacancy defects accumulate at the same ring of the CNT, CNT fails
during the pull-out process. This fracture significantly reduces the ISS.

Chapter 4 investigates the effects of the CNT end conditions on the ISS of the CNT-polyethylene composite. CNT pull-out
from the polymer matrix are conducted considering two types of interfaces, with and without polyethylene cross-links
between the CNT and the matrix. End conditions effects are investigated considering open-end CNT (i.e. CNT without cap)
and capped CNT. Two types of caps, pencil cap, and buckyball cap are considered for capped CNT. From the simulated results
the following conclusions are obtained.

o CNT end conditions have negligible effects on the ISS of the CNT-polymer composite when there are no
cross-links at the interface. It may be due to the flexible geometrical constraints of the CNT in the CNT-polymer
composite.

° ISS is significantly affected by the CNT end conditions when there are cross-links at the interface of the
CNT-polymer composite.

Chapter 5 summarizes the main results of this study.
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