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Abstract

Ceramic-based materials have been widely used in industrial application at high
temperatures due to their excellent mechanical strength, intrinsic thermal stability, and
low density. However, ceramics are known to exhibit low fracture toughness since
plastic deformation in ceramics is very limited. The toughness of nanoceramics can be
enhanced by adding second phase reinforcements such as carbon nanotube (CNT)
which has excellent mechanical properties. Until now, however, most results for
strengthening and toughening have been disappointing due to the lack of knowledge
about the nature of the interface. This dissertation aims to elucidate the nature of the
interaction between CNT and the surface of the ceramic. The influences by change of
CNT diameter and by stoichiometry of the ceramic surface to the interaction were
especially examined, which have never been discussed before.

Our results show that the interfacial interaction between CNT and ceramic
surfaces depends greatly on the diameter of CNT. As the diameter increases, the
interaction between the CNT and the ceramic surface weakens. It is also highly
dependent on the stoichiometry of the ceramic surface. The adhesive energy of the
interaction between CNTs and non-stoichiometric ceramic surfaces are negatively
larger than the case when CNT interacts with stoichiometric surfaces. Therefore, the
CNT with a smaller diameter largely contributes the high performance on the
mechanical properties of fracture toughness as well as the strength when it interacts

with the nonstoichiometric ceramic surface.

Fracture toughness, which is most expected to be improved by the CNT-
composite, also depends on the interface property. The strong interface can resist the
crack propagation which might be dependent on the adhesive energy and also the
covalent/ionic character of the interface if it is assumed that the large covalent character
affects the possibility of bond trapping of cracks.
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Chapter 1 Introduction

1.1 Overview

The development of advanced technologies in many sectors requires high
performance materials with good mechanical properties, very high thermal conductivity
and good wear resistance. Ceramic-based materials such as zirconia (ZrO), alumina
(Al203), silicon carbide (SiC), have been widely used in industrial application at high
temperatures due to their excellent mechanical strength, intrinsic thermal stability, and
low density. However, ceramics are known to exhibit low fracture toughness since
plastic deformation in ceramics is very limited. Several approaches have been used to
increase the fracture toughness of ceramics material. These include transformation

toughening, ductile-phase toughening and reinforcement toughening®.

In the past few years, considerable attention has been paid to the development of
nanocrystalline ceramics with improved mechanical strength and stiffness, and
enhanced wear resistance?”. Decreasing the grain size of ceramics to the
submicrometer/nanometer scale leads to a marked increase in hardness and fracture
strength. However, nanocrystalline ceramics generally display worse fracture
toughness than their microcrystalline counterparts?. The toughness of nanoceramics can

be enhanced by adding second phase reinforcements.



Carbon nanotubes (CNTSs) with high aspect ratio, extraordinary mechanical
strength and stiffness, excellent thermal and electrical conductivity are attractive
nanofillers which produce high-performance ceramic composites with multifunctional
properties. The reinforcing effect of CNTs with high aspect ratio is considered to be
analogous to that of continuous or short-fiber-reinforcement. The superior flexibility of
CNTs is very effective in improving the fracture toughness of brittle ceramics. This is
accomplished by means of crack deflection at the CNT—matrix interface, crack-
bridging and CNT pull-out mechanisms. Recently, Huang et al. reported that SWNTSs
exhibit superplastic deformation with an apparent elongation of 280% at high
temperatures®. This result shows the potential application of CNTs as a toughening
element for ceramic matrix composites (CMCs) with improved ductility. Thus, such

ceramic-CNT nanocomposite could possess superplastic deformability.

They indicated that superplastic forming of nanocomposites is made easier by
adding CNTs®. All these attractive and unique properties of CNTs enable materials
scientists to create novel strong and tough ceramic nanocomposites. Moreover, the
electrical and thermal conductivities of ceramics can be improved markedly by adding
nanotubes. On the other hand, experimental results shows that the Young modulus and
Ultimate Tensile Stress decreases with increasing CNT diameter which means it

violates the rule of mixture on fibre reinforced composite.’

Until now, however, most results for strengthening and toughening have been
disappointing, and only little or no improvement have been reported in CNT-ceramic
composite materials. The problem that now occurs is how to unite CNT with ceramic
material because it is very difficult to unify these two materials. Equally important is to
control the interface between the CNT and the ceramic to obtain the desired new
material properties. For example, to increase the fracture toughness of the ceramics, a
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less strong bond between the CNT and the ceramic surface is required. Meanwhile, to
increase the elasticity of ceramics, strong bonding between CNT and ceramic surface
is required. Furthermore, good interfacial bonding is required to achieve load transfer
across the CNT-matrix interface, a condition necessary for improving the mechanical

properties of ceramic composites.

Recently, Yamamoto et al has succeeded in making alumina composite by using
CNT to increase its mechanical properties. They performed a fibre pullout test on the
CNT and found a very strong bond between the CNT and the alumina indicated by the
“sword-in-sheath” fracture mode®. Other studies also show that the as-produced Al,O3
should be a mixture of the rich types of amorphous nanostructure and for the rich types
of amorphous structures, the surface curvature of CNT could also play a certain role

due to the various possibilities of interface between metal oxide and CNT®.

So far, several factors have been found that influence the interfacial interaction
between CNT and ceramics, such as the diameter of the CNT and the surface of the
ceramic itself. The experimental results show that the Young modulus and ultimate
tensile stress of the CNT based composite decreases with increasing CNT diameter’
meanwhile the results of other studies show that stoichiometry of the ceramic surface
plays an important role in the interaction between ceramics with other materials®.
However, the nature of the interaction between CNTs and ceramics and their effects on

these factors are unknown.

1.2 Research Objectives

Based on the information described above, it needs to understand the properties

of the interface and its role in controlling fracture, it is essential to know the
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mechanisms of adhesion at the interface involved. This dissertation aims to elucidate
the nature of the interaction of the interaction between CNT and the surface of the
ceramic. In addition, in this dissertation will also be examined on the influence of CNT

diameter and stoichiometry of the ceramic surface to the interaction.

1.3 Outline of Dissertation

The rest of this dissertation consist of six parts. In chapter 2 we briefly explain the
background related to this research, such as explanation about fibre reinforced
composites, previous results on CNT based composites, and experimental and

computational results of the CNT-ceramics composites.

In chapter 3, we focuse on structural properties of CNTs from density functional
theory calculations. The great interest in one-dimensional nanostructures such as
nanotubes and nanowires is partly driven by the possibility of being used as
strengthening material in nanosized composites and the effect of CNTs diameter on the
physical properties of zigzag CNTs deserves to be understood in detail. We present a
comparative study of lattice parameters, atomic structures and cohesive energies of

zigzag SWCNTs with different diameters.

In Chapter 4, we focus on the interfacial interaction between CNT and Al>Oz. The
CNT diameter dependence and surface termination of Al,Os surface on interfacial

interaction between CNT and Al,O3 are discussed here.

In Chapter 5, we discuss the interaction between CNT and SiC surfaces. SiC is

chosen because experiments show that it has a strong bond with CNT and also because



SiC is non-oxide ceramics, making it interesting for discussion because it will have

different interaction characteristics with CNT as compared to Al2Os.

In chapter 6 we discuss about the interaction between CNT and ZrO; surfaces.

ZrO> is chosen because, although both are oxide ceramics such as Al>Os, but both of

them have different stoichiometric surfaces which make it has a different interactions

with CNTSs.
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Chapter 2 Backgrounds and

Computational Details

2.1 Carbon Nanotubes

In composite materials, where two different materials are combined together for
reinforcement, the opportunity exists to design composites for specific properties at
various levels of scale. At the microscopic level, we control the fiber orientation, type,
and volume fraction to get the desired local stiffness, strength, toughness and other
properties of composite material. Recent advances in producing nanostructured
materials with novel material properties have stimulated research to create macroscopic
engineering materials by designing the structure at the nanoscale through experiment

and simulation.

Since their observation in 1991 by lijima?, carbon nanotubes have been the focus of
considerable research. At the nanometer scale, carbon nanotubes show exceptional
mechanical and physical properties with predicted elastic moduli of about 1 TPa (1000
GPa), strengths in the range of 50 GPa, and exceptional resilience, showing large
nonlinear elastic deformation before fracture. With potential applications ranging from
molecular electronics and field-emission displays to nanocomposites, carbon nanotubes

offer tremendous opportunity in the development of nanotechnologies.

As scientists and engineers seek to make practical materials and devices from
nanostructures, understanding material behavior across length scales from the atomistic

to macroscopic levels is required. Knowledge of how the nanoscale structure influences



the nanotube properties as well as how nanotubes interact when embedded in a
composite is needed to realize the potential for carbon nanotubes as reinforcement in
composites. The change in reinforcement scale from microns of traditional fiber
reinforcements to nanometers poses fundamentally new challenges in the processing,

characterization and modeling of these materials.

In traditional fiber-reinforced based composites, we need to understand the
properties of the constituent materials first and then we combine the materials to
examine the synergy. Unlike traditional fibers, obvious difficulties are encountered in
testing nanotubes to investigate the stiffness, statistical strength, and transport
properties with experimental techniques of their size. Therefore an approach other than
experimental studies is needed, one of the most popular methods to do is to use

computational studies.

Carbon nanotubes are cylindrical substances comprising only carbon atoms with a
diameter smaller than the wavelength of visible light (~400-800 um), they cannot be
observed directly by an optical microscope and so must be observed under electron
microscopes. The bonds between carbon atoms that form hexagonal shapes such as
benzene rings, known as “sp? carbons”, are the strongest of all atomic bonds. A carbon
nanotube consists entirely of this strongest bond, and therefore, it is extremely resistant

to the mechanical load.

The single- and multi-wall nanotubes are interesting nanoscale materials for the

following four reasons:

1. Single- and multi-wall nanotubes have very good elastic mechanical properties
which derive from two-dimensional (2D) arrangement of carbon atoms in a graphene
sheet allows large out-of-plane distortions, while very strong C-C bonds keeps the
graphene sheet exceptionally strong against any in-plane distortion or fracture. These
structural and material characteristics of nanotubes point towards their possible use
in making next generation of extremely lightweight, but highly elastic, and very
strong composite materials.

2. A single-wall nanotube can be either conducting or semiconducting, depending on
its chiral vector (n, m), where n and m are two integers. The rule is that when the
difference n-m is a multiple of three, a conducting nanotube is obtained. If the

difference is not a multiple of three, a semiconducting nanotube is obtained. In



addition, it is also possible to connect nanotubes with different chiralities creating
nanotube hetero-junctions, which can form a variety of nanoscale molecular
electronic device components.

3. Nanotubes, by structure, are high aspect-ratio objects with good electronic and
mechanical properties. Consequently, the applications of nanotubes in field-emission
displays or scanning probe microscopic tips for metrological purposes, have started
to materialize even in the commercial sector.

4. Since nanotubes are hollow, tubular, caged molecules, they have been proposed as
lightweight large surface area packing material for gas-storage and hydrocarbon fuel
storage devices, and gas or liquid filtration devices, as well as nanoscale containers
for molecular drug-delivery and casting structures for making nanowires and

nanocapsulates.

The excellent mechanical properties of nanotubes include an extremely high
Young’s modulus and tensile strength. Based on previous studies, Young’s modulus of
nanotubes is in the order of 1 TPa, and its tensile strength is 50 GPa or higher. Since
both these values are several times higher than those of steel and its specific gravity is
less than one-tenth that of steel, it offers 100 times larger mechanical strength than steel
with the same weight. In fact, nanotubes are so robust that by weaving them into a fiber,
Theoretically, it would be possible to hang a weight of 1200 tons from a rope just 1 cm

in diameter. Thus, it is far stronger than any existing materials.

FIG. 2. 1 Schematic diagrams of carbon nanotubes



2.2 CNT Based Composite

The development of advanced technologies in the electronics, aerospace and energy
sectors requires materials with excellent mechanical properties, high thermal
conductivity and good wear resistance. Due to the various advantages that have been
mentioned in the previous section, CNT is widely used as a reinforcing material on
composites. Several studies have discussed the use of CNTs as reinforcement in

composites, both experimental and computational studies.

A lot of research work on CNT composites has concentrated to improved electrical
conductivity, optical devices, and higher strength 2. For example, CNT are used to
improve the mechanical properties and the heat deflection temperatures of carbon
nanotube/ poly (vinyl alcohol) composites® and carbon nanotube/ poly (methyl
methacrylate) composites® both prepared by direct mixing were raised with the increase
of the content of CNTs. Kuzumaki et al.” prove that the mechanical properties of the
composites were more thermally stable than that of pure Al by characterize the
processing and mechanical properties of carbon nanotube-reinforced aluminum

composites prepared by hotpressing.

However, there are only few studies carried out on CNT-reinforced ceramic matrix
composites. Peigney et al.®™ developed techniques to synthesize carbon
nanotubes/metal-oxide composite powders. He processes this powders using hot-press
to obtain composites. The result, however, did not provide the expected improvement

in mechanical properties.

Chang et al.'? fabricated alumina matrix composites containing 5-20 volume
percent of multiwall carbon nanotubes. This mixture produces improvement of 24% on

fracture toughness compared with that of the single phase alumina. Ma et al.*® produces
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carbon nanotube/SiC composite powder by using mixing nanosize SiC particles with
10% carbon nanotubes and then hot pressing it. the results of his research showed an
increase in both the strength and the fracture toughness by 10% as compared to the

monolithic ceramics.

The effective utilization of nanotubes in composite applications depends strongly
on the ability to disperse CNTs homogeneously throughout the matrix. Furthermore,
good interfacial bonding is required to achieve load transfer across the CNT-matrix

interface, a condition necessary for improving the mechanical properties.

Experimental results of carbon nanotube (CNT) reinforced copper composites
(Cu/CNT) have shown that the resultant tensile strength of Cu/CNT composite depends
on CNT diameter, in a form of parabolic relationship that the smaller CNT diameters
result in greater total interfacial bonding area thus the greater resultant strength of the
composite as depicted in FIG 2.2. This results also shows that the Young modulus and

Ultimate Tensile Stress decreases with increasing CNT diameter®.

700 | o= (0OD=1.5~3.0nm 900
L *— OD<8nm - Analytical results when

600 - OD=8~15nm g experimental result of 1.5-3nm
E 500 _ ::gg;gg:gg:m ‘g’ :: I CNT composite is used in eq.1
£ - e— Pure Copper a [
§ 400 % s00 b < Experimental results
1= d ﬂl
@ 300 s w0t
= 2
B [ = 300}
g 200 5 b
= [ 0, m 2 n 20 % 60

100 a

CNT Dimension (nm)

0 3 6 9 12 15
Strain (%)

FIG. 2. 2 Color online a Tensile stress-strain curve of pure Cu and Cu/CNT composites
with different diameters and averaged tensile strengths versus CNT diameters of
Cu/CNT composites (Figure 4 of Ref.14).
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2.3 CNT-Ceramic Composite

Ceramic-based materials such as alumina (Al203), zirconia (ZrO-), and silicon
carbide (SiC) are good candidates to be used in such applications due to their intrinsic
thermal stability, good corrosion resistance, high temperature mechanical strength and
low density. However, ceramics are known to exhibit extreme brittle nature and low
fracture toughness since plastic deformation in ceramics is very limited. Several

approaches have been used to improve these disadvantages of the ceramics.

One of the most popular approach to improve fracture toughness is the addition
of ceramic reinforcements in the forms of particulates, whiskers, and fibers to form
ceramic matrix composites (CMCs)™>*°, Among these reinforcing forms, fibers has
stronger reinforcing effect compare to particulates and whiskers. Continous carbon
fibers have been widely used to reinforce ceramics?>-22, The toughening mechanisms of
fiber-reinforced CMCs are mainly attributed to the crack deflection at the fiber—matrix
interface, crack bridging and fiber pull-out. It has been shown that weak fiber—matrix

interfacial bonding resulting in the fiber pull-out toughening mechanism to operate.

Most recently, several new techniques have improved the properties of the
ceramics/CNT nanocomposites, such as by tuning with dopants, new dispersions routes
and modified sintering methods. Firstly, associated with the enhanced mechanical
performance of Al>Os, the significantly improved wear resistance property of these
composites could be suitable for some applications in automobile industry like valve

seat, piston rings, and cylinder lines.

Yamamoto et al.?* showed from scanning electron microscopy (SEM)

observations on the fracture surface, the following features can be noted. First, there
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are several individual MWCNTSs protrude from the fracture surface, and the pullout of
the MWCNTs can be clearly seen, which had not been obtained until now for
conventional CNT-ceramic composites. Most of the CNTs are located in the
intergranular phase with a length ranging from 0~10 um. Second, in the case of the
smaller amount of the acid-treated MWCNTS, no severe phase segregation was
observed, whereas the composites made with the pristine MWCNTSs revealed an
inhomogeneous structure even for MWCNT addition as low as 0.9 vol.%. In addition
to the above features, some MWCNTSs on the fracture surface showed a "clean break”
near the crack plane, and that the diameter of MWCNT drastically slenderized toward
their tip, as illustrated in FIG. 2.3 (b) and 2.3 (c), respectively. As SEM cannot clearly
resolve the thickness of a single MWCNT, TEM was used to determine if the fracture

phenomenon of MWCNTSs was indeed occurring during crack opening.

© c

Acid-treated
MWCNT
Alumina
grain
Acid-treated
MWCNT

FIG. 2. 3 MWCNT morphology in the composites. (a) It is demonstrated that a
nanodefect on the acidtreated MWCNT is filled up with alumina crystal. (b) Enlarged
TEM image, taken from the square area. (c¢) Schematic description of MWCNT
morphology in the composites (Figure 5 of Ref.24).
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The pull-out of a carbon nanotube (CNT) from an alumina (a-Al>03) matrix has
been investigated by Liu et.al® using molecular mechanics simulations to study the
interfacial properties due to van der Waals and electrostatic Coulombic interactions.
They found out that the pull-out force of the CNT was found to be proportional to its
diameter, but independent of its length and alumina grain boundary type. A theory was
proposed to predict the force for an arbitrary pull-out of a CNT from the alumina matrix

using the outermost wall diameter of CNT.

———
'

X Alumina

FIG. 2. 4 A SEM image of the fracture surface of CNT-alumina composites with CNTs
located on GBs, and MM model for pull-out simulation (Figure 1 of Ref.25).

The toughening mechanisms of fiber-reinforced CMCs are mainly due to the
crack deflection at the fiber—matrix interface and fiber pull-out mechanism. Usually, in
general, strong interfacial bonding facilitates effective load transfer effect, but it
prevents nanotube pull-out toughening from occurring. This is because strong

interfacial bonding allows the crack to propagate straight through the fibers If the
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interface cannot withstand the crack growth, resulting in low fracture toughness. The
material strength to resist or deflect crack propagation in ceramics is very dependent on

the ratio between covalent/ionic bonds.

2.4 Computational Details

A Computational Methods

All the DFT calculations (Appendix A) in this study were performed using the
plane-wave-based Vienna Ab-initio Simulation Package (VASP) 28%°, The projector
augmented-wave (PAW) 3132 pseudopotentials were used to represent ionic cores, and
the electronic kinetic energy cutoff for the plane-wave basis describing the valence

electrons was set to 540 eV.

The k—point mesh of 4x4x1 Monkhorst-Pack mesh® was used in all calculations.
The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) functional 3*%° was selected in our calculations. The van der Waals (vdW)
interaction plays an indispensable role in accurately determining the adsorption
configuration and binding strength in this system. The effect of vdW interactions was
taken into account by using the empirical correction scheme of Grimme (DFT +
D/PBE),% which has been proved to be successful in describing the geometries of
graphene-related structures (see Appendix B). Structural optimization was carried out
on all systems until the residual forces were converged to 0.01 eV/A. The visualization
of the crystal structures and the charge density differences were performed with
VESTA?®'. The charge transfer between CNT and Ceramic surfaces can be more directly

illustrated using Bader’s Quantum Theory of Atom-in-Molecules approach *, or in
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short, the Bader charge. This Bader’s charge analysis was performed considering

charge contributions from both valence and core electrons.

Because the bonding between C atoms of CNTs and the atoms in ceramic surfaces
is considerable, we examine these interactions by calculating the crystal orbital
Hamilton populations and the respective integrated crystal orbital Hamilton populations
(ICOHPs) using the linear muffin-tin orbital (LMTO) method*°. The ICOHP counts the
energy-weighted population of wavefunctions between two atomic orbitals for a pair of
selected atoms up to the Fermi level; therefore, this value tends to scale with covalent
bond strength (shared electron) contribution to interatomic bonding. The ICOHP

analyses were performed using the LOBSTER package*®2,

B. Computational Model

Although it provides a new view of the dependence of the composite mechanical
properties on the CNT diameter, the resulting simulation results from Liu et.al have not
yet matched the results of the experiments shown by Sun and Chena. Therefore this
dissertation reports theoretical calculations by using Density Functional Theory to

observe the effect of CNT diameter on the interaction between CNT and ceramics.

On DFT calculations, it is difficult to use the same model with the model used in
mechanical molecular simulations. Beside the limitations of computational resources,
involving so many atoms like the models used in molecular mechanical simulations,

will take a lot of time.
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FIG. 2. 5 Computational Model (a) Side views (b) 3D view, (c) top view CNT on
ceramic surfaces. The black lines represent the unit cell in calculations.

To investigate the interfacial interaction of ceramic and CNTSs, we calculate CNTs
on the flat ceramic surfaces in the tetragonal cell. In our models, the axial direction of
the CNTSs is set to be parallel to the surfaces (FIG. 2.5). The difference between
tetragonal surfaces cell size and CNT length gives the interface lattice mismatch which

leads to the strained of the CNT.

As interfacial configurations between CNTs and the ceramic surfaces, we
calculate high symmetrical cases, where a surface atom is directly below either a CNT
C atom, at the hollow site of CNT C atoms, or at the center of the C-C bridge site.

Additionally, we also evaluate the other arrangement where the down most C atom of

16



CNT directly is above either the hollow site of surfaces atoms, or the center of the

bridge site (see Appendix C).
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Chapter 3 Zigzag CNTs and

Graphene Structure

3.1 Introduction

The great interest in one-dimensional nanostructures such as nanotubes and
nanowires is partly driven by the possibility of their being used as active components
in nanosized devices. Carbon nanotubes (CNTSs), discovered in 1991 by ljima, are
considered to be a very important and interesting class of nanostructures due to their
unique electrical, mechanical and thermal properties, and possibility of their industrial
applications. A single wall carbon nanotube (SWCNT) is formed by rolling a two-
dimensional grapheme sheet, which has a planar crystalline structure made with
hexagonal carbon rings. A multiwall nanotube is made up of more than one SWCNTSs
of different diameters which share a common axis. Understanding the properties of
individual SWCNTSs and the interaction between them is important to understand the
properties of multiwall CNTs as well as SWNTs in a bundled form. Diameter of
SWCNTs is typically of the order of a few nanometers and their length typically exceed
a micrometer. Cabria et al* has shown through first principles calculations of the

electronic structures of narrow zigzag CNTSs revealed that tubes with diameter < 0.4 nm
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are unstable. However, effect of curvature (diameter) on the physical properties of

zigzag CNTs deserves to be understood in detail.

3.2 Results and Discussions

As the first step in our study, we studied the curvature effect of the single-walled
CNTs with different diameters and graphene as a CNT with an extremely large diameter.
We calculated the metallic zigzag types of CNTs with (3,0), (6,0), (9,0) and (12,0) and
graphene to investigate the CNT-diameter dependence of the interaction between CNT
and ceramic surfaces. Results of the structural and geometrical properties of different
zigzag CNTs report that lattice constant in the axial direction of the CNTs ranges from

4.22 — 4.27 A depicted in the Table 3.1.

FIG. 3. 1The diameter and length of CNTs of (3,0), (6,0), (9,0), (12,0)° and graphene
(from left to right respectively) used in this work.

TABLE 3. 1 Comparison of the values of lattice constant along the axis of CNT of ¢
(A), bond length of I, (A),cohesive energy per atom of E (eV/atom) and bandgap of Eq
(eV) for zigzag CNTs with different chirality index of n.
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System (n,0) c(A) Ib (A) d (A) Ec(eV/atom) | Eq(eV)
(3,0) 4.22 1.410 2.67 8.027 0.00
(6,0) 4.26 1411 475 8.851 0.00
(9,0) 427 1.420 7.03 9.037 0.00
(12,0) 427 1422 9.34 9.107 0.00
Graphene - 1.425 - 9.199 0.00

The C-C bonds in the CNTs are found to deviate from their ideal values of 1.425 A in
the unrolled graphene sheet but in general, this result is in a good agreement with the

result from Kahaly? and Cooper et al®.

We then calculate cohesive energy because is an important physical quantity that
accounts for the bond strength of a solid, which equals the energy needed to divide the

solid into isolated atoms by breaking all the bonds.

E

coh

_ Etot - z NEiso
N

With E,, as the total energy of the bulk, E,, as the total energy of an isolated atom,

and N as the number of atoms in the units cell.
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FIG. 3. 2 Cohesive energy of CNT as a function of diameter

Cohesive energy of all CNTs increases with chirality index, n (increasing
diameter) as shown in FIG. 3.2. However, this difference diminishes as the diameter of

the tube increases or the curvature reduces.
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FIG. 3. 3 Electronic densities of states (DOS) of (a) (3,0), (b) (6,0), (c) (9,0), (d) (12,0),
CNTs and (e) graphene.

As shown in FIG. 3.3(a)-(e), the comparison between the DOS of the (3,0), (6,0),
(9,0), (12,0) CNT and graphene respectively indicates that all the CNTs are metallic
with zero bandgap. This result in agreement with the experimental results by Odom et

al*, the DOS of each of these nanotubes (with diameter < 10 A) is asymmetric outside
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the energy interval of £ 1 eV about the Fermi level. This reflects on the interactions
among electronic states with energies close to the Fermi energy. As the diameter of the
nanotube increases, the DOS of a nanotube becomes increasingly symmetric about the

Fermi level.

3.3 Conclusion

We used first-principles DFT calculations to understand structural properties of
zigzag carbon nanotubes. Cohesive energy of CNT increases with increasing diameter.
Curvature effects are most prominent for CNTs with smaller diameter and well

understood.
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Chapter 4 Interfacial Interaction

between CNT and Al,O3

4.1. Introduction

Experimental investigations showed that Al,O; composites with CNTs!* have
enhanced mechanical properties of 689.6 + 29.1 MPa for bending strength and 5.90 +
0.27 MPa-mY? for fracture toughness. In order to develop ceramic composites
reinforced with carbon materials, it is important to understand the interfacial properties
of ceramic and carbon materials. Most recently, several new techniques have improved
the properties of the ceramics/CNT nanocomposites, such as by tuning with dopants,
new dispersions routes and modified sintering methods. Firstly, associated with the
enhanced mechanical performance of Al>Og, the significantly improved wear resistance
property of these composites could be suitable for some applications in automobile
industry like valve seat, piston rings, and cylinder lines®. Additionally, outstanding
electrical properties of CNTs make ceramic materials such as Al>O3 attractive for
specific applications like electromagnetic/antistatic shielding of electronic components,
electrical igniters, electrodes for fuel cells, crucibles for vacuum induction furnaces and
electrical feed through®!l. Electric conductivity (EC) of ceramics reinforced with
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single-walled (SW) CNTs (106 S/m) increases more than with multi-walled (MW)

CNTs (103 —105 S/m) 1213,

First-principles studies on interfacial interactions of CNTs with various materials
have been investigated. Orellanna et al.!* have found that the properties of CNT
adsorbed on Si(001) are changed. Zhao et al.*® suggested that Ni surfaces can
catalytically weaken the C—C bonds near the Ni—C interface. David et al.'® proposed
that the C-C ¢ bonds of CNTs are broken when they are adsorbed on Ni surfaces.
Furthermore, the Ni—C bonds become stronger as a carbon nano arch is formed on the
Ni surfaces. These results showed that debonding of the C-C & bonds of CNT is
catalytically induced on Ni surfaces. Meanwhile, an interfacial interaction between
CNT and ceramic surface, especially Al>Oz, has not been explored, by first-principles

calculations.

On the other hand, interfacial interactions of various adsorbance on Al>Os
surfaces also have been explored. Li et al. 1" in which they analyzed the adhesion nature
for a series of metals including Al, Ni, Cu, Au, Ag, Rh, Ir, Pd, Pt, Nb, and B-NiAl on
Al>O3 surfaces. They reported that chemical bonding is found to be metallic for the Al-
rich interfacial stoichiometry, primarily ionic with some covalent contributions for the
O-rich stoichiometry. Another study on single-layer graphene on Al,03(0001)%° has
reported that the electronic properties of the graphene on the O-terminated Al.Os
surface are completely different from that on the Al-terminated one. It was shown that
graphene has a strong interaction with O-terminated Al.Os surface, which is caused
dominantly by the electrostatic force involved in the graphene =n-system and the
unsaturated electrons of the topmost O layer rather than the van der Waals

interactions®®.
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Yamamoto et al. showed (Fig.4.1) from transmission electron microscopy (TEM)
observations and single nanotube pullout experiments on the CNT- Al.O3 composites.
They reported that while some CNTs were pulled out from the Al,O3 matrix in fracture®,
the sword-in-sheath mode®° was also observed, in which the outer wall of multi-walled
CNTs was broken and the inner part was pulled out. It means that the outer walls of the

CNT have a very strong bonding with the Al,O3 matrix.

Alumina matrix

20 nm

FIG. 4. 1 TEM images of the fracture surface of the composite acquired (a) low and (b)
high magnification images.*

This pullout behavior resulting in an increase in fracture toughness as shown in

the following table:

TABLE 4. 1 Mechanical properties of CNT-Al,O3 composite by Yamamoto*

Fracture
Relative density | Bending strength
Materials Toughness
(%) (GPa)

(MPa m*?)
Al2O3 100 502.3 4.33
Al>03 + 0.9 vol % MWNT | 100 689.6 5.90
Al;O3 + 1.9 vol % MWNT | 100 646.8 5.63
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The addition of CNTs increases the fracture toughness of alumina to more than
100%. Crack deflection along the continuous interface between carbon nanotubes
and nanocrystalline alumina matrix grains observed by Zhan is possibly one of the
toughening mechanisms?4. He also observed that CNT were strongly entangled with
the alumina matrix. To understand the pullout behavior of the CNTSs, Liu et al.!” have
performed molecular dynamics studies of interfacial sliding and friction in CNT-
reinforced diamond composites (Fig.4.2) and obtained the interfacial strength in the
range of 1-40 MPa. Li et al.*® have conducted a similar study with an amorphous carbon
matrix and suggested the interfacial strength in the range of 20-120 MPa. They
proposed that the pull-out force is only proportional to the nanotube diameter and

independent of the nanotube length and the GB structure of the Al2Oz matrix.
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FIG. 4. 2 Molecular Dynamics simulation of interfacial sliding and friction in CNT-
reinforced alumina composites by Liu et al.®

The CNT’s surface unevenness and its anchoring with the ceramics matrix are a
good physical explanation of enhanced frictional forces at the interface. However, the
interfacial bonding of CNTs with the ceramics remained unexplained for several years.
The understanding of the nanostructure characteristics and the interfacial relationship
between CNTs and the ceramic matrices is far from satisfactory, which opens new

windows of potential research in this advanced area of nanotechnology 3412,

29



4.2 Results and Discussions

A. Al,O3 Bulk and Surface

The bulk structure of Al,Os has hexagonal symmetry (R3c) ?°. The calculated
lattice parameters of bulk structure of Al,Os were a =4.783 A and ¢ = 13.012 A, which
are in good agreement with experimental values of a = 4.758 A and ¢ = 12.991 A?-23

a=4.76 A and ¢ = 12.993%,

Previous theoretical calculations demonstrated that an Al-terminated surface was
the most stable one?®?". As various types of interface structures could be generated in
Al>;0O3 composites with CNTs through the processing, the O-terminated systems are also
investigated in this study. The Al-terminated (O-terminated) Al>O3(0001) is modeled
by a slab containing seven O layers and six (five) Al layers with a 20 A vacuum region
in a tetragonal cell (FIG.4.4). The atomic structure of the O-terminated systems is
constructed by removal of the top surface Al atoms from the Al-terminated systems.
For the Al-terminated and O-terminated surfaces, the amounts of changes of the
interlayer spacings are listed in TABLE 4.2.

TABLE 4. 2 Relaxation of interlayer spacings of Al-terminated and O-terminated
Al>03(0001) in terms of percent of the bulk geometry spacings. Admn represents the

amount of change of the interlayer spacing between m -th and n -th adjacent surface
layers.3’

Al Terminated O Terminated
This Ref Ref Ref Ref This Ref Ref Ref
work [27] [28] [29] [30] | work [31] [32] [33]
Adip(%) | -82.3 845 855 874 82 -76 132 72 -1l44
Ady3(%) | +6.25  +3.5 +3.2 +3.1 +7 —8.6 -69 -15 -103
Ads(%) | —-43  —-458 454 417 52 | +114 +135 +7.3 +153
Adss(%) | +185 +194 +19.8 +189 +25 -1.9 -7.7 -06 -59
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For the Al-terminated surface, the top surface Al atoms underwent large
relaxations of 82.3% and the second surface O layer moved little inward by 6.25%.
Consequently, these surface Al and O layers were almost coplanar with the second
surface O layer. For the subsurface layers as well as the top surface layer, the relaxation
is significant. It implies that the necessity of using a relatively thick slab for a good
description of the Al-terminated a-Al203 (0001). The inward relaxation of the top layer
of the O-terminated surface is smaller than for the Al-terminated surface. As shown in
TABLE 4.1, the results are in agreement with the other DFT studies?®34, although they

differ slightly due to the exchange-correlation functional®*.

FIG. 4. 3 Al20s (0001); Black straight line and red dashed line correspond to
rhombohedral and tetragonal unit cell respectively.®

To investigate the interfacial interaction of Al.Ozand CNTSs, we calculated CNTs
on the Al,03(0001) in the tetragonal cell. In our models, the axial direction of the CNTs
is set to be parallel to [1010] on the Al203(0001) (FIG.4.4). The difference between

tetragonal AloO3(0001) cell size and CNT length gives the interface lattice mismatch of
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about 0.5 A (~11 %) which leads to the strained of the CNT. Because of the large
mismatch, the band structure of the strained CNTs in our models is marginally changed
and then they are not all completely metallic. Although this requires a careful
consideration for quantitatively accurate evaluation of the interface interaction obtained
in this study, it is possible to discuss effects of the CNT diameter on the interfacial

interaction between CNT and Al,Os.

As interfacial configurations between CNTSs and the Al,O3(0001)s, we calculated
high symmetrical cases, where a surface Al or O atom is directly below either a CNT
C atom, at the hollow site of CNT C atoms, or at the center of the C-C bridge site.
Additionally, we also evaluate another arrangement where the down most C atom of
CNT directly is above either the hollow site of Al-O surface atoms, top of Al or O atom,

or the center of Al-O bridge site (see Appendix B).




FIG. 4. 4 Side views of CNT on (a) Al-terminated, (b) O-terminated, and top views (c)
Al-terminated, (b) O-terminated Al>O3(0001). The brown, red, and gray balls denote
the C, O, and Al atoms, respectively. The black lines represent the unit cell in
calculations.®’

B. Adhesion behavior of CNT/ Al2O3(0001) interfaces

To reveal the nature of the interfacial bonding between CNT and Al,O3 (0001),
FIG. 4.5 depict the 2D and 3D charge density difference, for the interfaces of the CNTs

and each of the Al-terminated and O-terminated Al,O3(0001), respectively. The

difference of the charge density, Ap(r) , Is calculated to investigate the CNT—surface

interfacial bonding using Eq.(4.1).:

Alo(r):pCNT—S (r)_pCNT (r)_ps (r) 4.1)
It has been done by subtracting the combined charge of the isolated surface

(without CNT) of p5(r) and CNT (without surface) of pcyr () from the charge of

the CNT-surface interface system of p;_s (r) by setting the atom configurations of

the isolated surface and CNT as the CNT-surface interface system.

The structures of the CNT and Al-terminated Al.O3(0001) hardly change from
those before adsorbing as shown in FIG. 4.5. The interfacial C-Al interatomic distance
is about 2.11 A for (3,0) CNT, 2.37 A for (6,0) CNT, 2.82 A for (9,0) CNT, and single
C-Al bond with the length 2.77 A for (12,0) CNT, respectively. The C-Al bond length
for small CNTs of (3,0) and (6,0) is shorter than large diameter CNTs of (9,0) and

(12,0).

The interfacial bonding interaction with the Al-terminated Al>O3 (0001) is almost

similar for all CNTSs. The localized charge accumulation is observed between the down
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most C atom of CNT and the topmost Al atom of Al>O3(0001). This implies that the
down most C atom of CNT is interacted with the topmost Al atom of Al>03(0001) by

forming covalent bonding.

When CNTs come close to the O-terminated surface, their shape was changed,
unlike on the Al-terminated surface. The degree of the shape change depends on the
diameter. For the smallest diameter CNTSs, the tube shape of CNT was broken and it
transformed into an arch-like structure, as the previous first-principles calculation of
CNTs on Ni performed by David et al*®. The edge C atoms of the arch-like structure
have interfacial bonds. As shown in Fig 4.5(f)-(i), the localized charge accumulation is
apparent between the edge C and the surface O atoms. This adsorbing process involving
spontaneous dissociation of C-C o-bonds shows that the O-terminated Al,O3 (0001) has
a catalytic effect and the activation energy barrier for the bond breaking would be
vanishingly small. On the other hand, for the larger diameter CNTs of (6,0), (9,0), and
(12,0), the change in the structures diminishes and the catalytic effect is relatively

weaker.

The C-O interatomic distances of the interfaces depend on the diameters of CNTs;
1.26 A to 1.42 A for (3,0) CNT, 1.27 A to 1.29 A for (6,0) CNT, 1.38 A to 1.40 A for
(9,0) CNT, and 1.37 A to 1.41 A for (12,0) CNT. The C-O interatomic distance for
smaller CNTs is shorter than larger diameter CNTs, implying that the adhesion
interaction of the CNTs on Al.O3 (0001) is weakened as increasing the CNT diameter.
This result shows that the strong interfacial interaction of smaller CNTs with the O-
terminated Al2Os (0001) would be a possible mechanism for the successful Al.O3

composite reinforced with CNTSs.
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We think that the interfacial bonding of CNT and O-terminated Al>O3 (0001) is
of mixed covalent-ionic nature. This interfacial bonding has the same characteristic as
the interface of metal and O-terminated Al,Os obtained by Li et al*”. The strong ionic-
covalent interfacial bond is the primary reason why the adhesive energy between CNTs
and the O-terminated Al>O3(0001) is always the largest in comparison with those of the

Al-terminated surface.

The interfacial bonding of the O-terminated interface is formed by strong
hybridization and charge transfer between C atoms of the CNTs and O atoms of the
Al>;O3, namely strong covalent and ionic interactions. This result is related to the
interfacial stoichiometry. The Al-terminated Al>Oz (0001) is reduced to a
stoichiometric surface due to relaxation of the top surface Al atoms. On the other hand,
for the O-terminated surface, the inward relaxation of the top surface layer is smaller,
and a non-stoichiometric atomic configuration remains. Hence some charge transfer
would occur easily from the C atoms of the CNTSs to the top surface O atoms in order
to compensate electrons. Prior study of interfacial interaction between CNT and other
oxides surface also supports this idea by saying that O-terminated surface provides

stronger interaction due to the electron affinity between C and O,




FIG. 4. 5 Calculated charge density difference for the most stable configuration
between: (a) (3,0), (b) (6,0), (c) (9,0), (d) (12,0) CNTs, (e) graphene and Al-terminated
Al>03(0001) and () (3,0), (g) (6,0), (h) (9,0), (i) (12,0) CNTSs, (e) graphene and O-
terminated Al,O3(0001) respectively. Color key: brown, grey, and red denote the C, Al,
and O atoms, respectively with Isosurface level for (a)-(b) : 0.00032 e/A3; (c)-(e) :
0.00081 e/A3; while (f)-(i) : 0.0066 e7A® and (j) : 0.0017 e /A3 %7,

C. Interface structures and bonding of CNT/ Al>O3 (0001)

Our DFT calculations showed significant differences in the interfacial bonding
characteristics for the two types of Al>O3 (0001) according to the surface termination.
In the case of the O-terminated Al>O3 (0001), especially for small diameter CNTs
depicted in FIG. 45 (f) and (g), the tube structure of CNTs did not hold. To
quantitatively evaluate the interfacial interaction of CNTs and Al>O3, the adhesion
energy, defined as the energy needed to separate the surfaces that conform the interface,

is calculated as

E —(E E
E,, = <= (CNT+ s) (4.2)

Where Er_s is energy of the CNT/ceramic surface system, Eqy; is energy of the

isolated single CNT, Eg is energy of the ceramic surface, and A(D) is the projected

contact area of CNT on the ceramic interface dependent to CNT diameter D. The
calculated adhesion energy results are showed as a function of the CNT diameter, in

FIG. 4.5.
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FIG. 4. 6 Adhesive energy as a function of CNTs diameter®’

The adhesion energy of CNTs on the O-terminated surface is much stronger than
on the Al-terminated surface. The qualitative trend of the adhesion energy correlates to
the interfacial interatomic distances and the charge density difference of the CNT-
Al>03(0001) interfaces. For the O-terminated interface, the adhesion energy of the
CNT of (3,0) is much lower compared with the other CNTSs, because of the strong
bonding of the dissociated C atoms of the CNT with the surface O atoms. The Al>Os-
induced dissociation of CNTs which leads to the strong interfacial bonding would be a
possible mechanism for a successful Al.Os composite reinforced with CNTs. Crack
deflection along the continuous interface between carbon nanotubes and
nanocrystalline alumina matrix grains observed by Zhan?* is possibly one of the

toughening mechanisms. He also observed that CNT were strongly entangled with the
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alumina matrix; The results we obtain support this argument as shown by the adhesive

energy between CNT and O-terminated Al.Oz (0001) which is very strong.

According to Li. Et al*’, O-terminated (O rich) interface of Al,03(0001) has very
strong ionic-covalent bonding. To know the contribution of these covalent and ionic
bonds and their relation to the diameter of the CNT, we use the ICOHP and Bader

charge transfer (see Appendix B).

The ICOHP values also shows that smaller CNT has stronger covalent bonding
with higher ICOHP values. Moreover, it can be seen that the values of ICOHP are
roughly inversely proportional to CNT diameter, i.e., the larger ICOHP values
correspond to smaller diameter CNT and possible stronger covalent interactions®!-34,
Covalent interaction for O terminated is stronger compared to Al terminated surface.
Results of a Bader charge transfer support and elucidate our result on adhesive energy
for each interaction between CNTs and ceramic surfaces from which the bonding
interaction comes from. The strongest adhesive energy of CNTs and O-terminated
Al>03 comes from both strong covalent and ionic bonding between C atoms of the CNT
and oxygen surface. These strong covalent and ionic interaction shown between CNTs
with Al>,O3 are likely to cause crack deflection propagates in the interface very slowly
and this may further assist in the prevention of crack initiation, possibly increasing the

composite’s toughness as a result obtained by Zhan?*.
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4.3 Conclusion

In this study, we investigated the interaction of CNTs and Al.O3(0001) using first-
principles calculations. On Al-terminated surface, the structures of all the CNTs do not
drastically change from those before adsorbing. Meanwhile, for the O-terminated

surface, the structure of all CNTSs is changed depending on the diameter.

The interfacial interaction between CNTSs and the O-terminated surface has the
mixed covalent-ionic nature. Especially, the small diameter CNT has a strong
interaction with the O-terminated surface, which is caused by the opening of CNTs and
the successive transform into an arch-like structure. This behavior means that the O-
terminated Al,O3(0001) has a catalytic effect and the activation energy for dissociation
of C-C bonds would be very small. The strong interfacial interaction of small diameter
CNTs with the O-terminated Al.O3(0001) would be a possible mechanism for the
successful Al2Osz composite reinforced with CNTs. This phenomena may explain the
results of Zhan which states that the increase in fracture toughness is due to the strong
bond between CNT and alumina matrix and the existence of crack deflection

mechanism.
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Chapter 5 Interfacial Interaction

between CNT and Non-oxide Ceramic

Material

5.1. Introduction

In the previous chapter, we have found that one of the factors that makes the bond
between the CNT and the Al,O3 ceramic surface is the oxygen surface which is also the
same factor that is responsible for the strong bond between CNT and SiO,. But
howabout nonoxide ceramics material such as SiC, SiaNa, AlsCs, etc? Since it has no
oxygen atoms, can it still have strong interfacial interaction with the CNTs? To answer
all of these questions, we analyze interaction between CNT and non-oxide ceramics

surfaces.

Non-oxide ceramics include carbides, nitrides, borides, silicides and others have
many applications such as superhard abrasives (B4C, BN) and cutting tools (WC), to

rocket nozzles (TiBz), electrodes for metal melts (ZrB2) and heating elements (MoSi>).
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TABLE 5. 1 Properties comparison of several ceramic materials®

Bonding | Densit Compressive
Ceramic g 2y Strength % ionic character | % covalent character
Atoms | (g/cm?)
(MPa)

AlO3 Al-O 3.85 2585 63 37

ZrO, Zr-0 55 1860 73 27

SiC Si-C 31 3860 11 89
SisNg Si-N 3.19 3450 34.5 65.5

Oxide and non-oxide ceramics properties comparisons are shown in the table 5.11.
Due to their high covalent character, non-oxide ceramics have smaller density and not
quite as strong as oxide ceramic this is indicated by the higher compressive strength of
non-oxide ceramics compared to oxide ceramics. The most important structural non-
oxide ceramics are silicon carbide (SiC), silicon nitride (SizsN4) . Non-oxides are
produced using high temperature processing to reduce inert atmosphere and prevent
oxidation in the process. Furthermore, their strength, mostly consisting of covalent (i.e.
directional) atomic bonds, inhibits atomic migration (diffusion) so that solid-state
sintering below the decomposition temperature (approx. 2500 °C for SiC, approx.
1900 °C for SisNg) is limited. For densification, it needs liquid-phase sintering or

reaction-bonding techniques.

Due to its high fracture toughness at both low and high temperatures?, high
thermal conductivity®, low chemical reactivity*, high oxidation resistance®®, and very
good wear resistance’, SiC is considered as an good candidate to become the matrix
material for Ceramic matrix composites (CMCs). Such fiber-reinforced SiC CMCs are
nowadayssuccessfully utilized in various aeronautical and aerospace applications.
Reinforcement of SiC matrices with CNTs has been suggested to improve mechanical
and functional properties of SiC. Having a wide electronic band gap, SiC is a group-1V

polar semiconductor with many potential practical uses in electromagnetic (EM) wave
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absorption and shielding applications under harsh oxidative environments®®. The
dielectric and electromagnetic properties of SiC powders!®!!, nanofibers!?, foams®3,
and SiC matrix composites**!8 have been the subject of rigorous investigations in the

last decade.

Compared to the pure CNT fiber, the CNT-SiC composite-fiber exhibited
simultaneously enhanced mechanical properties. This enchanement comes from the
high load transfer from SiC to the CNT. As shown in FIG. 5.1, the interface between

nanotube and SiC substrate is clean and the load transfer is highly possible. They expect

that the strong bonding between SiC and CNT will occur®®1°,

FIG. 5. 1 TEM micrographs with a) low and (b) high magnification images showing
the clean interface between MWCNT and SiC for SiC-0.5 mass % MWCNTSs samples
(Figure 6 of Ref. 19).

Unfortunately, the experimental results show that there is no significant increase
of fracture toughness on CNT non-oxide ceramic composites as shown in the following

table:

TABLE 5. 2 Mechanical properties of CNT-SiC composites by Ma?® and CNT-SisNa
composites Balaszi?®.
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Materials Relative Density | Bending Strength | Fracture  Toughness
(%) (MPa) (MPa M*?)

SiC 93.9 317.5 3.47

SiC +10% CNT | 94.7 348.5 3.84

Materials Relative Density | Vickers Fracture  Toughness
(%) microhardness (GPa) | (MPa m'?)

SisNg 3.23 20.1 5.2

SizNs + 1% 3.17 16.6 53

MWNT

Ma notes that this insignificant increase is due to the inadequate interaction

between CNT and SiC matrices with a fixed crack deflection at the interface between

CNT and the surface of the SiC matrix. Therefore, a major aim of this work is to

investigate effects of the CNT diameter to the interfacial interaction between CNTs and

nonoxide ceramic surface namely SiC (0001) using first-principles calculations based

on the density functional theory (DFT). Advance in a DFT approach means it is now

possible to describe the interfacial interaction between CNTs and surfaces with the

detail and accuracy required for computational results.

5.2 Results and Discussions

A. SiC Bulk and Surface

The basic structural element of SiC crystals is a hexagonal bilayer containing

silicon and carbon in alternating positions. We compare our calculated results of bulk
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SiC with experimental results and previous theoretical calculations which also used

GGA-PBE.

TABLE 5. 3 Comparison of the unit vectors a, b and ¢ of Bulk SiC calculation with
reference®

_ References (A) 2
Ceramics This work (A) _ :
) Space Group Experiment (A) Calculation (A)
Material
a b c a b c a b c
) Hexagonal
SiC 3.077 | 3.077 | 15.11 | 3.073 | 3.073 | 15.118 | 3.09 | 3.09 15
(C4ev-P63mC)

From TABLE 5.3, we notice that PBE functional we use makes the accurate
estimates of equilibrium lattice parameters of SiC consistent with experimental values,

it overestimates the lattice constants only by ~0.13% .

In this study, we consider two kinds of surface terminations of SiC surface. Both
of Si- and C-terminated surfaces are nonstoichiometric. The Si-terminated SiC(0001)
surface model has four Si layers and three C layers, while the C-terminated SiC(0001)
surface model contains four C layers and three Si layers, and thus each surface system
is consisting of 126 silicon and carbon atoms with a 40 A vacuum region. The

bottommost atoms in both models have the broken bonds terminated by hydrogen atoms.

Our surface relaxation calculation of SiC surfaces showed that the distance of Si
layer and C layer was 1.91 A and the distance between two nearest Si layers was 2.52
A after relaxation. These results match with the report by Capitani et.al®® which
mentions that the distance between Si layer and C layer after relaxation is around 1.89
A and the distance between two nearest Si layers is 2.52 A. Both values are much close

each other.
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B. Adhesion behavior of CNT/SiC(0001) Interface

We studied the interface interaction of the CNTs on the SiC (0001) since (0001)
surface is well-known as the most stable surface for hexagonal SiC. We considered
both Silicon (Si-) and Carbon (C-) surface terminations of SiC(0001). To investigate
the interfacial interaction of CNTs and SiC, we calculated the system in the tetragonal
cell. In our models, the axial direction of the CNTs is set to be parallel to [1010] on the
SiC(0001) (see FIG.5.2(a)). The interface model consists of the CNT and SiC surface
with dimensions of 9.23 A and 15.99 A. The difference between tetragonal SiC cell
size and CNT length provides the interface lattice mismatch of about 8.3%. The CNT
was strained and the SiC was kept to its equilibrium lattice constant because the SiC

matrix is hard to deform compared with CNT due to the quite large difference of their

rigidities.
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FIG. 5. 2 Side (a) and top (b) views of CNT on SiC (0001). The brown and blue balls
denote the C and Si atoms, respectively. The black lines represent the unit cell in
calculations®.

As an interfacial configuration between CNT and SiC(0001), we considered
different initial adsorption sites, where a surface Si or C atom of SiC was directly below
either at the position of C atom of the CNT, at the hollow site of the CNT or at the
center of the C-C bridge site. Additionally, we also evaluated the arrangements where
the lowermost C atom of CNT was directly above either the hollow site of Si-C surface
atoms or the Si-C bridge site of surface atoms. The difference of the charge density is
calculated to investigate the CNT-surface interfacial bonding using Eq.4.1 (see

Appendix C).

As depicted in FIGs.5.3 (a) and (f), the smallest diameter CNT of (3,0) was
relaxed into an arch-like structure on both of Si- and C-terminated SiC surfaces. which
is the same structural change as the previous CNT-Al>Os case in ref. 25. This adsorbing
process involving spontaneous dissociation of C-C ¢ bonds of the CNT implies that the
Si- and C-terminated SiC surfaces have some catalytic effect, and the activation energy
barrier for the bond breaking would be vanishingly small. Such geometrical
transformation to an arch-like structure has occured for the (3,0) CNT on O-terminated
Al>03(0001) as the previous first-principles calculation of CNTs on Ni performed by
David et al?*. On the other hand, for the larger diameter CNTs of (6,0), (9,0), (12,0) and
graphene, the change of the structures is relatively small compared with the smallest
diameter CNT. Local charge accumulation is observed between the C atoms of the
CNTs and Si atoms of the Si-terminated surface, indicating that the interfacial C-Si

bonds have covalent characteristic. Additionally, FIG.5.3 also displays charge
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depletion around the Si atoms of SiC surfaces near the CNTSs, which corresponds to

ionization of the Si atoms donating electrons to C atoms of the CNT.

On the other hand, for the C-terminated surface, charge accumulation can also be
seen between the C atoms of the CNTs and the C-terminated surface, while the charge
depletion is surrounding at the interfacial C atoms of the CNT for the smallest diameter
CNT case and C atoms of the C-terminated surface. Thus, these results give rise to the

covalent and ionic characteristics in the interfacial C-C bonds.

Isosurface level of the charge density difference for the Si-terminated surface is
larger than for the C-terminated surface, indicating the stronger bonding between CNT
and Si-terminated surface. It can also be seen from the structural changes of the CNT

on the Si-terminated surface more significantly than on the C-terminated surface.

FIG. 5. 3 Calculated charge density difference for the most stable configurations about
(@) (3,0), (b) (6,0), (c) (9,0), (d) (12,0) CNTSs, (e) graphene on Si-terminated SiC(0001),
and (f) (3,0), (9) (6,0), (h) (9,0), (i) (12,0) CNTs, (j) graphene on C-terminated
SiC(0001), respectively. Color key: brown and blue denote the C and Si atoms.
Isosurface level for (a)-(d) and (f)-(i) are 0.0025 /A2, and (e) and (j) are 0.0015 e /A3
and 0.0005 e/A3. Isosurfaces charge densities in yellow indicates accumulation in
charge density, while blue indicates depletion.?

C. Interface structures and bonding of CNT/SiC (0001)
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The adhesion energy of CNTs on the Si-terminated surface slightly stronger than
on the C-terminated surface. The qualitative trend of the adhesion energy correlates to
the interfacial interatomic distances and the charge density difference of the CNT/SiC

interfaces.

The adhesive energy is qualitatively consistent with the charge density difference.
The adhesive energy of CNTs on stoichiometric surfaces is relatively weaker (see
dashed lines of Al-terminated Al>03(0001) in FIG.5.4) being compared with the
nonstoichiometric surfaces (see solid lines of O-terminated Al,03(0001), Si-terminated
SiC(111), C-terminated SiC(111) in FIG.5.4). The adhesive energy of the smallest
diameter CNT (3,0) is always much stronger on the nonstoichiometric surfaces
compared with the other cases because of the strong bonding of the dissociated C atoms
of the CNT with the nonstoichiometric surfaces. Adhesive energy of the graphene-

[13 »

ceramic interface is not much different from one another (see “co™ at the horizontal

axis in FIG.5.4). It shows that for large diameter CNTSs, their interface would have

almost the same interfacial strength regardless of the kind of ceramics.

51



0.0

________________ .lil. T
& i gt =

_-0.5- /
< / °
O
>-1.0 4
o
& —m-- Al-terminated Al,0,(0001)
0 4.5 —e— O-terminated Al,O,(0001)
F: —a— Si-terminated SiC(0001)
S v— C-terminated SiC(0001)
<

-2.0 4

-2.5 ¥ T ¥ T v T T —

2 4 6 8 10 oo

Diameter (A)

FIG. 5. 4 Adhesive energy as a function of CNT diameter

From FIG.5.3 we can see that interfacial bonds of CNT/SiC(0001) exhibits a
mixture of covalent and ionic bonding. In order to obtain a quantitative measure of the
covalent bond strength, the integrated COHP values (ICOHPs) up to Er of selected
interatomic contacts are calculated, and the Bader analysis is used to analyze the ionic

characteristic in the interaction between CNTs and ceramic surfaces.

Adhesive energies of CNTs and Si-terminated SiC(0001), C-terminated
SiC(0001) in FIG. 5.4 have almost the same values but the bonding characters are
different. The covalent interaction between CNTs and C-terminated SiC(0001) is much
higher than that of Si-terminated surface SiC(0001). On the other hand, Si-terminated
SiC(0001) have the stronger ionic character at the interface compared with C-

terminated SiC(0001), which indicates that they have the more active charge transfer.
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FIG. 5.5 ICOHP as a function of CNT diameter.
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FIG. 5. 6 Charge transfer as a function of CNT diameter.
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These covalent and ionic properties of the interface are important because they
affect the way how a crack propagates on the interface. Several works have successfully
demonstrated the effect of the bonding type on the resistance to crack propagation. The
directional covalent bond is expected to provide a favorable condition for bond trapping

of cracks. Meanwhile, ionic bond would probably show the less bond trapping effects?®-

30

The results shown in Figs 5.5 and 5.6 could give us some insights about the nature
of the interface properties from their relationship to the experimental results obtained
in TABLE 5.2, where the fracture toughness of several CNT-ceramic composites are

summarized.

The smaller increase in fracture toughness of the CNT-SiC composites when
compared with CNT-Al>O3 composites might be due to the inadequate covalent
characteristic between CNTs and C- and Si-terminated SiC(0001) surfaces when
compared to CNTs with O-terminated Al203(0001) (see Fig. 5.5). Since the covalent
characteristic at the interface between CNT and C-terminated SiC (0001) is more
dominant compared with the ionic characteristic, thus the interface resistance to the
crack growth could be expected. This may further assist the prevention of crack
propagation, possibly increasing the composite’s fracture toughness as shown in
TABLE 5.2. However, the fracture toughness is slightly improved because the covalent

character is lower than the case of CNT and O-terminated Al,O3(0001).

5.3 Conclusion
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In this study, we investigated the interfacial interaction of CNT/SiC(0001) using
first-principles calculations. On the nonstoichiometric surfaces, i.e. Si- and C-

terminated SiC surfaces, the structure of all CNTs changed depending on the diameter.

On stoichiometric ceramic surfaces, namely the Al-terminated Al.O3, the
structure of all the CNT with any diameter did not drastically change from that before
adsorbing and the adhesive energy per contact area was weak. On the other hand, for
the nonstoichiometric surfaces, i.e. Si- and C- terminated SiC surface, the bond
breaking of the CNT with (3,0) was occurred and it shows the strong diameter
dependence. The small diameter CNT has a strong interaction with the
nonstoichiometric surfaces, caused by the opening of CNTs and the successive
geometrical transform into an arch-like structure. This behavior means that the
nonstoichiometric surfaces has a catalytic effect and the activation energy barrier for

dissociation of C-C bonds would be very small.

The interfacial interaction between CNTs and ceramic surfaces has the mixed
covalent-ionic nature which is quantitatively measured by the ICOHP and Bader
analyses. The fracture toughness CNT-SiC composite is slightly improved because the

covalent character is lower than the case of CNT and O-terminated Al,03(0001).
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Chapter 6 Interfacial Interaction

between CNT and Oxide-ceramic
Materials with Stoichiometric Oxygen

Terminated Surface

6.1. Introduction

In the previous two chapters we have known that the terminated oxygen surface
of Al,Oz has an important role in the interaction between CNT and Al>Os whereas after
studying the intraction between CNTs and non-oxide ceramic, namely SiC, we know
that nonstoichiometric surfaces have stronger bonds with CNTs than stoichiometric
surfaces. To confirm these two factors, we selected ZrO,(111) which has an O-
terminated surface as a stoichiometric surface. From this calculation we hope to know
which factors are more dominant between the stoichiometry of the surfaces or the
oxygen atoms that interact with CNTSs resulting in strong bonds between CNTs and

ceramics.

Like SiC, zirconia (ZrO>) is a specific material with high potential to be used in
ceramic materials, due to its high ionic and thermal conductivity, in addition to

mechanical properties. ZrO; is a white crystalline oxide of zirconium. It can occur

58



naturally or synthesized in three main phases: monoclinic, tetragonal, and cubic. In
addition, zirconia is chemically unreactive. Under higher temperatures, ZrO> adopts a
tetragonal and cubic structure. ZrO> particles are used as one of the most common fillers,
leading to an increase in fracture toughness and chemical inertness. Recent studies
suggest that the mechanical properties of CNCs with ZrO» could be considerably
increased by reducing the level of grain size and by achieving high levels of dispersion

of these particles in the matrix.

A lot of works has been devoted to designing and synthesizing zirconia and its
composites; however, few studies involve ZrO,-CNT composites. Rao et al. managed
to fabricate hollow nanotubes of zirconia using CNTs as templates. Javey et.al? have
worked on integration of ZrO, and SWCNTs by forming ZrO thin-films on top of
individual SWCNTSs and used as gate dielectrics for nanotube field-effect transistors.
More recently, Shan and Gao® synthesized ZrO,-CNT composites by hydrothermal
treatment of multiwalled carbon nanotubes (MWNTS) in ZrOCl,,8H>O aqueous
solution at 150 °C. Sun et al* has shown that there is clean interface between CNT and
ZrO2 which indicate load transfer is highly possible and strong bonding between ZrO»

and CNT may occurs.

FIG. 6. 1 TEM micrographs showing the clean interface between CNT and ZrO,*
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Unfortunately, the experimental results show that the fracture toughness of ZrO;

after CNT added decreases as shown in the following result by Kasperski®:

TABLE 6. 1 Mechanical properties of CNT-ZrO2 composites by Kasperski®

Materials Relative Density | Vickers Fracture
(%) microhardness Toughness (MPa
(GPa) m*?)
ZrO; 98 13.8 10.3
ZrO2 + 1.2% CNT | ~100 12.3 7.1
ZrO2+1.7% CNT | 99 11.7 6.6
ZrO2 + 4.5% CNT | 98 10.0 55
ZrO2 + 6.3% CNT | 96 9.5 5.1

Kasperski's work results show that for composite CNT-ZrO, does not show any
increase in fracture toughness. This is due to weak interfacial bonding between CNTs
with ZrOz and also no crack deflection on this composite. This chapter aims to find out
further why the fracture toughness of CNT-ZrO, composites dercreased by studying the

interfacial interaction interaction between CNTs and ZrO surfaces.

6.2 Result and Discussion

A. ZrO, Bulk and Surface

As ceramics materials, we investigate in this work ZrO. In TABLE 6.2., we
compare our calculated results of these ceramics with experimental results and previous
theoretical calculations which also used GGA-PBE.

TABLE 6. 2 Comparison of the unit vectors a, b and ¢ of Bulk SiC and ZrO; calculation

with references®?
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References (A)
Ceramics This work (A)

Space Group Experiment (A) Calculation (A)
Material

a b c a b c a b c

Zr0O; Cubic (Fm3m) | 5.127 | 5.127 | 5.127 | 5.086 | 5.086 | 5.086 | 5.13 | 5.13 5.13

From Table 6.1, we notice that our result on lattice parameter of ZrO: is in good
agreement with experimental values. For PBE overestimate the lattice constants only
by ~0.8%. Starting from the ZrO relaxed bulk structure, we created slab models
representing the stoichiometric (111) surface (O-terminated) using two Zr layers and
four O layers with a 40 A vacuum region in a tetragonal cell. The atomic structure of
the nonstoichiometric (Zr-terminated) systems is constructed by using three Zr layers
and four O layers. After surface relaxation, the interplanar distance of first and second
layers of the surface increased by 7.5% compared to the bulk structure which is in a

good agreement with the reference.’

B. Adhesion behavior of the CNT/ZrO,(111) Interface

In our models, the axial direction of CNT is set to be parallel to [1150] on
Zr0,(111) (see FIG.6.2). The interface models constructed by placing the CNT above
Zr02(111) unit cells with dimensions of a= 21.75 A and b=12.56 A. The lattice
parameter of ZrO> as a matrix in the models is fixed due to the same reason as CNT-
SiC. Therefore, the CNT along the axial direction is stretched by 0.10 A per cell of the

model (i.e. axial strain of 0.82%).
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FIG. 6. 2 Side (a) and top (b) views of CNT on ZrO2(111). The brown, green, and red
balls denote the C, Zr, and O atoms, respectively. The black lines represent the unit cell
in calculations.'?

As an interfacial configuration between CNT and the ZrO»(111), we considered
different initial adsorption sites where a surface Zr or O atom was directly below either
a C atom of the CNT, at the hollow site of CNT or at the center of the C-C bridge site.
Additionally, we also evaluated the other arrangement where the lowermost C atom of
CNT was directly above either the hollow site of surface atoms or the bridge site of

surface atoms (Appendix C).

The structures of CNTs and O-terminated ZrO>(111) (stoichiometric surface)
hardly change from those before adsorbing through relaxation, as shown in Figs. 2 (a)
to (d) which show the difference of charge transfer in CNT-ZrO2(111) surface. The

same behavior can also be encountered on CNT/Al-terminated Al.O3(0001) where the
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suface structure was relaxed keeping the stoichiometric configuration 23). The
isosurface level of CNTs and O-terminated ZrO> (111) is lower than that of Zr-
terminated surface, indicating the weaker interaction between CNTs and O-terminated
surface. Local charge density accumulated between C atom of the CNT and O atom of
the ZrO. surface represents a covalent bonding between atoms. Additionally,
surrounding charge depletion shows that it has not only covalent but also ionic
characteristics due to the charge transfer from the O-terminated surface. Compared
among FIGs. 6.3 (a) to (d), we can see that the (3,0) CNT/O-terminated surface ZrO-
has higher charge density difference than the larger CNTSs. It shows that the interaction
of the smallest diameter CNT with the O-terminated ZrO>(111) is much stronger than

the large diameter CNTSs.

Unlike the O-terminated surface, the smallest diameter CNT of (3,0) was relaxed
into an arch-like structure on the Zr-terminated surface, as shown in FIGs. 6.3 (f) to (i),
while the larger diameter CNTs slightly changed from that before adsorption. This
proves that the geometrical transformation of CNT into an arch-like structure occurs
only when the CNT interacts with the nonstoichiometric surface. The mixed ionic-
covalent characteristic, found in the interaction between CNTs and the Zr-terminated
ZrO; surface with the accumulated charge between Zr and C atoms and charge
depletion from Zr atoms, shows the charge transfer from the surface. The obtained
results imply that the interaction of CNT with ceramics gives rise to a catalytic effect
on the C-C bond breaking, depending on the CNT diameter and the stoichiometry of
ceramic termination. This adsorbing process involving spontaneous dissociation of C-
C o-bonds shows that the Zr-terminated ZrO. (111) has a catalytic effect and the
activation energy barrier for the bond breaking would be vanishingly small this supports

what has been shown in David's study results®.
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(a)

()

(b) (c) (d) (e)

® (h) (@) ()

FIG. 6. 3 Calculated charge density difference for the most stable configuration about
(@) (3,0), (b) (6,0), (c) (9,0), (d) (12,0) CNTs, (e) graphene on O-terminated ZrO>(111),
and (f) (3,0), (g) (6,0), (h) (9,0), (i) (12,0) CNTs, (e) graphene on Zr-terminated
Zr0,(111), respectively. Color key: brown, light green and red denote the C, Zr and O
atoms, respectively. Isosurface levels for (b), (c), (d) and (e) are 0.00011 e/A® and the
others are: 0.0015 e”/A3. Isosurfaces charge density in yellow indicates accumulation in
charge density, while blue indicates depletion.*2.

C. Interface structures and bonding CNT/ZrO- (0001)

To quantitatively analyze the interfacial interaction of CNT and the ceramic
surfaces, the adhesive energy per projected contact area is calculated using Eq.4.2. The
calculated adhesive energy results are showed as a function of the CNT diameter, in
FIG. 6.4. For reference, the results for CNT/Al.O3 and CNT/SiC calculated in our

previous chapter are also included.

The adhesive energy is qualitatively consistent with the charge density difference.
The adhesive energy of CNTs on stoichiometric surfaces is relatively weaker (see
dashed lines of Al-terminated Al>03(0001), O-terminated ZrO»(111) in FIG.6.4) being
compared with the nonstoichiometric surfaces (see solid lines of O-terminated
Al;03(0001), Si-terminated SiC(111), C-terminated SiC(111), Zr-terminated
Zr0O,(111) in FIG. 6.4). The adhesive energy of the smallest diameter CNT (3,0) is

always much stronger on the nonstoichiometric surfaces compared with the other cases
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because of the strong bonding of the dissociated C atoms of the CNT with the
nonstoichiometric surfaces. Adhesive energy per contact area for the graphene-ceramic

[13 »

interface is not much different from one another (see “co™ at the horizontal axis in

FIG.6.4). It shows that for large diameter CNTSs, their interface would have almost the

same interfacial strength regardless of the kind of ceramics.
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FIG. 6. 4 Adhesive energy as a function of CNT diameter!?,

Results of ICOHP analyses in FIG. 6.5 and Bader analyses in FIG. 6.6 support
and elucidate our results on the adhesive energy for each interaction between CNTs and
ceramic surfaces. For example, the strongest adhesive energy of the combination of
CNTs and O-terminated Al,O3 comes from both strong covalent and ionic bonding
between C atoms of the CNT and O atoms of surface. It can be seen that the values of
ICOHP are roughly inversely proportional to CNT diameter, i.e., the negatively larger

ICOHP value corresponds to the smaller diameter CNT and possible stronger covalent
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interaction. Bader charge transfer results also show that the smaller diameter CNT has

the stronger ionic character with the higher charge transfer.

Adhesive energies of CNTs and Si-terminated SiC(0001), C-terminated
SiC(0001) and Zr-terminated ZrO2(111) in FIG.6.5 have almost the same values but the
bonding characters are different. The covalent interaction between CNTs and C-
terminated SiC(0001) is much higher than that of Si-terminated surface SiC(0001) and
Zr-terminated ZrO»(111). On the other hand, Si-terminated SiC(0001) and Zr-
terminated ZrO»(111) have the stronger ionic character at the interface compared with

C-terminated SiC(0001), which indicates that they have the more active charge transfer.

The adhesive energy in the interaction between CNT and Zr-terminated
Zr0O,(111) is almost similar to that when CNT interacts with SiC. It might be understood
that the bond between CNT and ZrO; is still strong enough. However, the decrease in
fracture toughness of CNT-ZrO, composite in Table 6.1 is due to the relatively smaller
covalent bond characteristic and also to the larger ionic bond characteristic observed at
the interface between CNT and Zr-terminated ZrO». These bond states of CNT-ZrO>
composite make a crack easier to propagate along the interface, and as a result, the

decrease of fracture toughness might be happened as seen in Table 6.1.

Above all else, the covalent characteristic at the interface between CNT and O-
terminated Al,O3(0001) surface is much greater compared with that when CNTs
interact with the other ceramic surfaces. It may lead to the significant increase of
fracture toughness than the other ceramic composites for almost twice of Al,O3z without

CNT.
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FIG. 6. 5 ICOHP as a function of CNT diameter!2.
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FIG. 6. 6 Charge transfer as a function of CNT diameter'?.
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6.3 Conclusion

In this chapter, we investigated the interfacial interaction of CNT-ZrO»(111)
using first principle calculations. On stoichiometric ceramic surfaces, namely the O-
terminated ZrO>(111), the structure of all the CNT with any diameter did not drastically
change from that before adsorbing and the adhesive energy per contact area was weak.
On the other hand, for the nonstoichiometric surfaces, i.e. Zr-terminated ZrO; surface,
the bond breaking of the CNT with (3,0) was occurred and it shows the strong diameter
dependence. The small diameter CNT has a strong interaction with the
nonstoichiometric surfaces, caused by the opening of CNTs and the successive
geometrical transform into an arch-like structure. This behavior means that the
nonstoichiometric surfaces has a catalytic effect and the activation energy barrier for

dissociation of C-C bonds would be very small.

Our results provided an explanation of the variety of CNT-composite fracture
toughness by categorizing the types of interactions that occured at the interface between
CNTs with SiC(0001), ZrO2(111), and Al203(0001) surfaces. The interfacial interaction
between CNTs and ceramic surfaces has the mixed covalent-ionic nature which is
quantitatively measured by the ICOHP and Bader analyses. The decrease in fracture
toughness of CNT-ZrO, composite is due to the relatively smaller covalent bond
characteristic and also to the larger ionic bond compared to CNT- C-terminated

SiC(0001) surface and CNT- O-terminated Al>03(0001) surface.
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Chapter 7 Summary and Future

Works

7.1. Summary

In this study, we investigated the interfacial interaction of CNT and ceramic
surfaces using first-principles calculations. It has been found that on the stoichiometric
ceramic surfaces, namely the Al-terminated Al>Os and O-terminated ZrO»(111), the
structures of all the CNTSs did not drastically change from those before adsorbing and
the adhesive energy was weak. On the other hand, on the nonstoichiometric surfaces,
i.e. O-terminated Al2Os3, Si- and C- terminated SiC and Zr-terminated ZrO, surface, the
structure of all the CNTs changed depending on the diameter. This structure change
indicates a strong interaction between CNTs and ceramic surfaces. Adhesive energies
as a function of diameter of CNTs support the results by Ying Sun and Chena. The
small diameter CNT has strong interaction with the nonstoichiometric surfaces, caused

by the opening of the CNTs and the successive geometrical transformation into an arch-
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like structure. This behavior means that the nonstoichiometric surfaces has a catalytic
effect and the activation energy for dissociation of C-C bonds would be very small. The
strong interfacial interaction of small diameter CNTs with the nonstoichiometric
surfaces would be a possible mechanism for the successful ceramic composite

reinforced with CNTSs.

Fracture toughness, which is most expected to be improved by adding the CNT
into ceramic matrix, also depends on the interface property. The strong interface can
resist the crack propagation which might be dependent on the adhesive energy and also
the covalent/ionic character of the interface. The strong covalent force between CNTs
and O-terminated Al>03(0001) surface is likely to result in the substantial increase in
fracture toughness of CNT-AI>Os composites. The fracture toughness CNT-SIiC
composite is slightly improved because the covalent character is lower than the case of
CNT and O-terminated Al.O3(0001). And the decrease in fracture toughness of CNT-
ZrO, composite is due to the relatively smaller covalent bond characteristic and also to

the larger ionic bond.

7.2. Future Works

For the future works, we have to challenge the problem on how to lead the
macroscopic properties using our current results and method. As of the fracture
toughness which is the most important mechanical property in ceramics, we try to
classify the types of bonding characterization according to the adhesive energy and the
covalent/ionic character consideration. Especially, the point is how the latter result
affects the crack propagation behaviors of deflection at the interface or direct

propagation over the interface. This challengeable topics would show good fracture
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resistance and enhance the mechanical property to be generated when the ceramics are

combined with CNTSs.
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Appendix A

Density Functional Theory

First-principle method (Ab-initio) is a method of calculating atomic and molecular
structure directly from the first principles of quantum mechanics, without using
quantities derived from experiment as parameters. It can be used, for example, to
determine the electronic, magnetic, and mechanics properties of materials or molecules
by calculating the total energy of the molecule for a variety of molecular geometries

and finding which conformation has the lowest energy.

The central theme of ab initio methods is to obtain accurate solutions to the
Schrédinger equation. In general, the state of a particle is defined by a wave function y

based on the well-known wave-particle duality. The Schrédinger equation is

h &, S,y o S

%;Vi +§V(ri)+§; U(I’i,l’j)l/IZEl// (1)

Here, m is the electron mass, Y1, V2, XL, V(1), XL, X1 U(#, 7;) define the

kinetic energy of each electron, the interaction energy between each electron and the
collection of atomic nuclei, and the interaction between different electrons respectively,
v is the electronic wave function which is a function of each spasial coordinates of
each of N electrons, so y/:l//(ﬁ....,fN), and E is the ground state energy of the

electrons.

Some approximations such as the density functional approach are used to solve time

consuming problem of the pristine ab initio method. The density functional theory
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(DFT) is based on the fact that the ground-state electronic energy is a unique functional

of the electronic density p(r), instead of many-body interacting wave functions. The

electron denstity can be written in terms of the individual electron wave function as:
p(r)=22 ¥ (N)¥i(F) @

Here, the summation goes over all the individual electron wave function that are
occupied by electrons, so the term inside the summation is the probability that an
electron in individual wave function i(F)is located at position 7. Due to the electron
spin and Pauli exclusion principle states electrons provided they have different spins,
the factor 2 appears in front of the summation. The electron density p(r), is the source
of information that we need and actually physically observable from the full wave

function solution to the Schrddinger equation, which is a function of 3N coordinates.

By introducing the variational principle, we obtain a one-electron Schrodinger

equation (also called the Kohn—Sham equation) for the Kohn—Sham wavefunction ¢

{—ﬁivs ()Y, <r>+vxc(r)}ui<r>=ei () ®

These equations are similiar with the Schrodinger equation. The main difference is
the summation in the full Schrédinger equation is not appear in the Kohn-Sham
equations. This is because the solution of the Kohn- Sham equations are single-electron

wave function that depend on only three spasial variables, i(F). There are three

potential in the Kohn Sham equations.

The V is the potential defines the interaction between an electron to the collection

of atomic nuclei. The Vu is called the Hartree potential and is defined as:
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V, () =e j|p( )

Hartree potential describes the Coulomb potential between the electron being
considered in one of the Kohn-Sham equations and the total electron density defined
by all electrons in the problem. Finally, the Vxc can formally be defined as a functional
derivative of the exchange-correlation energy:

5, [p(N)]
“ sp(r)

Finally, the algorithm of DFT is an iterative way as outlined below :

Initial Guess
p@Tr)

]

Calculate Effective Potential
Vers (F) = V) + V() + Ve ()

L 2

Solve Kohn-Sham Equation
h? - =
[— et ven] ¥i) = e ()

L 2

p(7) = ZX WP = Eporlp()l=...

]

Evaluate the Electron Density and Total Energyw

Output Quantities
po(F), E;|po(F)|>Forces, Eigenvalues,...

FIG.A. 1. A flow chart of the DFT iteration scheme
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Appendix B

Crystal Orbital Hamilton Populations and Bader Analysis

Crystal Orbital Hamilton Populations (COHP)!

To determine the nature of bonding in a given solid-state material, it is necessary to
extract the chemical bonding information from the electronic band structure that is
computed for the respective material by using a quantum-mechanical technique. the
total energy of a many-particle system, i.e., the sum of the potential and kinetic energy,
needs to be calculated solving the time-independent Schrédinger equation.

Let us looking at the example below :

Band structure Density of states COOP
anti-bonding

& & & ;

@ ) a

S S S
+
bonding

0 k> n/a
(a) (b) (c)

FIG. B.1 Simple “one dimensional” (a) band structure, (b) DOS, (c) COOP curve

The density-of-states (DOS) diagram in the middle results as the inverse slope of
the band structure on the left. A bonding indicator for the solid can be easily constructed
by generating an overlap population-weighted density-of-states, the crystal orbital

overlap population (COOP), given on the right part of the above figure.
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The COOP results from multiplying the DOS by the overlap population, and it adds an
additional dimension—the bonding information: it adopts positive values (bonding,
because of the positive overlap population) and negative values (which identify
antibonding interactions). By comparing the band structure and its orbital icons with
the COOP diagram, it is obvious why the nearest-neighbor COOP is bonding at low
energies and antibonding at high energies.

If one can weight the DOS by the overlap population, one can also weight it by the
corresponding element of the Hamiltonian. In fact, technical reasons arising within
density-functional techniques suggest to choose the latter method, dubbed Link crystal
orbital Hamilton population (COHP). By doing so, we partition the band structure
energy (instead of the electrons) but again into bonding, nonbonding, and antibonding
contributions.

The crystal orbital Hamiltonian population density (COHP) measures the
magnitude and sign of the bond order energy overlap between atomic orbitals located
on different atoms. This enables the determination of the bonding versus the
antibonding nature of orbital fragments. It is also a measure of the interaction strength

between two atomic orbitals.

_COHPij (E) = Hij Pij (E)

= H”Zc”c”5 (E-E,) 1)

ICOHP = j dEZCOH (E)

—00

1 9 - (2)
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Where N; is electron occupation of the molecular orbital and En represents the Kohn—

Sham orbital energies. H;;is the plane wave Hamiltonian and density-matrix element

P;. The coefficient ¢ is related to the molecular orbital :
Y, = Zci”goi (3)

Where ¢, denotes atomic orbital. The integrated ICOHP value can be considered

as a measure of the bond strength. It is not an exact expression for the bond energy, but
a good approximation as long as the repulsive energy of the nuclei cancels out the
double counted electrostatic interactions.? ICOHP is the maximum for a covalent bond
when all bonding orbitals are occupied by electrons and none for the antibonding
orbitals. In order to make COHP plots look similar to COOP, we can plot -COHP
diagrams so that bonding states (positive) and antibonding states (negative) and it is

easier to interpret.

Bader Decomposition of Charge Density®

The properties of chemicals and materials are often described in terms of charge transfer
between atoms and the presence of ionic charges. This also indicating the ionic bonding
between atoms. One way to approach this is by using charge density as has been
proposed by Bader®. Space is then divided into regions by surfaces that run through
minima in the charge density.

The charge density in molecular system reaches a minimum between atoms and this
is a natural place to separate atoms from each other. Bader divided surface into what so
called bader region. Bader region uses what zero flux surfaces which is 2-D surface on

which the charge density is a minimum perpendicular to the surface to divide atoms.
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More precisely, at a point on a dividing surface the gradient of the electron density has
no component normal to the surface.

Each Bader region often contains one nucleus, sometimes no nucleus is found
within a Bader region. By integrating the electronic density within the Bader region
where an atom’s nucleus is located, and possibly adding the electronic charge in nearby

regions that do not include a nucleus, the total charge on an atom can be estimated.
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FIG. B.2. An illustration of the steepest ascent paths (a) the set of points which
terminate at maximum my, (b) the set of points which terminate at grid point in Bader
region 1. (c), the set of points which terminate at maximum my constitute that Bader
volume. (d) The Bader surfaces (black line) separate the volumes. These ascent
trajectories are constrained to the grid points, moving at each step to the neighboring
grid point towards which the charge density gradient is maximized. Each trajectory
either terminates at a new charge density maximum, m,, or at a grid point which has
already been assigned.
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FIG. B.2 shows the computational method for partitioning a charge density grid into
Bader volumes which is efficient, robust, and scales linearly with the number of grid
points. To simplify the algorithm, we assume the charge density grid points to form an
orthogonal lattice. This algorithm essentially looks for maximum charge density by
following the density gradient ascent trail from one grid point to another grid point.
When the algorithm provides grid points to fill the density limit, the path is then
terminated when they reach the predefined grid point. In order to associate each grid
point with a Bader region, a path of steepest ascent in the charge density is found.
More specifically, a steepest ascent move from a grid point (i,j,k), is made along the

direction which maximizes the charge density gradient, Vp, is calculated along the 26

possible directions, f, towards adjacent grid points, using

Voli, j, k) #(di, dj, dk) = 22

AT

Where di,dj,dk are each assigned the values {—1,0,1} but excluding di=dj=dk =0.
The change in density

Ap = pli +di, j+dj,k +dk)— pli, j,k)
and the distance

|AF| = |r(i +di, j +dj,k+dk)-F(i, j,k)
are evaluated between neighbors of each points, where T(i, j,k)is the Cartesian vector
to the grid point (i,j,k). The steepest ascent step selected, r(di,dj,dk), is the one that
maximizes the positive values of Vi, j,k). If there are no positive values, the point

(i,J,K) is considered to be a charge density maximum.
Lets take a look at Fig. B.2 (a) that illustrates the algorithm. (i1,ji,k1) was choosen
as our computational starting point. We found charge density maximum m: by

following a steepest ascent path. The number assigned to the maximum (1 in this case)
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is entered in an array for each point along the trajectory. In this way, each of the points
along the path is assigned to Bader region 1. A steepest ascent path from each one of
these points terminates at m:. Then, we pick the point (i2,j2,k2) that has not already been
assigned as our starting point for a new steepest ascent path. The path is extend until it
reaches new maximum charge density or grid point. In Fig. B.2 (b), the second path
reaches a point known to be in Bader region 1 after just two ascent steps, allowing the
path to be terminated early. Each point along the ascent path from (i2,j2,k2) is then
assigned to the region corresponding to m.

A new entry are made in the list of known charge density maxima and the points
along the ascent path are given the value 2. When an ascent path start from a point
(in,Jn,kn) this path reaches a maximum at point my, as shown in Fig. B.2 (c), a new entry
is made in the list of known charge density maxima and the points along the ascent path
are given the value 2. When a steepest ascent trajectory has been initiated from all grid
points, the partitioning analysis is complete, and all grid points have then been assigned
to a Bader region. For further analysis, for example, calculations of charge density
differences, the assignment of the grid points to Bader regions is all that needed. The
computational effort, therefore, scales linearly with the number of grid points and is

independent of the number of atoms in the system.
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Appendix C

Supported Data and Preliminary Calculation

Average CNTs C-C Covalent Bonding

Besides using cohesive energy, the strength of the C-C bond is also evaluated through
the ICOHP value which is also used to measure the strength of the covalent bond on
the interface between the CNT and the ceramic. In the freestanding condition, the —

ICOHP value of the CNTSs are as follow :

Table C.1. Average C-C bond ICOHP values of CNTs and Graphene

CNT Average ICOHP (eV)

(30) 9.1515

(60) -9.97064

(9.0) -10.3081

(12,0 -10.5646
Graphene -11.04727

The C-C bond become stronger when the CNT diameter increase. This result is in

accordance to our cohesive energy data depicted in the Chapter 2.
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Graphene-O-terminated Al2O3

As our first step, we calculate the graphene and O-terminated Al>Oz system as as has
been done by Etani et. al.' They observe the distance between graphene and O-

terminated Al,O3 surface using normal-incidence X-ray standing wave (NIXSW)

spectroscopy and calculate DFT.

-168.46

-168.48

Energy (eV)

-168.50

-168.52

FIG. C.1. k-point convergence result

To determine the k-point used in this work, we perform convergence test using
graphene-Al,O3 system with different M value for a MxMx1 Monkhorst-Pack mesh?.

This system was chosen because of the availability of reference both DFT and
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experimental calculations perform by Etani et al'. After that, we calculate our model

using parameter that has been mention in the chapter 2.

37A 2.74 A
Ref: Ref: )
Exp:3.9A Exp:2.6 A
DFT:4.1A DFT:2.9A

FIG. C.2. Atomic structure between the graphene and Al,O3 (0001)

As can be seen in the FIG. C.2 that our result are in very good agreement with the
reference result. The van der walls correction play important role in calculating the
distance between graphene and O-terminated a-Al>03(0001). Before using vdwW
correction, the distance between graphene and O-terminated a-Al>03(0001) surface is
3.5A. vdW helps to correct the distance between graphene and O-terminated a-
Al;03(0001). Without using this correction, the distance between graphene and Al,O3
would be much larger than it should be.

The electrostatic interactions between graphene and a-Al.03(0001) for can be
understood form Fig. C.3, which shows the partial densities of states of graphene and

a-Al,05(0001).

84



EF

states

i

. W’JL J\u {ﬂ\w }‘ WMM\ gy M}b_\

T T T T T T T T T T T @
o o0 w0 -t o~ [=] r'\ll <It \(I) o? (=] l\J -t (e o0 g

(40) AB1aug

FIG. C.3 Partial density of states of pz orbitals of graphene (in purple), the first Al layer
(in green) and the topmost O layer, which is decomposed into p orbitals (in red), for
graphene/O-terminated Al,O3(0001).

In graphene/a-Al203(0001), the Dirac point of graphene is shifted to 1.1-1.3 eV relative
to the freestanding case . This result in good agreement with the reference. After
obtaining the appropriate calculation parameters, then the calculation is continued by
combining the CNT with ceramic surface that is Al2O3 (0001), SiC (0001), and ZrO:

(111) using static calculations.

Optimize position of CNTs on ceramic surfaces
To obtain an appropriate result, we analyze some possible positions where CNTs can
be placed on the ceramic surface and compare the energy of the CNT / ceramic in each

of those positions. Here are the energy of each position :
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CNT/Al-terminated Al,Oz3 (0001)

FIG. C.4 CNT sites at Al-terminated Al,O3 (0001)

Table C.2. Energy of CNT/Al-terminated Al.O3 (0001) in several positions

Energy at Site Position (eV)
CNT
A B C D E
(3,0) -524.6589 -524.59382 -524.57041 -524.4713 -524.66139
(6,0) -642.92859 -642.90267 -642.91937 -640.6789 -639.52595
(9,0) -753.49071 -753.63489 -753.64213 -753.1290 -753.65158
(12,0) -852.71964 -852.7294 -852.69241 -852.4623 -852.75874

CNT/O-terminated Al,O3 (0001)
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FIG. C.5 CNT sites at O-terminated Al.O3 (0001)

Table C.3. Energy of CNT/O-terminated Al,Oz (0001) in several positions

Energy at Site Position (eV)
CNT
A B C D
(3,0) -574.77712 -574.41057 -574.53817 -572.16792
(6,0) -687.52245 -686.35546 -687.3543 -685.9049
(9,0) -797.75231 -797.08211 -797.63845 -796.84851
(12,0) -897.03061 -896.82634 -897.00042 -896.3243
Optimize position of CNTs on SiC (0001)
CNT/Si-terminated SiC (0001)
FIG. C.6 CNT sites at Si-terminated SiC (0001)
Table C.4. Energy of CNT/Si-terminate'd SiC (0001) in several positions
Energy at Site Position (eV)
CNT
A B C D
(3,0) -1138.8949 -1139.0572 -1139.4166 -1139.4793
(6,0) -1366.246 -1365.5656 -1325.5622 -1365.4107
(9,0) -1548.8815 -1520.1332 -1518.5523 -1547.5784
(12,0) -1811.1839 -1811.1237 -1811.3002 -1811.3758
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CNT/C-terminated SiC (0001)
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FIG. C.7 CNT sites at C-terminated SiC (0001)

Table C.5. Energy of CNT/C-terminated SiC (0001) in several positions

Energy at Site Position (eV)
CNT
A B C D
(3,0) -1132.9585 -1131.9697 -1133.8032 -1130.4148
(6,0) -1361.6219 -1361.2066 -1361.5412 -1360.8649
(9,0) -1585.3129 -1585.3184 -1585.2528 -1585.2528
(12,0) -1807.3023 -1807.1552 -1807.1374 -1807.1494

CNT/Zr-terminated ZrO> (111)
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FIG. C.8 CNT sites at Zr-terminated ZrO> (111)

Table C.6. Energy of CNT/Zr-terminated ZrO> (111) in several positions

Energy at Site Position (eV)
CNT
A B C D
(3,0) -1836.1264 -1836.53 -1838.0474 -1837.6504
(6,0) -2181.3802 -2181.0658 -2182.1576 -2181.3757
(9,0) -2521.6114 -2522.6269 -2522.0058 -2521.6039
(12,0) -2858.14 -2857.9639 -2858.7353 -2858.1412
CNT/O-terminated ZrO; (111)
FIG. C.9 CNT sites at O-terminated ZrO, (111)
Table C.6. Energy of CNT/O-terminated ZrO> (111) in several positions
Energy at Site Position (eV)
CNT
A B C D
(3,0) -1656.4006 -1656.3206 -1656.3479 -1656.3548
(6,0) -2006.6827 -2006.6719 -2006.6666 -2006.6723
(9,0) -2345.7037 -2345.7027 -2349.5614 -2345.7045
(12,0) -2683.2729 -2683.2638 -2683.2606 -2683.2705

The results shown in Chapters 4-6 are the selected structures based on the above

calculations where the selected position is a position that has a more negative value
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which means it has a more optimum position. We then relax the structure in the

predetermined position of the calculation until it reaches the most optimize structure as

shown in chapter 4-6.

After interact with ceramic surfaces, some CNTs change it structure especially for the

small diameter CNT. The average covalent bond (ICOHP) between the C atoms on

CNTs also changes in value as follows:

At its optimum position, the carbon atoms of the CNT will bind to the atoms on the

ceramic surface. The bond, as discussed in chapter 4-6, is a mixture of covalent and

ionic bonds. The covalent bonds are diverse and can be demonstrated from the

following values of ICOHP:

Table C.7. ICOHP of C atom/s of CNTs and Interacted atoms of ceramic surfaces.

A|203 SiC Zr0O;
. . . . . Zr .
CNT Al terminated | O terminated | Si terminated | C terminated terminated O terminated
ICOHP ICOHP ICOHP ICOHP ICOHP ICOHP
-10.26 -
(3,0) -3.54 -7.28--15.72 | -5.04--589 | -5.01--9.84 | -1.04--2.23 11086
-14.60 -
(6,0) -1.93 1556 -4.29--555 | -7.65--8.58 | -0.98 --1.97 -0.08
(9,0) -0.82 -8.27--11.93 | -4.11 - -5.58 -7.41 -0.83--0.91 -0.06
(12,0) -0.7 -7.65--11.71 | -2.88 - -4.86 -7.24 -0.85--1.39 >-0.03
Graphene | -0.02--0.05 -0.014 -0.13 - -4.65 -0.16 -05--14 -0.01

The above results indicate that the ICOHP value decreases as the CNT diameter

increases. Total ICOHP on the interaction of CNTs with ceramic surfaces shown in

chapter 4-6 is the sum of each covalent bond whose range is shown in the above table.

After interacting with the ceramic surface the structure of the CNTs is changed,

especially when interacting with non stoichiometric surfaces. Therefore, the covalent
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bonds of the CNT will also change. We calculate the strength of the bond by using -

ICOHP as shown in the following table:

Table C.8. Average ICOHP of C-C bonds of the CNTs after interacting with ceramic

surfaces.
A|203 SiC ZI'Oz
c Al terminated O terminated Siterminated | Cterminated | Zrterminated O terminated
NT Avg CNTs Avg CNTs Avg CNTs Avg CNTs Avg CNTs Avg CNTs
ICOHP ICOHP ICOHP ICOHP ICOHP ICOHP
(3,0) -9.39 -10.43 -9.23 -9.81 -9.39 -9.17
(6,0) -0.84 -10.64 -9.26 -9.54 -9.68 -9.95
(9,0) -0.87 -10.89 -9.54 -9.96 -10.04 -10.09
(12,0) -10.05 -11.02 -9.61 -10.03 -10.14 -10.18
Graphene -10.89 -11.04 -10.56 -10.23 -10.88 -11.03

The data in the table above shows that although the CNT structure changes (there is a

broken C-C bond) does not necessarily make the mechanical properties of the CNTs

weaker. In fact, for the smallest diameter CNT, the C-C bonds become stronger after

interact with ceramic surfaces.
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