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ABSTRACT

Multifunctional properties of the 1D Single Walled Carbon Nanotube (SWCNT) and
interesting properties of Aluminum Nitride (AIN) had been used to explore the
mechanical, electrical & thermal properties of novel AIN-SWCNT composites
prepared by powder technological method. The thesis will deliberate on a glimpse of
the fascinating properties of AIN — SWCNT composites containing 1, 3 and 6vol%
SWCNTSs prepared by hot pressing method at 1850°C under N, atmosphere and 35
MPa pressure with a dwell of 40 minutes using a graphite die and punch.
Considerable fracture toughness (Kic) (5MPa.m"?), thermal (62W/m.K) and electrical
(200S/m) conductivities and high negative permittivity have been observed in the
highly dense AIN-6vol% SWCNT composite. Densification and less grain growth
was observed with SWCNT incorporation. Raman spectra were recorded and used to
show the survivability of the SWCNTs and perform an assessment of the residual
stress within the composite. Hardness and fracture toughness (K,c) were determined
by Vicker’s indentation. Microstructures analyses by FESEM and TEM show highly
connected 3D networks in the grain boundaries. An initial increase in hardness of the
composite on 1vol% CNT addition and subsequent decrease on further addition of
SWCNTSs were observed. Fracture toughness increased by almost 60% (5MPa.m?)
on addition of 6vol% SWCNTs in AIN. Crack deviation along grain boundaries,
uncoiling of and crack bridging by nanotubes are being proposed to be the toughening
mechanisms of the composites. A residual stress analysis of ASN-6 sample has been
carried out with Raman spectra of the polished surface to see the changes on the
surface after a Vicker’s indentation. Thermal conductivities of the composites show a
downward trend with the concentration of SWCNTSs in the material. Analysis on the
results on electrical conductivities of the nanocomposites has established both
variable range hopping and fluctuation induced tunneling among the two modes of
carrier transports in the composites. AC impedances and dielectric properties of the
composites revealed the presence of tunable negative permittivities in the composites

in the radio frequency range between 10MHz to 1GHz.
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Chapter 1

Introduction

1.1.Background

Aluminum Nitride (AIN) is a very important ceramics having high thermal
conductivity (310W/mK) [1], low thermal expansion co-efficient (CTE), reasonable
high temperature strength, low electrical conductivity, dielectric constant and loss
which warranted its applications as heat dissipating but electrically insulating
substrates in very large integrated circuits (VLSI), window materials for microwave
and electron tubes and handling device for plasma display panels (PDPs) [2] apart
from refractory applications like components for Aluminum casting. It has also many
interesting mechanical properties like brittle to ductile transition at a moderately low
confining pressure, absorption of high impact energy with phase change which led to
its application in armor [2,3]. However, the principal drawback of AIN ceramic is its

possession of low strength (300MPa), fracture toughness (3MPa.m*?

) and hardness
(10GPa) [4]. Efforts are, therfore, being made to improve the mechanical properties of
AIN based materials by the addition of particulates like TiN, TiB,, SiC, Mo etc with
high young’s modulus and CTE [4-7] to create thermal microstress in the material for
the enhancement of fracture toughness. These particulates are electrically conducting
and, therefore, the composites prepared from them have increased electrical
conductivity and dielectric loss. Electrical properties of AIN ceramics are very
interesting. It is a wide bandgap (5.34eV) semiconducor and has a peizoelectric

relaxation frequency from 280MHz to 2GHz [8,9].

Carbon Nanotube (CNT), on the other hand, is one of the recently discovered
allotropic forms of carbon which can be classified as single wall carbon nanotubes
(SWCNT) and multiwall carbon nanotubes (MWCNT) depending on the number of
concentric tubes in their structures. Properties of SWCNTSs are superior to those of
MWCNTSs in many respects such as Young’s Modulus, tensile strength, electrical and
thermal conductivities [10-17]. Single walled carbon nanotubes (SWCNTSs) offer
exceptional transport properties in the 1-D nanostructure to the maximum extent

among all the varieties of carbon nanotubes and possess high electrical conductivity



(10° S.m™) [13] exceptionally high thermal conductivity (6.6 kWm™K™) [18], elastic
moduli (1 TPa) [19] and tensile strength (22 GPa) [20]. Moreover, CNTs are resistant
to plasmas[21]. SWCNTSs can be metallic or semiconducting in nature depending on
the chirality of their structures [19]. Separation of the tubes is needed in addition to
purification since as-synthesized SWCNTSs contain both metallic and semiconducting
varieties as well as huge quantities of amorphous carbon [22]. Metallic SWCNTSs
possess quasi ballistic transport behaviour with excellent current carrying capacity
and the current across different parts of the nanotube is uniform [23]. It has been
observed that SWCNT possesses negative permittivity in a wide frequency range and,

therefore, considered as metamaterial [24].

The incorporation of CNTSs in different ceramic matrices are, therefore, being looked
into worldwide since significant improvements in the properties of the composites are
achieved by very little addition. However, the mechanism of improvement in
properties has not yet been fully understood. Although present state-of-the-art
researches have indicated the potential of these CNT containing nanocomposites in
many important device applications but, at the same time, illustrated the significant
challenges involved in processing of these composites and subsequent achievement of
the improved properties [14]. The principal hurdle in processing these composites is
the difficulty encountered in the dispersion of the CNTs due to strong attractive van
der waals force present among these tubes [25] and the isolation of a particular variety
of tubes. Another important difficulty is the purification of the as- synthesized tubes
before incorporation into the ceramics by powder processing technique. Lastly, it is
very difficult for the tubes to survive during the high temperature sintering step

required for the preparation of the composite.

Most of the studies were devoted to prepare and explore the properties of CNT
containing nanocomposites of Al,O3, SigN4, SiC, MgO, SiO, and glass-ceramics.
Most of these composites contained MWCNT presumably due to the low cost of these
tubes. Spark plasma sintering involving rapid heating technique had been used in
most of the studies to minimize the destruction of the tubes at high temperature. No
study could be traced in the open literature on the preparation and properties of AIN-

SWCNT nanocomposite.



1.2.0Dbjective of the research project

Main objective of the present study is, therefore, to explore the electrical, thermal and
mechanical properties of a novel AIN-SWCNT ceramic nanocomposite and find out
the mechanism of variation of properties by altering the SWCNT content from 0 to 6
vol%. The SWCNTSs were purified and simultaneously enriched with metallic variety
tubes before incorporation and dispersion in ceramics. Conventional hot pressing
technique has been used in the present study so that a scaling operation could be used
in future to manufacture the composite in larger dimensions. The properties studied
include mechanical (hardness and fracture toughness), electrical (dc conductivity,
dielectric properties with frequencies), thermal (thermal conductivity and
thermoelectric power). The thesis, thus, is intended to present how the nanoscale
structure of SWCNT influences the bulk properties of the material with special

emphasis on metallic nanotube contents.

The thesis also addresses the challenges behind the fabrication of AIN-SWCNT
nanocomposites and encountered with the difficulties in handling both AIN and
SWCNTSs considering the easy hydrolysis of AIN powder under ambient atmosphere
and the dispersion of SWCNTSs in any medium.



Chapter 2

Literature Review

2.1. Aluminum Nitride

The existence of AIN was discovered in 1862 by F. Briegler and A. Geuther and the
first synthesis was realized by J.W. Mallets in 1877 [26]. In 1956 Kohn and associates
of U.S. Bureau of Mines incidently obtained small crystals of aluminum nitride while
working at high temperature and reported that these crystals were inert to hot and cold
mineral acid and alkali solutions. These results show a good potential of aluminum

nitride as a refractory material [27].

In 1985-88, the concerns related to heat dissipation of electronic circuits appeared
wherein AIN was used in microelectronic packaging, which needs oxidative and
hydrolytic stability, thermal conductivity, and cost. High-Quality AIN substrates for
packaging purpose emerged in the early 1990s replacing highly toxic BeO. Also,
multilayer AIN packaging has been extended and offers an alternative for power
purposes. The current state of AIN is more than 20 companies worldwide are
developing AIN technology [1,26,28-33].

2.1.1. Properties of AIN

AIN is resistant to attack by most molten metals, most notably aluminium,

lithium and copper.

e |t is also resistant to attack from most molten salts including chlorides and
cryolite.

e High thermal conductivity for a ceramic material (second only to beryllia)

e High volume electrical resistivity

e High dielectric strength

e Itis not attacked by acids and alkalis

e |tis susceptible to rapid hydrolysis by water or humidity in the powder form

Some important properties of AIN is presented in Table 2.1 below.



Table 2.1. Properties of AIN.

Property
Density (g.cm™) 3.25- 3.34
Modulus of rupture (MPa) 300-350
Modulus of elasticity (GPa) 310
Fracture toughness (MPa.m™) 3.35
Compressive strength (MPa) 2070
Hardness (GPa) 11
Coeff of thermal expansion RT- 1000°C 43
(x10° K™ '
Thermal conductivity (W/m.K) ~310
Specific Heat (J.kg.K™) 780
Volume resistivity (ohm.cm) 10"
Dielectric Strength (kV.mm™) >20
Dielectric constant 8.6
Loss tangent at 1 MHz 5x10™

2.1.2. Crystal structure of Aluminum Nitride

Aluminum nitride (AIN) is a hexagonal wurtzite 6H crystal structure Figure 2.1. and
a covalently bonded material. Sintering additives and hot pressing are required to
produce such dense and technical grade material. In the binary system AIN is the only
stable compound. Al - N and exists in only one crystal structure (wurtzite, hexagonal).
A wurtzite structure AB can be regarded as composed of two interpenetrating
hexagonal close-packed lattices, one of atoms A, the other of atoms B [26,34-36].
AIN crystallizes at normal pressure in the wurtzite structure (1); space group P6zmc
and the cell parameters are a=3.11 A° and c= 4.98A". At higher pressure, a transition
to the rocksalt structure (1) was observed [36]. The rocksalt structure is a high-
pressure phase at a transition pressure of 16-17 GPa according to X-ray data at 300 K
at 22.9 GPa, metastable at ambient pressure. At a quasistatic high pressure loading it

undergoes a first-order phase transition to the rocksalt structure [37].
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Figure 2.1. Crystal Structure of AIN.

2.1.3. Synthesis methods of AIN powder
There are mainly two methods of synthesizing applied commercially. These are:

(a) Direct nitridation of Aluminum powder and
(b) Carbothermal Nitridation of Al,O3

(a) Direct nitridation

A nitrogen atmosphere used in direct nitridation method at a high temperature of
800°C ~ 1200°C, where aluminum powder and aluminum nitride powder directly

generate nitrogen compound.

Al + N, - AIN )
This method is modest and appropriate for mass production, and it has been used in
industries. However, since the reaction is difficult to control, the aluminum nitride
powder lumps is easily formed, thereby inhibiting the reaction, it is difficult to
process the aluminum nitride powder of high purity [38]. The reaction is
environmental friendly for no known harmful byproducts or greenhouse gases
produced during the reaction. Advantage of direct nitridation is energy efficiency that

the exothermic reaction generates ~328 kJ/(mol AIN) at 1,800 K. Aluminum melts at



933 K and the reaction with nitrogen begins at ~1,073 K, making it a self-sustaining

process [39].
(b) Carbothermal nitridation

The carbothermal reduction reaction occurs at high temperature by reduction of

metallic aluminum and nitrogen. Chemical equation for process is shown in eq.2.

Al,0; +3C+ N, - AIN + CO 2
Advantages of this method are fine granularity, wide material source, low cost and
also suitable for mass production. The disadvantage is that long production cycle, low
efficiency, low production out of the purity of the product, easy to form metal
carbides [38].

2.1.4. Sintering of AIN

Sintering is the process where particle coalescence of a powdered aggregate by
diffusion that is accomplished by firing at an elevated temperature [40].

2.1.4.1.  Pressureless Sintering

Pressureless sintering is the sintering of a powder compact at high temperatures (~0.9
mp.) without any applied pressure. It avoids density variations and minimum
anisotropy in the final component which occurs with hot pressing methods. Efficiency
of pressureless sintering depends on the diffusivity of the atoms at high temperature.

Solid state sintering of non-oxide ceramics is difficult due to the covalent nature. A
sintering additive is added which forms liquid phase at high temperature and helps
sintering by particle rearrangement, solution re-precipitation and pore elimination
steps. The process is called liquid phase sintering and is usually used in case of AIN.
Sintering additives like Y,03, CaO form Y-AI-O-N liquid phase at high temperature
by reacting with Al,O3 present on the surface of AIN [37,41-44].

2.1.4.2. Hot Pressing

An externally applied pressure normally provides the major contribution to the
driving force of sintering. The pressure is applied over a significant period of the
heating process as in hot pressing and hot isostatic pressing. Surface curvature also



provides a contribution to the driving force, but for most practical situations it is
normally much smaller than that provided by the external pressure [45]. Hot pressing
technique involves the simultaneous use of external heat & uniaxial pressure to
enhance the densification. In this technique powder is placed between a suitable die
with a uniaxial pressure to form a compact. Figure 2.2 is the schematic of hot

pressing technique.

Applied Pressure
1800-2000 PSi

] 1 _.
\ﬂ.

Ceramic
Powder

| 1 |

Applied Pressure
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Inductive Heat
1800-2000°C

® ....?

Figure 2.2. Hot pressing.

Hot pressing is generally used when the diffusion of atoms is very slow even at high
temperature like those in covalent solids like nitrides, carbides and borides.
Advantage of hot-pressing is the rapid densification leading to low grain growth and

requirement of very little sintering additive.



2.2. Carbon Nano Tubes

Carbon Nanotube (CNT) is an allotrope of Carbon with a structure formed by
graphene sheet rolled up in different directions. Carbon nanotubes are of different
types according to their structure and chirality. It can be arm chair, zig zag or helical
type structures Figure 2.3. CNTs have been the focus of frontier research. It has
opened enormous areas of research which also include nanoscale reinforcements in
composites to mend their mechanical, thermal and even electrical properties since
their discovery [46,47].

CNTs are classified as single wall carbon nanotubes (SWCNT) and multiwall carbon
nanotubes (MWCNT) depending on the number of concentric tubes in their structures.
Multiwalled carbon nanotubes (MWNT) were the first to be discovered. These are
close to hollow graphite fibers, except that these have a much higher degree of
structural perfection. MWNTSs are formed as concentric cylinders with a spacing
between the layers close to that of the interlayer distance in graphite (0.34 nm). This
interlayer spacing in MWNT is slightly larger than the single-crystal graphite value
(0.335 nm) since in these tubes there is a strict geometrical constraint when forming
the concentric seamless cylinders while maintaining the graphite spacing between
them. The three-dimensional structural correlation that prevails in single crystal
graphite (ABAB stacking) is lost in the nanotubes, and the layers are rotationally
disordered with respect to each other. The second variety which is single-walled
nanotube (SWNT) is close to an ideal fullerene fiber; in size they are close to
fullerenes and have single-layer cylinders extending from end to end. SWNTSs possess
good uniformity in diameter (0.4-5 nm [25]). When produced in the vapor phase, the
SWNT self-assemble into larger bundles (ropes) that consist of several tens of
nanotubes. The tubes assemble into a one-dimensional triangular lattice structure with
a lattice constant of 1.7 nm and tube-tube separation of 0.315 nm. This organization
of nanotube units into a crystal structure was predicted earlier by theory. Both
varieties of nanotubes can be considered as aggregates of nanotube units (cylinders).
The aspect ratios of both MWNT and SWNT are high length is in several

micrometres. MWNTSs diameters typically range from 2 to 25 nm.

Properties of SWCNTs are superior to those of MWCNTS in many respects such as

Young’s Modulus, tensile strength, electrical and thermal conductivities [10-17]
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Properties of SWCNTS could be modified by functionalization. Single walled carbon
nanotubes (SWCNTSs) offer exceptional transport properties in the 1-D nanostructure
to the maximum extent among all the varieties of carbon nanotubes and possess high
electrical conductivity (10° S.m™) [13] exceptionally high thermal conductivity (6.6
kWm™K™) [18], elastic moduli (1 TPa) [11] and tensile strength (22 GPa) [20].
Moreover, CNTs are resistant to plasmas [21]. SWCNTs can be metallic or
semiconducting in nature depending on the chirality of their structures[19]. Separation
of the tubes is needed in addition to purification since as-synthesized SWCNTs
contain both metallic and semiconducting varieties [48]. Metallic SWCNTs possess
quasi ballistic transport behaviour with excellent current carrying capacity and the
current across different parts of the nanotube is uniform [23]. SWCNT achieved
tremendous progress recently in nanodevices and nanocircuits showing remarkable
logic and amplification functions. SWCNTSs are also under intensive study as efficient
storage devices, both for alkali ions for nanoscale power sources and for fuel cell

applications [49].

2.2.1. Electronic structure of Carbon Nanotubes

Theoretical models were given by various researchers predicting rare electronic
properties for this very novel class of materials after Iijima’s detailed explanations
[46]. CNTs were predicted to be either metallic or semiconducting according to the
exact arrangement of their carbon atoms [50-54]. At that time, the impression of
testing such predictions seemed unbelievable imaging these wires required the highest
resolution transmission electron microscopes (TEMSs). Historically, the first electrical
measurements were performed on multi-walled nanotubes (MWNTS) [55], nanotubes
composed of multiple concentric graphitic shells. However, the electrical
characterization of nanotubes began in earnest in 1996, following the distribution of
single-walled nanotubes (SWNTs) [13]. The simpler, single-walled morphology is
more theoretically tractable, and electronic devices composed of SWNTSs turn out to

be sufficiently complicated without any additional shells of conducting carbon [56].

The electronic band structure of a nanotube can be defined by considering the bonding
of the carbon atoms arranged in a hexagonal lattice. Carbon has four valence orbitals:
2s, 2py, 2py and 2p,. Each carbon atom (Z = 6) is covalently bonded to three neighbor

carbons via sp?> molecular orbitals. The fourth valence electron, in the p, orbital,
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hybridizes with all the other p, orbitals to form a delocalized n-band. As the unit cell
of graphene has two carbon atoms an even number of electrons are contained in the
basic nanotube structure, which consequently can be metallic/semiconducting [50—
53]. explained using tight-binding electronic structure calculations with help of
relationship between the coefficients (n1 and n2) of the translational vector Cy = nja;
+ nyap, which connect two crystallographically equivalent sites, determines the
conducting properties When 2 n; + n; is an integer multiple of three, the CNT exhibits
metallic behavior while nonmetallic/semiconducting behavior, with conduction band
gap (EQ), is obtained in all other cases. (This can also be stated as: mod(n; —n,, 3) =0,
1, 2, where modl and mod2 SWNTSs are semiconducting while mod0 SWNTs (nl <
n2) are metallic at room temperature, and exhibit a small chirality-dependent energy
gap, corresponding to quasi-metallic conduction, at lower temperatures, the case nl =
n2 signifies armchair nanotubes that are truly metallic) [57]. If all values of the chiral
vectors were equally probable, it would be expected that 1/3 of the total SWNTs
would be metallic while the remaining 2/3 would be semiconducting, which is indeed
what is found in synthesis [47].

2.2.2. Unique Properties of Carbon Nanotubes

CNTs are 1D nanostructure with dimensions of ~1 nm diameter (~10 atoms around
the cylinder) [57]

Some important properties of carbon nanotubes are presented below in Table 2.2.
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Table 2.2. Important properties of Carbon Nanotubes.

Property Value
Average Diameter of SWNT's 0.4-5 nm [25]
C - C Tight Bonding Overlap Energy ~2.5eV[58,59]
Young's Modulus (SWNT) ~ 1 TPa [60-64]
Young's Modulus (MWNT) 1.28 TPa [62]
Tensile Strength ~30 GPa[11]
Resistivity 10 Q-cm[13]
(10, 10) Armchair 1.33 g/cm°[60]
Density: (17, 0) Zigzag 1.34 glcm’[60]
(12, 6) Chiral 1.40 g/cm°[60]
_ (10, 10) Armchair 16.78 A[60]
Lattice :
(17, 0) Zigzag 16.52 A[60]
Parameter: i
(12, 6) Chiral 16.52 A[60]
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Figure 2.3. Graphene sheet rolled up to construct SWCNTSs (a) armchair (b) zig zag
(c) chiral [65].

2.2.3. Electronic properties of Carbon Nanotubes

In theory, metallic nanotubes can carry an electrical current density of 4x10° A/cm?
which is more than 1,000 times greater than metals such as copper [66]. Due to their
nanoscale dimensions, electron transport in carbon nanotubes takes place through 1D

quantum effects and will only propagate along the length of the tube.
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Semi-conducting

Energy

Density Of States (DOS)

Figure 2.4. Schematic representation of van Hove singularities (vHS) and Fermi level
positions (Eg) indicated by dashed blue line. Allowed electronic transitions between
van Hove singularities are indicated by black lines. M1; and S;; denote lowest
characteristic electron transition of the metallic and semiconducting SWCNTs
respectively [14].

Density of States (DOS) of SWCNTSs is defined by the van Hove Singularities (VHS)
and schematically explained in Figure 2.4 van Hove singularities are determined by
the circumferential wave vector. A continuous DOS could be observed in armchair
metallic SWCNTSs which are very close to Fermi level. Very small band gap (50 meV)
are observed in other metallic tubes which are usually neglected. In contrast,
semiconducting SWCNTSs have very high band gap (500meV). Position of the Fermi

level varies with the doping and diameter [14].

Individual metallic SWCNTSs conduct ballistic transport and act as molecular quantum
wires [67—69]. Metallic SWCNT bundles show an initial decrease and then flattening
of conductivity values with temperature increase. Low temperature region shows the
predominance of tunneling mechanism while high temperature region the tunneling is
mostly influenced by the thermally activated behavior [67]. Semiconducting nanotube
bundles showed thermally assisted tunneling all through the temperature range and
therefore, a Schottky barrier induced transport was concluded [67]. It had also been

observed that SWCNT mats containing several individual CNTs having both metallic
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and semiconducting tubes behave differently than the individual basic units and a
mixed metallic/non-metallic model had been proposed which could explain the
temperature of the dc- electrical conductivities of the tube involving a defect
scattering during the transport [67]. The conductivity characteristics differ with the
thickness of the mat and changes from semiconducting to metallic as the thickness
increases and the hopping mechanism is involved at the junction of metallic and
semiconducting tubes [67]. The peak is near room temperature when the scattering

process dominates with further increase of temperature.

Metallic SWCNTs have high dielectric constant (€>3000) while semiconducting tubes
have lower value (<10) [14]. Larger the diameter the dielectric constant becomes
greater. Polarizability of metallic tube is much greater than that of semiconducting

tubes due to the presence of more mobile charge carriers [70].

2.2.4. Thermal Properties of CNTs

All nanotubes are expected to be very good thermal conductors along the axis, while
less conducting along the cross section of the tube. Balandin(2011) has presented a
thorough review on the thermal properties of CNTs [70]. High thermal conductivity is
due to the presence of maximum conjugation of electronic orbitals (sp?) in the
structure enabling the transmission of thermal energy by phonons very fast [70]. It
had been predicted theoretically that the thermal conductivity of SWCNTSs is 6600
W/m™K™ [18] while that of MWCNT is 3000 W/m™K™ at room temperature which
are very high in comparison to that of Copper, a metal well-established for its high
thermal conductivity (385 W/m™K™)[71,72]. Lower conduction in MWCNT is due to
the increased interaction of phonons with electrons in the multiple layers [70].

Temperature dependence of thermal conductivity of SWCNT is very interesting and
complex to understand. Many studies could be noticed to understand the phonon
conduction  behavior in  SWCNTs [73-75]. Thermal conductivity of
SWCNT (metallic) increases ballistically with the least scattering of phonons at low
temperatures below 300K. Only scattering that takes place is on the surface of the
tubes [73]. More phonon modes contribute towards further increase of temperature
and the conductivity increases with specific heat unless a peak in thermal conductivity

is attained when the optical phonons and the scattering become active [73]. High
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temperature data for thermal conductivity of the CNTSs, at least upto 1000K is
essential for the application of ceramic nanocomposite systems but rarely available
[73-75]. Thermal conductivity of SWCNT (metallic 10,10) had been calculated by the
simulation of thermal transport with Molecular Dynamics (MD) upto 400K [76].
Subsequent scaling to higher temperature and tube length showed that the peak
temperature shifts higher with the decrease of length of the tube [76]. Shorter tube
length does not allow for sufficient phonon-phonon collision and needs longer
amplitude phonons for the scattering to occur at higher temperature, thus, making the
level off at higher temperature. As the tube length increases chances of phonon-
phonon collision increases and further scattering by the larger amplitude phonons at
higher temperature and attaining the maximum at lower temperature. Overall ballistic
transport and consequently the thermal conductivity is higher in the longer tube [76].
However, Thermal conductivities of CNT mats/networks have poor thermal
conductivity value, almost a decade less than the single individual tubes even though

it is higher than most of the polycrystalline ceramics measured [73].

This is one of the reasons why researchers are interested to incorporate CNTS in
materials to increase the thermal conductivities. Thermal conductivity of CNT
decreases with the diameter of the tube [77]. However, the mechanism of phonon
conduction in composites is very complex and will be discussed later in chapter 7

section 7.2
Carbon nanotubes can be stable upto 2800°C in vacuum and about 750°C in air [78].

Thermoelectric effect (Seebeck Coefficient) is related very much to the roll up
direction of the graphene sheet to form SWCNT structure. The low temperature

Seebeck coefficient (a;) could be expressed as,

T Kg Ialn[N(E)] (3)

(Xi(Ef) = —§?KBT 9E lE = Ef

Where, ‘xg’is Boltzman constant, ‘€’ is the elementary charge, ‘N(E)’ is density of

states and ‘Ef’ is the Fermi energy.

Thermopowers in the range of 11 to 160pV.K™ had been observed in SWCNTSs [70].
Metallic tubes have low thermopower explained by the constant density of states

between widely spaced occupied and unoccupied VHS. Experimental value in the
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range of 10-20 pV.K™ have been obtained [79]. On the other hand, semi conducting
tubes show much higher thermopowers (80-160 uV.K™) [79]. Thermopower of
SWCNTSs depends on the resistances offered by intertube junctions. Random network
of SWCNT mats offer more number of tube junctions and increases the thermopower
than that of the individual tubes [79].

2.3. Ceramic-CNT nanocomposite

Nanocomposites are multiphase solid material in which one of the components is in
nano dimension (1-100 nm). Nanocomposite materials received a lot of attention in
recent years by scientists and engineers. By using building block nanomaterials it is
possible to design and create new materials with exceptional and tunable properties.
These advance nanocomposites can achieve interesting functional properties for high
end applications. The multifunctional behavior of such material unravels often new
phenomena which is different than the individual components. For example, porous
ceramic- CNT composites not only show negative permittivity and permeability but
also Fano type resonance at high frequency which were absent in the individual
components. Following sections will provide an up-to-date status of researches on the
properties of ceramic nanocomposites containing CNT.

2.4. Mechanical Properties of Ceramic-CNT nanocomposite

The unique mechanical properties of Carbon nanotubes discussed in Table 2.2 have
been exploited by earlier researchers to enhance the mechanical properties like
strength and fracture toughness (K,c) of brittle ceramics. Positive effect of CNT
reinforcement could be clearly visible on the strength and toughness increase of glass-
ceramic-CNT composite where the microstructural features like grain interfaces were
absent [80]. Table 2.3 provides brief results of earlier studies on mechanical

properties of different ceramic nanocomposites.
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Table 2.3. Literature review on mechanical properties of ceramic CNT composite

Sr. Matrix CNT Processing Method Hardness Kic Toughness Ref.
No. Content Route (GPa) (MPasm?) Mechanism (Year)
- i - 81
1 Sio, MWNT 6 Sol-gel _ Vlcker_s 3432 i Pull out, _Crack [81]
wt% method indentation Bridging (2001)
- i - 82
5 sic MWCNT Sol-gel _ Vlcker_s 306 54 Pull out, _Crack [82]
1-5vol. % method indentation Bridging (2007)
Spark . 83
3 SiC 7vol% Plasma Ingézl':aetrif)n 10to 18.3 3.3 Crack deflection 183]
Sintering (2017)
Spark . [84]
4 SiC C\'/\:)-:-O/lo Plasma in?j/éﬁlt(aetri?)n - 4.4 Pull out, bridging
0 Sintering (2018)
Spark . [83]
0,
5 SiC ! (\:/,?II'TA) Plasma in?j/t;?]lt(aetri?)n 18.3+0.8 3.2 Crack deflection
Sintering (2017)
. 1-2 vol % Spark Vickers 19.77- 3.89- Crack deflection, [85]
6 | ALOSSSIC | ™ oy Plasma 1 4 jentation 19.11 Crack bridgin
Sintering ' 4.2 9ing (2016)
Crack bridging, CNT
7 AlLO SWCNT Powder Vickers 15.78 9.7 pull-out, Crack [86]
2vs 10 vol.% | processing | indentation ' ' deflection and residual | (2007)
stress
Spark Interfacial
8 ALO SWCNT Plgsma Vickers i 42 debonding/decohesion, [87]
273 1 vol % Sintori indentation ' crack deflectionand | (01g)
intering . . .
interlocking of grains
Spark Micro- 38
9 Al,O4 Cm—él)% Plasma indentation - 6.4 CNT yarning, pull out i
0 Sintering test (2018)
Spark . i 89
0,
10 | ALO; &'\}V‘é’tN/?r Plasma mgéﬁ't‘:trizn 19.0+1.54 15 Crack br(')‘i'ﬁ'”g' Pull | [89]
Sintering (2016)
Spark . idai 89
0,
11 | ALO; g&/gm Plasma ing;f]'t‘aetrizn 18.0+2.19 2.0 Crack br(')‘fﬁ'“g' Pull | 18]
Sintering (2016)
Spark _hridni 90
12| ALO, C\A',\'tz/z Plasma SENB 1%%6 3.9 Crack br(')‘ljﬁ'”g' Pull | [90]
7 Sintering (2013)
13 ALO CNT 3.1 Pslzsrrrll(a Vickers | o016 Crack-bridging, Pull | [90]
2 3 - - . L . =
wt.% Sintering indentation out (2013)
Spark . 91
0
14 Al,O3 5.7 vol% plasma . Vlcker_s 20.0 7.9 Crack deflection [91]
SWCNT Co indentation (2003)
sintering
15 AlLO 5 vol% Pressureless |  Vickers 126 36 crack deflection and [92]
28 CNT sintering | indentation ' ' crack bridging (2010)
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Spark . 93
0,
16 | ALO, | SOWLYB | ema | Vickers 9.98 47 CNTSs pull-out 193]
CNT L indentation (2009)
sintering
. Spark . CNT bridging, crack 94
- 0,
17 TIC-3.5 2 Wt Plasma . V|cker_s 33.5+45 7.8 bifurcation and CNT (4]
wt% WC CNT Lo indentation (2017)
Sintering pull out
) 25t0 Spark . Crack bridging, 95
18 | 30| aovol | Plasma | VI | 131002 | 61t05 deflection and 53]
CNT Sintering uncoiling of CNT (2014)
Spark . 926
0,
19 | avrze | IO T plasma | VIO | 96109 . . 6]
Sintering (2016)
Spark . o7
MWCNTSs Vickers CNT pull-out and [97]
20 3YTZP 0 Plasma : : 11.39+0.42 - .
(4 wt%) Sintering indentation Crack deflection (2015)
Spark : i 97
a | avrae MO e | BOEE Tnosass || GEPEME |
0 Sintering (2015)
Spark : 98
- 0, -
- Vﬁrlgz éz.((): I\%I?/\\//(CZ):\I /oT A SENB 15(\%87 69 Crack def(l)eucttlon, pull- | [98]
0 Sintering (2015)
: CNT 1 Hot Vickers B _ Crack deflection, pull- | [98]
23 SisNs wt.% Pressing | indentation 155 6.25 out (2018)
5.3 vol% Spark Vickers [100]
24 SiaNs MWCNT plasma indentation 126 4.2 i
sintering (2009)
; CNT 5 Hot Vickers N N Crack deflection, pull- | [99]
25 SNy wt.% Pressing | indentation 13.25 575 out (2018)
Spark . Crack Bridging, pull- [101]
0,
26 WC 1'8&‘?/" plasma in?j/éf]‘t‘aetrizn 2225+053 | 892 out, and crack
sintering deflection (2018)
Spark 525 5.54 [102]
- 0 54- - )
27 | siBCN | 13VOI% o ema SENB 35 Crack bridging, pull
MWCNT I 431 out, crack deflection | (2018)
sintering :
(VH)
Spark Crack deflection, [103]
— 0 L
28 TiB, 2_0 15 vol% plasma SENB i 104 crack br!dglng, CNTs
vol % SiC CNT I debonding and pull- | (2017)
sintering
out.
Alumino
Borosilicate Sto o [80]
29 Glass 15wt% Hot Press SEVNB 104t07.2 | 1.6t01.25 Crack Bridging
X CNT (2010)
Ceramics
0.5t0 Spark vickers 12t012.75 | 55t011 Crack Bridgi [104]
: i 0 12. 5to rack Bridgin
30 3YSz 5wt% plasma Inde;rfstlon 5108 Uncoili fgCl\gl]T (2011)
interi (] ncoiling o
CNT sintering SEVNB g

19




It could be observed from Table 2.3 that the toughening mechanism in ceramic

nanocomposites consists of several mechanisms.

Crack bridging by nanotube bundles
Crack deflection at grain boundaries
Pull out of CNTs

Residual stress toughening

o~ w0 DN PE

Uncoiling and stretching of CNTs

A fracture toughness, as high as 9.7MPam*?, was first reported by Zhan et al. 2003
[105] in Al,O3 —SWCNT composite which is almost 3 times that of the corresponding
Al,O; matrix. Load transfer in an entangled network of nanotubes surrounding the
Al,O3 grains and crack deflection are the main mechanism of toughening proposed by
them. Strategy of their achievement was to use starting Al,O3 particles whose average
size was in nanometer range (primary particle size 40nm and 30nm for a- and y-
varieties) and purified SWCNT with maximum dispersion. Early researches on the
development of ceramic-CNT nanocomposite also indicated increase in fracture
toughness of the composites [106-108]. Most of the works were carried out with
Al>,O3, CaO or Y,0; stabilized ZrO,, SiC and SizN4 ceramics. A 33% increase in Kc
value have been observed when CNTs (7vol%) were incorporated in nano SiC matrix
[83]. Strong interfaces between nanotubes and matrix interfaces have been believed to
be the reason behind the toughness increase in in-situ composite compared to ex-situ
SisN4-CNT (12vol%) composite [109]. However, both the fracture toughness and
hardness is lower than that of matrix (SisNg) [109] It has also been observed that
SizsN4-SWCNT composite exhibit lower toughness values than the monolithic SizNj.
Thus, the toughening effect of CNTs depends on the toughening mechanism of the
ceramic matrix. SizNg4 is known for in-situ toughening created by a non-equiaxed
microstructure through the presence of elongated - SisN4 spikes. Presence of CNTs
hinders the a to B conversion and reduces the growth of B- SisN4 grains which,
reduces the toughness of the composite. Crack deflection was first observed in the
earliest work [106] and believed to be the toughening mechanism in SiC matrix. Cho
et al. [110] have shown that K¢ increases with the SWCNT content in glass ceramics
system and measurement by indentation fracture method produced almost the same
trend with the CNT content as those measured by Chevron notch method. However,
the values obtained by indentation fracture method are overestimated by a factor of
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two and hence absolute value could not be produced by the indentation fracture
method. A residual stress toughening arising out of the difference in thermal
expansion co-efficients between Al,O3 and CNTSs has been assigned for the increase
in fracture toughness with the addition of CNTs [86] although its contribution seems
to be less when the difference in CTE between matrix and CNT is less like that of
ABS glass ceramics- CNT nanocomposite [80]. High fracture toughness has been
observed with ZrO, sample [111]. A crack bridging model had been proposed by
Mukhopadhyay et al. (2010) [80] from the SEM examination of an advancing crack.
Although frictional pull-out of CNTs during the fracture of the composite had been
proposed by several authors [86,111] but it had been questioned by several others
[80,104,112,113] on the ground of small dimension and flexibility of the tubes
principally existing along the grain boundaries where the friction is less for the pull-
out to take place. Unfurling/uncoiling of the nanotube ropes and subsequent stretching
of them perpendicular to crack surface had been observed from in-situ observation
from SEM and proposed to be the main toughening mechanism in Al,0; — SWCNT
and Al,O3-MWCNT composites [112,113]. These stretched bridges finally fail with

further loading by non-frictional pull-out.

Hardness values of ceramic-CNT composites obtained by earlier results are also
presented in Table 2.3. It could be observed that hardness decreases from the value of
the monolithic matrix ceramics on addition of CNTs in most of the cases.
Nevertheless, baseline hardness of the matrix is the controlling value of the hardness
of the composites but not always governed by the rule of mixture (ROM) applied by
taking into account of those of the individual components. Another important factor to
be noticed, in this context, that the grain sizes decrease on addition of CNTs in the
matrix and accordingly hardness should have been increased in accordance with the
Hall-Petch relation, which does not follow in the case of ceramic-CNT composite. A

clear theoretical understanding in this context is not available in literature.

2.5. Electrical properties of Ceramic Nanocomposite
2.5.1. Electrical Conductivity (dc)

Ceramic-CNT composites are gaining importance over the last two decades due to

improved electrical properties over their monolithic matrix for multifunctional
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applications like smart structures, heaters, electromagnetic shields and supercapacitors
and ease of machining by electrodischarge  machining  (EDM)
[16,109,110,112,114,115]. EDM machining of any material demands the conductivity
to be at least in the semiconducting region [116]. Percolation of electrical
conductivity takes place at a very low concentration of CNT in the matrix since there
is huge difference in electrical conductivity between the matrix and the tubes.
Percolation is the sudden change in bulk properties of materials when a network of the
dispersoids form in the matrix at a critical concentration of the diespersoids called
“Percoation Threshold” [116]. The first study on percolation threshold (0.64%) was
reported by Rul et al [117] in SWCNT-MgAI,O4 composite. CNTs conduct
electricity along their length with tiny resistance and a SWCNT rope has a
longitudinal conductivity of 10° S/m at 300 K [13] as discussed in section 2.2.2. It
has also been discussed earlier in section 2.2.1. that SWCNT may be either metallic or
semiconducting depending on the chirality within the structure [19]. Properties of
ceramic-CNT composites could be tailored by choosing the types of SWCNT
(metallic or semiconducting) [19]. No report could yet be noticed highlighting the
development and properties of the ceramic nanocomposites containing a particular
electrical variety of the SWCNT. Understanding the functional properties of these
composites is, therefore, very important and very little work could be observed in the
literature [109,117-120]. Earlier results on the studies of electrical properties of the
ceramic-CNT composites are presented in Table 2.4.

Zhan et al. reported the highest electrical conductivity of Al,O3- SWCNT and 3Y-
TZP/CNT/AI,O3 bulk composites prepared through spark plasma sintering (SPS)
[91,121].
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Figure 2.5. TEM image of the 5.7-vol % SWCNT/AI,O3; nanocomposites showing
intertwining network structure of carbon nanotubes in the matrix. SWCNT ropes are
indicated by white arrows [118].

Figure 2.5 shows the interconnecting structure of carbon nanotubes in the Al,O;
matrix. Alumina is an insulator material with extremely low electrical conductivity
(~10™*% S/m). It is interesting to note that the SWCNT/AI,O3 composites become
much more electrically conductive(3345 S/m) when 5.7 vol% amounts of SWCNTSs

were incorporated into alumina [118].

Conductivity measurements were made by using a four- probe method at four
temperatures -196, -61, 25, and 77 °C. It was found that the electrical conductivity
rises with temperature exhibiting semiconducting behavior of the material [84]. The
three compositions of their study reported an increase of conductivity with increasing
temperature on an average. It could be observed from the microstructure of these
composites is that the grain size of the sintered product is very small and, therefore,
helps the CNT mat to form network all around the grains and increase the electrical
conductivity. Different property windows were gradually opened and detail studies
were followed by later studies on multifunctional properties of the composites. For
example, K. Ahmad et al [119] prepared Al,O3/MWNT composites with different
MWNT contents varying from 0.5 to 10 vol % by spark plasma sintering (SPS)
technique. The dc electrical conductivity and dielectric properties of the composites
were investigated and the percolation theory was applied to demonstrate the electrical

property transition from insulator to conductor. A significant increase of DC electrical
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conductivity of around eight orders of magnitude from 5.15 X10** to 8.93 X10* S/m
had been found between 0.7 and 0.87 vol % of MWNTSs. They had also shown that
dielectric constant increased at low frequency in percolation threshold regime and
reached around 5000 in the volume fraction of 1.7% [119]. It was for the high aspect
ratio of CNT the percolation threshold is low and the electrical conductivity increased
to a great extent when compared to sperical carbon black particles [118,122]. It was
also shown that the conductivity increased with the grain size for a constant
concentration of CNT [122]. Most of the studies made earlier was on oxide ceramics-
CNT composites and especially on Al,O3 — CNT composites. SisN4 and SiC are the
matrix material mostly studied among non-oxide ceramics. High thermal conductivity
(16.72 W/m-K) had been achieved in bulk 3D MWCNT material bonded with SiC
[120]. The composite exhibited semiconducting behavior, which is explained with
3D variable range hopping mechanism [120]. Similar charge transport and hopping
mechanism in SigN4-CNT composite material [109]. Most of the works on CNT
composites was based on MWCNT. Very few studies could be traced on non-oxide-
SWCNTcomposites. The reason may be due to high cost of SWCNTSs and difficulty in

dispersions.

Table 2.4. Literature review on Electrical properties of Ceramic CNT composites

Sr. Method of . CNT Electrical RD References
] Composite o
No. Preparation Vol% Conductivity | (%TD) (Year)
Spark plasma 5.7- 15vol [118]
1 o Al,O3-SWCNT 1050-3345 S/m 100
sintering % (2003)
Spark plasma b [119]
2 o AlL,O3-MWCNT 0.7-vol% | 5.15%10°°S/m -
sintering (2006)
Spark plasma » [119]
3 o AlLO;MWCNT | 0.87-vol% | 8.93*10 " S/m -
sintering (2006)
Spark plasma [123]
4 o AlL,O; MWCNT 10 wt % 140 S/m -
sintering (2012)
Spark plasma ) [124]
5 o Al,03-5SiC-CNT 1-2wt% | 4.28-8.85S/m | 97.7%
sintering (2017)
MgAl,O,4- 117
6 HP 9 1.16 vol% 0.4 s/m - (7]
MWCNT (2004)
Borosilicate glass- 91+2 [125]
7 HP 10 wt% 0.076 S/cm
MWCNT 87+2 (2007)
8 Spark plasma SIC-MWCNT | 2.1 vol% 1538 S/m - [126]
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sintering (2005)
Spark plasma ) [120]
9 o SIC-MWCNT - 21.18 S/m -
sintering (2015)
3Y-
Pressureless TZP/IMWCNTS(3 1 wt% [127]
10 e mol% Y,0s MWCNT 132 +4.12 S/m 2006
sintering stabilized ZrO,) (2006)
Spark plasma [122]
11 o 3YTZP-SWCNT | 1.5vol% 6*10° S/cm -
sintering (2015)
9.524+0.05 128
12 HP ZrO-CNT 1.07 wt.% [125]
S/cm (2008)
Spark plasma . 129
13 P ) p_ Si0;. MWNT 10 vol.% 65 S/m [12]
sintering (2007)
Spark plasma . 114
14 P ) p_ SizNg. SWCNT 1 vol% 4.7*107° S/m 95.4 [114]
sintering (2011)
Spark plasma . - [114]
15 o SisN.SWCNT 2 vol% 4.7*10 °S/m 91.0
sintering (2011)
Spark plasma . [114]
16 o SisN,.SWCNT 6 vol% 92 S/m 91
sintering (2011)
_ _ [130]
17 Hot pressing SizN; -MWNT 5% wt% 130 S/m -
(2006)
GPS followed ) [131]
18 SisNs. CNT 1.8 wt % 30 S/m -
by HIP (2005)
_ [131]
19 HIP SisNg, CNTFs 1.8 wt % 79 S/m
(2005)
ny . ) [132]
20 Sintering SizN,. CNTFs 7wt % 1.03 x 10°S/m
(2018)
] Polysilazane [133]
21 Pyrolysis 1 wt% 0.06 S/cm
(Ceraset)- SWNTs (2017)
o Bismuth telluride - [134]
22 Sintering 0.15 wt% 670 S/cm 0.81
CNT (2018)
Aluminoborosilica [135]
23 Sol Gel+HP 15 wi% 200 S/m
te glasss/MWCNT (2015)

Main challenges observed by earlier researchers is the homogenization of SWCNT in

ceramic matrices [110,122]. Many attempts had been made for the maximum

dispersion of SWCNTSs in ceramic matrices. Mukhopadhyay et al. [135] started with

ceramic precursor and steam purified MWCNTs for the maximum dispersion of

CNTs in Aluminoborosilicate Glass Ceramics prepared by sol-gel process and
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subsequent hot pressing. They obtained high electrical conductivity (200 S/m) with 15
vol% CNT addition. Poyato et al. had pointed out that percolation threshold becomes
higher when agglomeration and interconnectivity of the agglomerates show higher
values of conductivity at a higher CNT concentrations [122] A colloidal technique
and ultrasonic agitation had been used to prepare the pre-sintering powders of 3YTZP
—~SWCNT composites [136]. A colloidal aqueous processing technique with zeta
potential monitoring had been successfully accomplished with subsequent SPS to
prepare dense SIC-MWCNT composite ceramics [90].

2.5.2. Dielectric properties (Impedance, Reactance Permittivity)

Complex impedance analysis of polycrystalline ceramics provides the information on
the electrical conduction and subsequent loss in grains and grain boundaries by using
the model of equivalent circuits. The present review will be restricted to the earlier
studies on dielectric characterization of ceramic — CNT composites. Different types of
polarizations becomes active with the change of frequencies and could be realized
from the impedance spectroscopy. Cole-Cole plot involving complex impedance
planes Z” vs. Z presents the details electrical conduction characteristics. Semicircles
in these plots indicate the grain and grain boundary contributions on the total
conductivity. It had been concluded from the relaxation frequencies calculated from
the semicircles obtained in the impedance spectra that the relaxations are primarily

controlled by the nanotube bundles present in the grain boundaries [109].

Importance of Impedance Spectroscopy increased recently with the recognition of
metacomposite characteristics in Carbon containing ceramic composites [137]. Two
types of negative permittivity behaviours have been observed in Al,O3 — MWCNT
composites [137]. Negative permittivity due to Lorenz type resonance below the
percolation level and plasma like negative permittivity behavior above the percolation
level have been observed in these composites [137]. Negative permittivity has been

observed in AIN composites with high loading of graphene platelet (19.5wt%) [138].

The present thesis reports the analysis of electrical properties in AIN -SWCNT, a new
nanocomposite which has been prepared by conventional hot pressing from
commercial AIN powder and SWCNTSs enriched with metallic variety tubes. The
combination of AIN and SWCNT is chosen since both of these materials have high

thermal conductivity and improvement in electrical conductivity could lead to several
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applications where heat dissipation is a great concern. Analyses of the temperature
dependences of the dc-electrical conductivities and the microstructure of the
composites are presented to explore the mechanism of transport in the composite. The
SWCNT addition in AIN ceramics promises not only an increase in the electrical
conductivity of the material but a plasma like negative permittivity as observed from

the impedance spectroscopy.

2.6.  Thermal properties of ceramic nanocomposite

The Fourier’s law of heat flow under non-uniform temperature defines the
macroscopic thermal conductivity and the steady state heat flow E is attained by

keeping the system and reservoirs in contact,

Jg = —AVT, 4
Where, A = thermal conductivity tensor, and E = heat current produced by the

temperature gradient VT.

Fourier’s law of heat flow can be derived from linear response theory [139]. For

isotropic systems, the conventional thermal conductivity 4 is given by,

1
A= §TI‘/\ (5)

Ceramics, in general, are bad conductors of heat. Some ceramics like AIN (hexagonal)
and SiC(hexagonal) have high thermal conductivity because of their adiamantine

crystal structures.

High thermal conductivity of AIN(310 W/m-K) is the principle attribute which makes
the material highly demanding for thermal packaging purposes. A high thermal
conductive substrate obviates the necessity of external cooling and facilitates
packages development with high chip density as mentioned earlier [44].

Similarly, an unusually high thermal conductivity(~6600 W/m-K) of Carbon
Nanotubes [18] gives the promise of preparing a composite material having both
highly thermal and electrical conducting. Carbon nanotubes are also capable of being
used as thermoelectric generators as mentioned earlier section 2.2.4. CNT- composites
should provide additional opportunities to engineer critical interfaces toward even

higher performance [140]. The high thermal conductivity of carbon nanotube depends
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very much on the size, structure and defects which interact with the conduction of

phonons [141]. Ceramic nanocomposites containing CNTs show higher electrical

conductivities and lower thermal conductivities and should be promising for

increasing thermopower of the material. A brief review of the results obtained by

earlier researches on thermal properties of ceramic-CNT nanocomposites is presented

in Table 2.5.

Table 2.5. Literature review on Thermal properties of ceramic composite.

Thermal Figure
Sr. . CNT Method of Seebeck L of Ref.
Matrix RD . - conductivity .
No. vol/wt% preparation | coefficient W/ merit | (year)
mK
(ZT)
. 8 vol % ] ) [142]
1 SiC CNT 0.93 SPS 14.9 (2018)
_ ] ] ) [120]
2 SiC CNT SPS 16.72 (2015)
. ) . i i [143]
3 SiC CNT pyrolysis 6.59 (2013)
. CNTs i electrophoretic i i [144]
4 Sic 0.05 wt% deposition 143 (2017)
-115
; Bismuth 0'105&‘#30 0.81 Sinterin wV/K 11 0.25 | [134]
telluride 0.86 g ~163 1.2 023 | (2018)
wt% uV/K
. 1wt % Hydrothermal -121 _ i [145]
6 BloTes MWCNT technique HV/K 13 (2017)
. 3 vol.% -113 [146]
7 Bi,Te; MwenT | 96 %10 SPS VK 1.0 0.28 (2013)
8 vol % . [147]
8 Al,O4 MWNT 0.79 Hot pressing - 7.8 - (2015)
10.4 vol
9 Al,O4 % - SPS - ~12.5 - ([2161182)
MWCNT
8 wt % i DC arc plasma i i [149]
10 Al205 MWNT spraying 6.1 (2005)
0,
11 | ALos10sic | 2 (‘:’KI'T/" 95.40 SPS - 17.81 ([2102147])
10 vol.% [121]
12 Al,O4 SWNT >98%TD SPS 27 pVIK 0.2 0.018 (2006)
2.45 vol
13 | BaTio, % 0.99 SPS : 2.98 : ([2105005])
MWNTSs
. 10 vol.% [151]
14 Si0, MWCNT 0.1 SPS - 4.08 +0.01 - (2007)
. 5 wt% _ ] [152]
15 TiN MWNTSs 0.98 SPS - 33.096 (2008)
0
16 B.,C 1OCV|\?.II_/° - Hot pressing - 30.6 - ([2105133})
SisN,( p-44 to 18, ] ] ] ] [154]
171 38 volo) 53,89 SPS 9-13 (2012)
. CNT reaction- [155]
18 StaNa 2ow% | bonded ) 28 | (2019)
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sintering
process
flame [156]
19 Zn0 MWCNT transport 0.46+0.04
approach (2019)
0.1 wt.% . [157]
20 | Zn0.98Al0.020 MWCNT 94 + 2%. SPS -40 IVIK 26 0.08 (2016)
Solid-state
i 1.0wt% X [158]
21 Bi,Ba,C0,0, CNT reaction 0.39 (2017)
method

It could be observed from Table 2.5 that the thermal composite becomes lower when
CNTs are incorporated into the matrix whose thermal conductivities are high although
CNTs have very high thermal conductivity as mentioned in Section 2.2.4. Thermal
conductivity increases in very low thermal conductivity glass-ceramics and SiO,
materials on addition of CNTs. Principal reason for the decrease in conductivity is the
increase in thermal resistances by grain CNT interface alongwith the intertube
resistances. Zhan et al [17] have observed decrease of thermal diffusivities in dense
Al,O3-SWCNT composites along transvers direction (parallel to pressing direction)
with the increase in content of SWCNTs (10 and 15 vol%) and temperature. The
decrease of thermal conductivity with the SWCNT contents were attributed to the
lower thermal conductivity of the bundles containing bends and twists of the tubes
than the basic elements, tub-tube thermal junctions causing scattering of phonons [18]
and thermal resistance due to ceramic grain and bundle interfaces (Kapitza effect).
Phase assemblage of ceramics after high temperature processing contributes in a
complex way to the thermal conductivity of the composite. For example, SisNy
usually is available as feedstock in a-phase and undergoes transformation to -phase
during high temperature processing [159,160]. B- content in the material increases
thermal conductivity as observed by Miranzo et al (2007) [154] Rapid heating
processes like hot pressing and SPS reduces the transformation and consequently the
thermal conductivity of the base matrix. Additionally the incorporation of MWCNT
reduces the thermal conductivity [154].

One of the hurdles in calculating the thermal conductivities of the composites from
the Eqn.35 is the estimation of the specific heat values of the tubes and mats. There is
very little information available on the heat capacity and thermal diffusivity of CNT at
high temperature as informed in earlier Section 2.2.4. Many estimations have,
therefore, been made earlier by using the value of graphite, a structurally similar
material [148,154].
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Chapter 3

Materials and Methods

This chapter describes the materials and methods implemented for the present study
on the development and characterization of AIN-SWCNT nanocomposite.

3.1. SWCNT purification and enrichment with metallic tubes
Development of an efficient process for chemical treatments that can control the
quality of the CNT samples and induce both their dispersion and partial or complete
unbundling remains highly challenging [161]. Most of the pristine nanotubes
synthesized contain huge amount of amorphous carbon and metallic and ceramic
impurities. Removal of these impurities is very difficult and often damages the tubes.
Several techniques were applied to obtain impurity free SWCNTSs [162]. Moreover, as
synthesized SWCNTs contain both metallic and semiconducting nanotubes. A
protocol has been established earlier [163] to optimize the acid purification process so
that the content of the metallic tubes increases to a great extent. Same procedure has
been applied in the present study to purify SWCNTs and enrich the tubes with
metallic variety and briefly discussed below. SWCNT used in this study is a
commercial variety (Elicarb) and has been procured from Thomas Swann & Co. Ltd,
UK. Purification of pristine single-walled carbon nanotubes (SWCNT) and
simultaneous enrichment with metallic nanotubes required HNO3 (Merck, 98% GR), a
moderate speed centrifuge Figure 3.4 (PR — 24, Remi) and ultrasonic probe (230W,
PR — 1000 MP, Oscar Ultrasonics) with Titanium horn. Conductivity grade water
(<0.5 uS/cm) was produced from a quartz double distillation plant (AQDD.XL.RSH,
Bhanu) and used for the acid treatment procedure.

Pristine SWCNTSs (1gm) were added with 100ml Nitric acid(11 M) in a round bottom
flask and attached with a reflux condenser. The solution was then refluxed using a
heating mantel at 50°C for 20 hours. The setup was built in a fume -hood to exhaust
acid fumes. The suspension was cooled to room temperature and centrifuged at 3500
rpm for 10 min after the reflux. The centrifugate was discarded, and the residue was
redispersed in conductivity grade water (<0.5 uS/cm) produced from a quartz double
distillation plant (AQDD.XL.RSH, Bhanu) and the residue was redispersed in
distilled water by ultrasonication with ultrasonic probe, 230 watt (PR — 1000 MP,
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Oscar Ultrasonics) and the step was repeated five times before the sol was centrifuged
again at a higher speed of 10,000 rpm for 10 min for washing of SWCNTs. The
process was repeated 5 times till no settlement found in the bottom of the centrifuge
tube. The final sol has been observed to be stable Figure 3.2 and was dried at 70°C
and the solid samples were deposited on the petri dish as Bucky paper and marked as
M-SWCNT (Figure 3.3).

Pristine SWCNT

l

Reflux Condensation

HNO3, 50C, 20h

l

Centrifugation

l Filtration

Ultrasonication

A 4
Drying in petridish
atRT

l

M-SWCNT

Figure 3.1.Flow Diagram of SWCNT purification

The enrichment of metallic SWCNTs (68%) in the product were confirmed from the

analyses of Raman and optical spectra and the dc conductivity measurements [163].
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Stabilities of the SWCNT sol in water is very high as observed from high C - potential
value (-53mV) measured in Zetasizer (Figure 3.7).

Figure 3.2. SWCNT dispersions (a) before and (b) 24h after purification.

Figure 3.3. SWCNT bucky paper (M-SWCNT) dried in ambient air after purification.
The paper has been observed to have torn into pieces during transfer and have high
reflectivity.
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Purity and morphology of the tubes were also checked with a Transmission Electron
Microscope (Tecnai G2 F30 ST 300kV, FEI).

Figure 3.4. REMI PR-24 Centrifuge.

Figure 3.5. Oscar Horn ultrasonicator with Titanium Probe.
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3.1.1. FTIR Spectroscopy
Vibrational transitions of molecules or a combination of atoms in a molecule from
lower to upper energy state is usually accompanied by an energy in the infrared (IR)
region of the electromagnetic radiation. Energy absorbed (E,) could be written as,
Ey = hv (6)
Where ‘h’ is the Planck constant and ‘v’ is the frequency of the radiation.
Vibrational energy levels could be calculated for the molecular system from the
equation of simple harmonic oscillator,
F=kx =—-dV/dxor (7
v =1/, kx? (8)
Where ‘F’ is the restoring force ‘x’ is the displacement and ‘k’ is the force constant
and ‘V’ is the potential energy.
Solving the Schrédinger Equation for the particle the permitted energy levels are
Ev=(v+1/)h 9)
Where, v=vibrational quantum no. and takes the value 0, 1, 2, 3...... : 0= (k/m)*? and
‘m’ is the mass of the particle. For diatomic molecule of masses m; and m, the value
of m will be the effective mass of the system ‘mes “. Thus, the energies in terms of

wavenumbers [G(v)] becomes

Ev = hc G(v) and (10)
G(v) = (v + 1/,)0 where (11)
0 = 1/2mc(k/mesp) 1/, (12)

However, all molecular vibrations cannot be detected by infrared radiation. Selection
rule governing the absorption of radiation states that only those vibrations are infrared
active in which the electric dipole moment of the molecule changes during the
displacement of the atoms relative to one another. Detection of ‘v’ is carried out in IR
spectrometer by directing a source of radiation (HeNe Laser in the present study) to
the sample and the absorption is measured by a detector which measures the
intensities of the radiations at different frequencies generated by a dispersing element
[164]. In Fourier Transform Infrared Spectrometer (FTIR) a Michelson interferometer
is used to split the incoming beam to the detector into two components having a phase
difference during their recombination. A path difference (p) is introduced in one of

the components to split the beams and the detected signal oscillates as the two
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components come into and out of phase as the path difference is changed. The
corresponding radiation intensity in the wavenumber range v and v+ A v may be
written as

I(p,0)d0 = I(D) (1 + cos 2mop) dv (13)
The signal consists of radiations spanning a large number of wavenumbers and the
total intensity at the detector is a combination of contributions from all the
wavenumbers present in the signal.

I(p) = foo(p, v)do = fool(f))(l + cos 2mop)do (14)
0 0

Finally, Fourier transformation is performed by means of a software and computer to

find out I(p) from the equation

1(0) =4f0

Fourier Transform Infrared Spectra (FTIR) has been obtained to find out the
functional groups attached with the sidewalls and defect sites of SWCNTs. FTIR

@ 1 15
I(p) — 3 1(0) cos 2mopdp (15)

spectra of the SWCNT samples have been collected from Perkin Elmer, Spectrum 100
instrumemt. The instrument can operate over a range of 7800cm™ to 370cm™ with a
resolution of 0.5cm™. It has a LiTaOs detector. A He-Ne Laser source of 633nm
wavelength (max power Output ImW) is used in the spectrometer [165]. Samples for
FTIR analysis had been prepared by mixing thoroughly with KBr and then forming
pellets.

3.1.2. Zeta Potential

Zeta potential is defined as the electric potential developed across the slipping plane
surrounding the diffuse double layer of the sol particles relative to the bulk of the
medium. Zeta potentials characterize primarily the stabilities of the dispersions in
water and other media which were checked by Zetasizer NANO (ZSP) (Malvern)
equipment. The equipment essentially operates by measuring the velocity (Ug) of the

sol particles by laser Doppler velocimetry using Henry’s equation 16.
2elf(Ka) (16)
Ug=——F
3n
Where, Ug = Electrophoretic mobility of the charged particle
¢ = Dielectric Constant

{ = ZetaPotential
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n = viscosity of the medium

f(Ka)= Henry’s function (1.5 in the present case)
The zeta potential or charge of particles and molecules is determined by measuring
their velocity (Ug) while they are moving towards an electrode due to electrophoresis
if a field is applied. We simply measure the speed of movement, using laser Doppler
electrophoresis, and then apply established theories to calculate the zeta potential. The
zeta potential is an index of the magnitude of the electrostatic interaction between
colloidal particles.

Electrical double layer

Diffuse
layer

‘Slipping plane

> potential
Zeta potential

Distance from particle surface

Figure 3.6. Schematic diagram of Electric Double Layer and Zeta potential [166].
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Figure 3.7. Zetasizer Nano ZSP (Malvern inc.).

3.1.3. Raman Spectroscopy

Raman spectroscopy of SWCNTSs and the nanocomposites, a very useful tool for the
characterization, has been used in the present study not only to characterize the
nanotubes and the matrix material (AIN) but also to measure the residual stresses in
the nanocomposite samples. Resonance Raman spectroscopy, in which the scattering
efficiency gets enhanced by matching the laser excitation energy with that of the
allowed optical transitions of electrons in SWCNTSs is used for the analysis of samples
in the present study. Raman spectroscopy is based on inelastic scattering of
monochromatic radiation on the material. During this process energy is exchanged
between the photon and the molecule such that the scattered photon is of higher or
lower energy than the incident photon. The difference in energy is made up by a
change in the rotational and vibrational energy of the molecule and gives information
on its energy levels. When normal modes of vibration of molecules create change in

polarization they become Raman active.
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Figure 3.8. Atomic vibrations in SWCNTSs for (a) Radial Breathing Mode and (b)
Graphitic band (G- band) mode [167].
and a Confocal Raman optical Microscope (AIRIX Corp) with laser frequency of 530
nm respectively. The former one was mainly used to characterize the structure of the
nanotubes and sintered AIN while the later was used to measure the residual stresses
on the surfaces of the polished samples of the composites. A portion of Bucky paper
prepared by the acid treatment method was deposited on a glass slide and examined
under Raman microscope after focusing and scanning over the surface till good
signals are obtained. The specifications for the Via Raman spectrophotometer are:
Wavelength range: 200 nm to 2200 nm, Lasers supported: 229 nm to 1064 nm,
Spectral resolution: 0.3 cm™ (FWHM), spatial resolution (lateral) 0.25m, Spatial

resolution (axial) < 1 m Highest typically necessary: 1 cm™, stability < +0.01 cm™.

Confocal Raman optical Microscope AIRIX Corp had a laser frequency of 785 & 530
nm (532nm DPSS laser controller) laser spot size <1micron, laser depth size <2
micron [168].
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Figure 3.10. Raman spectrometer attached with CCD
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Polished samples of AIN and the nanocomposites were examined by focusing the

plain surface and indents produced by a Vicker’s diamond pyramid.

3.2. Preparation of AIN-SWCNT Composite

3.2.1. Pre hot pressing powder processing

AIN (HC Stark, Grade C), Y03 (99%, Indian Rare Earths Ltd.), Ethanol (Merck, GR)
were used in this study. For preparing the initial dispersions of the ingredients, dried
ethanol was chosen as the medium due to (i) its protic character and (ii) negligible
hydrolysis of AIN particles in it. No external dispersant was added to minimize the
impurity content in the material as much as possible. A horn sonicator (230W, Oscar
Ultrasonics) was used to prevent the formation of agglomerates and a laboratory V-
blender (Steadfast International) was used to disperse the powders in the media as
much as possible for a duration of 18h. The stabilities of the dispersions of AIN,
SWCNT, and Y03 in ethanol were checked by determining their zeta-potential
values in Zetasizer Nano ZSP, Malvern. A rotary evaporator (Superfit) has been used
to remove the solvent quickly with constant rotation and heating and a laboratory
oven for final drying of the semi-dried mass at 70°C for an hour. A controlled
atmosphere glove box (Labconco) was used for the preparation of sols and
suspensions under nitrogen atmosphere.

AIN powder (a typical batch of 14.5 gms) was mixed with dried ethanol and initially
stirred with a magnetic stirrer (Remi). Purified SWCNT paper enriched with metallic
variety tubes were also dispersed in ethanol separately with constant stirring by
ultrasonication. Similarly, a sol of Y,03 (1 vol% of Ethanol and 3.8vol% of AIN) was
prepared in ethanol by dispersing with the help of magnetic stirrer and ultrasonication.
The AIN dispersion was added to SWCNT sol (0.1% v/v) with constant stirring for 1h
and a final ultrasonication having a pulse on-off time of 1min for a period of further
1h for maximum homogenisation. Y,03 sol was then mixed with the homogenized
suspension for a further period of 30min with constant stirring and subsequent
ultrasonication for 1h. Upto this stage the processes were carried out in a controlled
atmosphere glove box (Labconco, USA) to minimize the hydrolysis of AIN. The
suspensions were sealed in polypropelene bottles containing Al,O3 grinding media
inside the glove box and then transferred to a laboratory V- Blender. Blending was

carried out for a period of 18h. Dried powder feedstocks were preserved under
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nitrogen atmosphere in a controlled atmosphere Glove Box (Labconco, USA).AIN
dispersion was added dropwise to the M-SWCNT sol (0.1 vol%) under continuous
ultrasonication at a pulse on/off interval of 1 minute for a period of 1 hour at 27°C
and finally the AIN-M-SWCNT dispersion was ultrasonicated for a further period of
30 minutes to ensure maximum homogenization. Y03 sol (1 vol% of ethanol and 3.8
wt% to AIN content) prepared in ethanol media separately was added slowly to the
AIN-M-SWCNT dispersion with continuous stirring and sonication. The dispersion
was further ultrasonicated for 30 minutes, ball milled using Al,O3 grinding media for
18 hours, and dried at 70°C in a rotary evaporator. The dried powder was hot pressed
at 1850°C under N, atmosphere (FCT system) with 40 minutes dwell in a graphite die
and punch (dia 36 mm) with a pressure of 35 MPa. Materials are labeled as ASN-0,
ASN-1, ASN-3, and ASN-6 for 0, 1, 3, and 6 vol% loading of M-SWCNTs,

respectively. Flow chart of process is presented in Figure 3.11 below.

AIN and Y,0; (Dispersed in Ethanol) SWCNTSs (Dispersed in Ethanol)

/

Stirring and
Ultrasonication

|

Ball milling (Al,O3 grinding media) 12h

v

Drying 70C, 4h

!

Hot pressing (35 MPa, 1850°C, 40 min.)

|

AIN-SWCNT composite

Figure 3.11. Flow chart for hot pressing of samples.

3.2.2. Hot pressing of powders
A high temperature vacuum hot press (Figure 3.12) (Model No. HPW315/400-2200-
1000/PS, FCT System) was used to consolidate the powders under Nitrogen gas
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(BOC, XL grade high purity nitrogen) and graphite die and punch (Figure 3.13). The
hot press can operate upto 2200°C under vacuum and controlled inert atmosphere
(Ar/N2) with the help of a graphite resistance heater. A graphite die (dia 36mm) and
punch (Figure 3.13) was used for hot pressing the samples. The pressure on the punch
was applied by means of a hydraulic assembly. The furnace is cold walled and the
temperature is monitored and controlled by a W/W-Re thermocouple upto 1500°C and
then by a two color optical pyrometer. The whole process is automatic and

programmable and controlled by a PLC controller.

FCT Hof Press

Figure 3.12. FCT Hot press.

42



Figure 3.13. Graphite die with punch.

Hot pressing of samples were carried out by conventional method under high purity
nitrogen atmosphere. Initially, after coating the inside wall of the die and the outside
wall of the punches with BN suspension thin graphite foil (SIGRAFLEX®) was
wrapped on the walls of the die. The feedstock powders were then introduced into the
die and the punch was placed very slowly into the die so that the trapped air moves
out. Graphite foil and BN coating were used to prevent any sticking of the die and
punch during the hot pressing. The graphite die-punch assembly was then placed
within the hot press and the alignment of the ram was checked. The furnace was then
evacuated and purged with nitrogen gas thrice before filling it up with Nitrogen gas
(XL grade BOC, India). The heating and cooling cycle is provided in Figure 3.14
below. Pressure was applied through the ram slowly from 1600°C onwards. The

pressure was released when the furnace started cooling.

1850°C,

40min.
15°/

Figure 3.14. Program Cycle for the furnace heating and cooling during the hot
pressing of samples.
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Monolithic AIN samples containing no SWCNT and hot pressed under similar
conditions are labelled as ASN-0 while the AIN-SWCNT nanocomposites as ASN-1,
ASN-3 and ASN-6 for 1,3 and 6 vol% SWCNT addition. The hot pressing schedule
Figure 3.14 was chosen primarily after a few trial runs and the hot pressing and
sintering temperature (1900°C) usually followed earlier to sinter AIN [37,44], A
moderately high heating and cooling rate (15°C/min) and a temperature lower than the
sintering temperature (1850°C) is chosen to minimize the damage of the tubes as far

as possible.
3.3.Characterization of AIN-SWCNT nanocomposite

Different characterization techniques were used to analyze the AIN-SWCNT

composite. The methods are discussed in subsequent subsections:

3.3.1. Density measurement

Bulk densities were measured by the Archimedes method with the help of a Mettler
ME 100 balance with a hanging arrangement made for the purpose. The densities
were measured after grinding the surfaces and peripheries of the discs to remove the
graphite paper and other materials adhered to the surfaces and then cutting the hot
pressed discs for obtaining square samples of dimensions appx 10mm x 10mm X
5mm. Distilled water (specific gravity=1.0) was used for the determination of bulk
density by water displacement method.

Dry weight 17
y 5 gm/cc (17)

Bulk ity =
ulk density (Soaked weight — immersed weight)

Procedure for measuring density by Archimedes’s principle is given below.

* Dry weight (W,)

*  With wire immersed weight(W,)

*  Wire weight (W3)

» Actual Immersed weight (W,4) = W3 - W,

» Soaked weight (Ws)

* Bulk density = W; / Ws-W,

* Relative density = Bulk density / theoretical density * 100 %

Theoretical densities were calculated from the rule of mixture (ROM)

TD = Vain-paiN + VswenT- PswenT (18)
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Here Vain = Volume fraction of AIN, Vswent = Volume fracion of SWCNT, pan =
Density of AIN(3.21 g/cm®) and pswent = Density of SWCNT(1.74 g/cm3) [169].

3.3.2. Phase identification using XRD

Phase analyses of ASN samples were carried out using X-ray diffraction
measurements (XRD) in a X-ray diffraction (XRD) unit (PANAlytical) in the

26 range from 0° to 90°. Cu Ko radiation was used for the analysis.

X-ray diffraction analysis utilizes the Bragg’s equation for determining the atomic

planes of a crystal which cause an incident beam of X-rays to scatter.

nA = 2dsin® (19)
Where n=1,2,3....... , for 1%, 2" 3" etc. orders of transitions, ‘d’ is the lattice spacing
and ‘0’ is the glancing angle or Bragg angle. Constructive interference only occurs for
certain 0’s correlating to a (hkl) plane, specifically when the path difference is equal

to ‘n’ wavelengths

Experimentally, the Bragg law can be utilized in two ways. By using x-rays of known
wavelength A and measuring 6, we can determine the spacing ‘d” of various planes in

a crystal [170].
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Bragg's Law

Incident A

plane wave

\—‘\'\\’ 8200 5d sin 6
d \96
—® & <] ‘t\ ) Constructive interference
d sin 6 when
® e o o o o nA=2dsin 6
Bragg’s Law

Figure 3.15. Schematic representation of X-ray diffraction [171].

3.3.3. Specimen preparation

Specimen preparation from the hot pressed nanocomposite discs for various
characterizations was carried out by initially grinding the surfaces of the hot pressed
discs with SiC and Diamond paper and then as follows:

(a) Sectioning

Diamond wafer cutting method has been used to cut the samples in 10x10x 5 mm
dimensions for electrical characterization using “Buehler Diamond wafering blade
series 15 LC Diamond” at 70 RPM for precise cut of samples. Small specimens were
prepared for microstructure analysis by SEM and TEM as well as indentation
hardness testing and fracture toughness measurements. For microstructure analysis

and indentation hardness testing the following procedures were adopted.
(b) Mounting

Cold mounting method was used to mount the AIN and AIN-SWCNT composite.
Araldite CY 230-1 (Huntsman) epoxy resin and Ardur HY 951(Huntsman) hardener
were used in 8:1 ratio to cold mount the samples and after 24hr curing at room
temperature mounted samples were further cured at 60°C for 1 hr in oven to harden

further during cooling. Cold mounted samples shown in Figure 3.16 below.
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Figure 3.16. cold mounted samples.

An automatic grinding and polishing unit Figure 3.17 was used for ceramographic

specimen preparation.
(c) Grinding and Polishing

The grinding procedure involved several stages, using a finer paper (higher number)
each time. Each grinding stage removes the scratches from the previous coarser paper.
This can be easily achieved by orienting the specimen perpendicular to the previous
scratches. Between each grade the specimen is washed thoroughly with soapy water to

prevent contamination from coarser grit present on the specimen surface.

Sectioned samples were ground and polished using Buehler Automet 250 automatic
grinding polisher (Figure 3.17) Diamond grinding paper having grit sizes 30, 15, 9,
& 6 pm and Buehler Micropolish 11 Alumina 0.3um paste were used for grinding and

polishing. A typical grinding and polishing schedule is presented in Table 3.1 below.
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Table 3.1. Grinding and polishing parameters.

Sr. No. Grinding load RPM base | RPM head time
paper
1 30 micron 150 N 150 60 5 min
2 15 micron 150 N 150 60 5 min
3 9 micron 150 N 150 60 10 min
4 6 micron 150 N 150 60 5 min
Polishing
5 1 micron 60 N 150 60 20 min
6 0.3 micron 60 N 150 60 15 min

.

Figure 3.17. Automatic grinding polishing.
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3.3.4. Microstructure of nanocomposites using FESEM

An electron beam focuses onto the sample in a Scanning Electron Microscope (SEM).
Simultaneously the beam scans across a selected sample area and signals are
generated and being recorded by detectors forming an pixel by pixel image thereby.
Valuable information about morphology, surface topology and composition was
obtained SEM analysis. The characterization of CNTs and their distribution and

homogeneity are significant concerns in the present study.

Figure 3.18. FESEM (Nova Nanosem 450).

Fracture surface topography of the composites have been analyzed by a Field
Emission Scanning Electron micrographs (Zeiss Supra 35VP and Nova Nanosem 450
instruments) attached with Bruker EDS system for elemental analysis. Both
Everhardt-Thornley (ETD) and In-Lens (TLD) secondary electron detectors were used
for the voltage optimization (5-15kV) and contrast studies to obtain clear images of
SWCNTs in fracture surface and grains in polished surface. Grain size measurements
were carried out by lineal intercept method from the SEM micrographs of polished
sections of the samples. The details of the method and results are provided in

Appendix. Samples were polished by Buehler Automet 250 automatic grinding
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polisher using Buehler Micropolish 1l Alumina 0.3um paste as well as ion beam
etching (GATAN lIlion 1l model 697) to reveal the grain boundaries.

3.3.5. Microstructure of nanocomposites using Transmission
Electron microscopy(TEM)

TEM examinations of SWCNTs were obtained by placing very little portion of
SWCNTSs sandwitched between two holey copper grids. Thin foil specimens of the
ceramics for the Transmission Electron Microscope (TEM) (Tecnai G2 F30 ST
300kV, FEI) images were prepared by standard techniques involving grinding
(GATAN Disc Grinder 623), ultrasonic cutting (GATAN model 601), dimpling
(Dimple grinder model 656) and ion beam etching (GATAN PIPS Il model 695) of
the samples.
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Figure 3.19. Transmission Electron Microscope.

3.35.1. TEM sample preparation

TEM examinations of SWCNTs were obtained by placing very little portion of
SWCNTSs sandwitched between two holey copper grids.
Transmission electron microscopy (TEM) specimen must be of a suitable thickness in

range of several hundred nanometers which also depend on the operating voltage of
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the instrument. An ideal specimen is thin electronically transparent [172],
representative of the bulk sample, stable, clean, flat with parallel sides and free of
surface segregation. The sample preparation technique varies according to the nature
of the material. Several steps were followed to prepare the thin foil samples of AIN-

SWCNT composite for transmission electron microscopy.

Preparation of thin slices
Preparation of 3mm discs
Thinning of discs
Dimpling

o > w0 e

lon beam etching
1. Preparation of thin slices

Firstly the ceramic samples were cut into thin slices 10 x10 x2 mm using a diamond
cutter. These samples were mounted on transparent glass slides using Araldite resin &
hardener and then the samples on the slides were ground in a disc grinder on a

diamond paper of 30 microns Figure 3.21 till 300micron thickness is reached.
2. Preparation of 3mm discs

Ultrasonic cutter (Gatan model 601) is used for cutting the ceramic samples into 3mm
dia which is shown in Figure 3.20 below. Circular thin disc of 3mm diameter were

ultrasonically cut using silicon carbide powder (40-50 micron) 320 grit size.
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Figure 3.20. Ultrasonic cutter.

3.Thinning of discs

3mm discs were ground from 300 micron to ~80micron thin using (GATAN Disc
grinder 623) in steps of 30, 15, & 6 micron diamond paper. Disc grinder with
diamond paper on glass discs is shown below in Figure 3.21.
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Figure 3.21. Disc grinder for TEM samples.

4. Dimpling

Mechanical dimpler (GATAN) uses a small radius tool to grind and polish the
ceramic disc and form a crater having a fixed radius of curvature at the centre of the
specimen. The dimple grinder is capable of producing final thickness <3um in the
center of the dimpled region. One can control the load, precisely and determine the
depth of the dimple and interrupt the process to remove the sample for closer

examination before continuing further.
5. lon beam etching

Further thinning of the specimen was carried out in a Precision lon Polishing
apparatus (Figure 3.22, PIPS-Il, GATAN). lon milling is a sputtering technique in
which the specimen is the target material and the process involves bombarding thin
TEM specimens with energetic ions or neutral atoms (Ar) and sputtering out material
from the specimen thin foil until it is thin enough to be studied in the TEM. The
variable which can be controlled is voltage, temperature of the specimen, the nature of
ion and the geometry (the angle of incidence). An accelerating electron of 2-5 KeV is
used in the apparatus for penetration depth to the sample. A higher beam angle
increases the ion induced surface damage, at low beam energies, commonly used for
this specific application (<0.5 keV), stopping and range of ions in matter (SRIM)
models show that the sputtering yields are very similar at high and low angles. The
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ion beam will always penetrate the specimen to some extent which is minimized by
inclining the incidence ion beam to the surface of specimen. Typical parameters are
5Kev in the earlier stage, 4Kev & 2 Kev, Gun tilt angle at 4degree, one gun at 2
degree for final stage polishing [173].

WPIPS 11

MODEL 695

Figure 3.22. lon beam polishing instrument

3.4.Electrical Properties

3.4.1. dc Resistivity measurement

Electrical resistivity (p) measurements were carried out by the standard four-probe
method. Equally spaced four probes are connected with specimen with help of silver
paste (Tedpella inc.) for better connectivity to measure I-V measurement. A schematic
diagram of the setup is shown in Figure 3.23.
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Figure 3.23. Schematic representation of four probe method.

Figure 3.24. ASN-6 Sample with electrodes using silver paste.

DC resistivities of the polished samples (10x10x3mm) were measured by 4 probe
technique using a precision current source (Keithley 6220) and a voltage measuring
multimeter (HP3458A) connected with a cryostat. Electrode on samples were made
using silver paint and silver wire used as electrodes and to dry electrodes curing was
done under Na lamp. I-V characteristics were observed and then resistivity calculated

using formulae i.e;

1 21
R=pl 1)

Where R= resistance, [=Current applied, V=Voltage, p=Resistivity, I=length between
electrodes & A=area of sample
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3.4.2. Impedance measurement

Impedance and permittivity of the samples were measured with an impedance
analyzer Agilent- E4991A equipped with a 16092A dielectric test fixture (Figure
3.25) in the frequency range (10’ — 10° Hz). The dimensions of the samples are
roughly 10mm X 10mm X 5mm. The terminal copper wires were connected with
silver pastes on the sample surfaces. Three repeat experiments of the samples of each
nanocomposite were analyzed to maximize the reliability of the data. A potential of

100mV was applied for the measurements.

Figure 3.25. Agilent E4991A Impedance Analyser.

3.5. Thermal Conductivity measurement

Thermal conductivities were estimated from the diffusivity measured by laser flash
technique (Flashline 4010, Anter Corporation, USA) after coating the samples with
gold and subsequently with carbon paint at room temperature to 900°C. The samples
for the thermal diffusivity measurements were prepared by slicing from the hot
pressed disks, grinding and polishing of the cut specimens and subsequent coating of

the samples with gold and carbon paints. Care was taken to make flat and parallel the
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two opposite faces of the sample and accurate dimensions for precise measurements.
The samples were of dimensions 10mm x 10mm x 3mm. Thermal conductivity has

been calculated from the relation,

k = pCa (22)
where p is the sample density measured by water immersion method, C is the specific
heat of the samples and a is the thermal diffusivity. Flashline 4010 has a facility to
determine specific heat of the material by a comparison with standard graphite sample
and ultimately produce the thermal conductivity alongwith the thermal diffusivity

measurement.

The thermoelectric properties were measured by ZEM-3 ULVAC RIKO [Figure
3.26])

Figure 3.26. ZEM-3 ULVAC RIKO thermoelectric measurement instrument.

The efficiency of the conversion of thermal energy to electrical energy in
thermoelectric devices is a function of several variables and has two components, the
Carnot efficiency, which is the ratio of the temperature differential to the absolute
temperature at the hot junction, and a dimensionless parameter known as the

thermoelectric figure of merit, which is represented by ZT. Here,

Z =520 (23)
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where S is the thermoelectric power or Seebeck coefficient, o and k are the electrical

and thermal conductivities, respectively, and T is the absolute temperature [121].

3.6.Mechanical properties

3.6.1. Hardness measurement

Hardness is the resistance of materials to localized plastic deformation. Vickers micro
hardness method is used to measure the hardness of ceramic samples. The technique
employs the application of a load by a square based pyramid shape diamond indenter

onto the surface of a test specimen. The shape of the indenter is shown in Figure 3.27

—<_ P A NEL

Figure 3.27. Shape of the indenter

below.

We used the dwell time for diamond indenter 10 seconds and indentation speed
50pum/sec to perform the hardness test in a UHL, VMHT Instrument. The Vickers
method involves an optical measurement system. Hardness value is calculated using
the formula below:

f f (24)

1

Where ‘HV’ is Vickers Hardness, ‘f* is the applied load ‘A’ is the contact area of the
pyramid and ‘d;’ is the diagonal length usually in ‘um’ in ceramics. The value
‘1.854’ is the geometrical constant for a regular square based pyramid having apex
angle 136° in Figure 3.27 An average of six measurements has been taken for

determining the hardness in a particular load in the present study.
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Figure 3.28. (a) Vickers micro-hardness instrument (b) Mounted Sample for
measurement

Vicker’s indentations were made onto the well-polished flat ceramic surfaces. Length
of the diagonals and the cracks developed from the corners of the indents were
measured by micrometer eyepieces of the instrument through the help of an, in-built,
software and the images were stored in a computer.
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Figure 3.29. A typical Vickers indent[174]

A schematic Vicker’s indent along with the cracks are shown in Figure 3.29.

3.6.2. Fracture Toughness

The fracture toughness (Kc) of ceramic systems are evaluated using the direct
crack measurement (DCM), indentation strength in bending (ISB) and single edge
notched beam (SENB) methods. Conveniently, the fracture toughness of ceramics is
measured by using a Vickers indentation known as “indentation fracture toughness”.
Considering the ease of determination of fracture toughness by indentation fracture
method and the requirement of very small specimen size of the material a preliminary
analysis of the fracture toughness (Kc) of the AIN-SWCNT nanocomposites and the
comparison with that of monolithic AIN processed under similar conditions has been
performed in this study. This method is based on the size of median/radial cracks
emanating from the median planes containing the applied load axis. The cracks are
measured from the two extreme ends passing through center of the indent at loads
beyond the critical load required for crack initiation. Finally, clear radial/mean cracks

were considered for the measurement since it had been established that lateral cracks

61



often interfere in measuring Kc. In this technique, the fracture toughness could be

calculated using Anstis equation (Eg. 25) [175]:

EY/2 P (25)
Kic = 0.016 —— =7
Where “2¢’ is the crack length from the centre of the indent, ‘E’ is the elastic
modulus, ‘P’ is the indentation load and ‘H’ is the hardness. Thus, ‘K¢’ has the unit
MPa.m™2. Hardness, ‘H’ is determined from equation (24) while Young’s modulus
has been estimated by rule of mixture from the bulk density and experimental

density obtained for of AIN/3.8wt% Y,03 (300MPa) [37] and SWCNT (1TPa) [11].
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Chapter 4

Densification and Microstructure of AIN-SWCNT nanocomposites

This chapter discusses about the densification and microstructure development of
AIN-SWCNT nanocomposite in the present study. Preparation of aluminum nitride
(AIN)-single walled carbon nanotube (SWCNT) ceramic-matrix composite containing
0,1,3 & 6 vol% SWCNT by hot pressing and the development of microstructure

thereby have been discussed in Chapter 3.
4.1.Introduction

Densification of ceramic-CNT composites is very difficult unless special techniques
of sintering like hot pressing or spark plasma sintering is applied in which rate of
heating could be very high so that the CNTs are not destroyed during sintering.
Apparently, CNT retards grain growth during the sintering process [83,100,176,177].
It has been argued that CNT having a large aspect ratio imposes different constraining
effect by forming networks surrounding the grains of Al,O3 which leads to maximum
reduction of the grain growth in comparison to spherical carbon black inclusion [177].
CNT addition has been shown to reduce the sintering temperature of Al,O3 for
complete densification [177]. Recent study shows that the grain growth rate exponent
during the sintering of PSZ-MWCNT composite is almost 3 and, therefore, follow a
model considering the drag of CNT resisting the densification [178].

4.2.Characterization of SWCNT
4.2.1. Zeta Potential measurement

The stabilities of the dispersions of AIN, SWCNT and Y,03 in ethanol were checked
by determining their zeta-potential values (Zetasizer ZSP, Malvern). A high negative
zeta potential value of -38 mV of the ethanol sol of SWCNTs indicated negative
surface charge created by the —COO ions and the consequent electrostatic
stabilization of the SWCNT sol in protic ethanol. The zeta potentials of AIN and Y,03
were positive and the values are +20mV and +24mV respectively in Ethanol. Since
the SWCNTSs after HNOj3 treatment shows negative charge on its surface and AIN and
Y,03 both shows positive charge so it helps in immobilization of SWCNTs on AIN
powder and homogeneous mixing. The electrostatic attraction between —COO
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groups on the surface of SWCNTs and AIOH," present on the surface of AIN particles
in protic solvents should lead to better bonding of the SWCNTSs with the AIN particles
under controlled colloidal procedure adopted in the present protocol.

4.2.2. FTIR Spectroscopy of SWCNT

FTIR spectroscopy has been performed in the range 500 to 4000/cm™ for the
identification of the functional group attached on the surface of the SWCNTSs. The
structural characteristics of the molecules has been understood with FTIR results.
Acid treatment produced —COO ions on the surface of SWCNTSs as indicated from
the peak at 1732 cm™ in the FTIR spectra shown in Figure 4.1 below. Apart from
—COO group presence of OH, C-H, N-O and C-O vibrations are also present.

Thus, FTIR spectrum indicates the presence of —COOH functional group in the
purified SWCNTSs.
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Figure 4.1. FTIR spectrum of SWCNT after purification
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4.2.3. Raman Spectroscopy of SWCNT

Raman spectra of the SWCNT samples were analyzed using a Renishaw-in Via
Raman microscope with a laser frequency of 785nm. The samples were at first
focused in the microscope and then the Raman scattering data was collected when the

peaks are strong enough to distinguish during scanning over the surface.

! R |
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Raman shift (cm™)

Figure 4.2. Raman spectra of pristine and purified SWCNT.

Raman spectra show that the peak due to ideal graphitic lattice band (G-band)
appeared at 1588cm™ while the disordered lattice band at 1300cm™. The ratio of the
intensities of these two bands (Ip/lg) is a measure of the disorderness in the structure
of the nanotube and presence of amorphous impurities in the sample [167]. The ratio
is 0.05 for the purified nanotubes (S-20 in Figure 4.2) and 0.19 for the pristine tubes
(S-0 in Figure 4.3) which indicate that the parameters of the reflux process adopted in
the present study did not damage the structure of the nanotubes but removed the
carbonaceous impurities to a great extent. Thus, Raman spectra analysis show the
production pure SWCNTSs by the optimized process of acid treatment in the present
study. Radial Breathing Mode (RBM) Raman lines are used to determine the diameter
of the SWCNTSs by the relation, d; = 248/wrem [179,180] after deconvolution of the
peaks assuming Lorenzian line shapes (Figure 4.3).
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Figure 4.3. Deconvoluted RBM Raman peaks of pristine (S-0) and purified SWCNTs
[163].

It could be noticed from Figure 4.3 that the distributions of tube diameters are
changed after purification. Both pristine and purified tubes have similar range of
diameters from 0.9 to 1.78nm while the purified tubes (S-20) have mostly small
diameter (~0.9nm) and narrow size distribution the pristine tube varieties (S-0) have

mostly around 1.68nm diameter.

4.2.4. Optical Spectra

Finally the metallic character of the tubes was determined from the optical spectra.
Optical spectra (UV-Vis) of aqueous dispersion of the nanotubes have been obtained
by dilution and transferring of the suspensions to a concentration of 3microgram/mL.
The spectra were acquired with a scan speed of 125nm/min. The data were corrected
for m-plasmon background as reported in earlier publications [163]. The spectra show
the appearance of strong peak at 405nm which corresponds to Mj; transitions of
metallic SWCNTSs in the purified samples (S-20).
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Figure 4.4. UV-Vis spectra of pristine (S0) and purified (520) SWCNTs.
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4.2.5. Transmission Electron Microscopy (TEM) of SWCNT

TEM image of purified SWCNTs were compared with pristine SWCNTSs in Figure
4.5.

VAP S o S e

100 nm
e SE——

Figure 4.5. TEM images of (a) Pristine (b) purified SWCNTs and (c) High
Resolution images of a magnified portion of (b) indicated by white arrow.

Thus, FTIR, Raman, UV spectra and TEM images show that the starting feedstock
SWCNTSs in the present study are purified and functionalized with —-COO groups
which enable high dispersion of the tubes in protic solvents as evident from the zeta
potential measurements. Moreover, these tubes contain higher metallic varieties and
lower diameter than those of pristine sample.
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4.3.Hot Pressing of samples

Figure 4.6. Hot pressed sample
4.3.1. Density of the hot pressed material

Hot pressed AIN-SWCNT composite disc is shown in Figure 4.6. Bulk densities of
the nancomposite samples (Table 4.1) show that highly dense composite samples
were obtained after hot pressing. Density of monolithic AIN material (ASN-0) hot
pressed under similar conditions are also provided for comparison. Five
measurements were taken to arrive at the average values of the densities. Calculated

theoretical densities of the samples are also presented in Table 4.1 below.

Table 4.1. Densities of AIN and AIN-SWCNT nanocomposites

Sample Name Theoretical | Experimental Relative
P density bulk density | Density (%0)
ASN-0 3.33 3.27 08
ASN-1 331 328 %
ASN-3 3.98 326 %
ASN-6 3.93 30 o

Similar high relative densities (>95%) were obtained by many authors to prepare
composites like SizN,-MWCNT [100] and Al,O3 — MWCNT [181]. Higher sintering
temperatures (>1900°C) are needed for obtaining >99% RD in sintering monolithic
AIN with the addition of similar amount of additive (~4 wt%) in the literature

[37,182]. Almost 99% relative density has been achieved in hot pressing AIN powder
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(dso- 1pum, purity - 99.99%) at 1700°C with a hold of 60min [183]. Hot pressing of
AIN powder (particle size -0.8 — 1.5 um) with 5wt% Y,03 and 10wt% Graphene
particles at 1900°C for 2h produced a 99% RD [184]. We have intentionally kept the
temperature almost 100°C below the usual sintering temperature (1900 -1950°C) of
AIN [37,182,184] so that the effect of the addition of SWCNTSs could be distinctly
visualized. Primary reason for the high densification is the lower grain coarsening and
growth in the process adopted in the present study as discussed earlier [185].

4.3.2. Phase Evaluation by X-ray Diffraction (XRD)

X-ray diffraction patterns of ASN-0, ASN-1, ASN-3, and ASN-6 samples are shown
in Figure 4.7. Inverted arrow markers represent the reflections from the planes of
cubic Y3Als01, (YAG) (JCPDS Card No. 01-088-2047) and indexing of AIN by
JCPDF card no. 00-008-0262 in Figure 4.7 below. YAG is formed at high
temperature by the chemical reaction of Y03 and Al,O3; formed on the surface of
AIN particles at high temperature in accordance with the binary phase equilibrium
Y,03- Al,03 [186].
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Figure 4.7. XRD patterns of ASN-0, ASN-1, ASN-3 and ASN-6.
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4.3.3. Raman spectroscopy of AIN-SWCNT nanocomposites

Raman signals of M-SWCNTSs (S-20) and the AIN composites with 0, 1, 3 & 6 vol%
addition of SWCNT’s are presented in Figure 4.8. AIN materials for the purpose to
define SWCNT survivability after high temperature hot pressing and for stress studies

were done using piezo spectroscopic means.

The ratio of the normalised intensities (Ip/lg) of the D—band (1300 cm™) and G—band
(1588 cm™), an indicator of the presence of either defect structure or amorphous
carbonaceous material are 0.05, 0.05, 0.16 and 0.21 for S-20, ASN-1, ASN-3 and
ASN-6 samples respectively. Other Raman lines include the zone center phonon
frequencies of AIN (hexagonal wurtzite) represented by Al (TO) at 611 cm™ and E2
(High) at 657 cm™ in Figure 4.8 below. Thus, Raman spectra clearly show high
survivability of SWCNTSs in the composites during high temperature hot pressing

conditions.

Table 4.2. Ip/lg ratio

Io/lg Sample

0.05 Purified SWCNT
0.05 ASN -1(1 vol% SWCNT)
0.16 ASN-3 (3 vol% SWCNT)
0.21 ASN-6 (6 vol% SWCNT)
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Figure 4.8. Raman spectra of composite samples.
4.3.4. Scanning Electron Microscopy

Fracture surfaces of hot pressed samples are shown in Figure 4.9 below which
confirms the densification and decrease of porosity with the addition of SWCNT in
AIN matrix supporting the trend in relative densities revealed by density

determination by water displacement method described in Section 3.3.1.
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Figure 4.9. SEM Micrographs of fracture surfaces of samples

(a) ASN-0, (b) ASN-1, (c) ASN-3, & (d) ASN-6.
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Figure 4.10. SEM Micrographs of polished sections of samples (a) ASN-0, (b) ASN-
1, (c) ASN-3, & (d) ASN-6

Figure 4.11. SEM micrograph polished section of ASN-6 in (a) BSE and (b) EDS
mode showing occurrence of long SWCNT ropes.
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Figure 4.12. EDS spectra of Figure 4.11.

Figure 4.13. Overall EDS mapping showing long SWCNT bundle present
occasionally in ASN-6.
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Map data
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Figure 4.14. EDS elemental maps for Al, O, Y and C.
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4.3.5. TEM (Transmission electron microscopy)

Transmission electron microscope images of thin foils of the nanocomposites are
presented in Figure 4.15. It could be observed that SWCNT ropes/nets are spread
along the boundaries of AIN grains. Lattice fringes of HRTEM image were confirmed
with AIN JCPDF card 00-008-0262.

1'\"

dys = 0.934A

Figure 4.15. (a) TEM image of cross section of ASN-6 (b) HRTEM image of the
grain boundary marked with black arrow in (a). The sample has been sliced parallel to
the hot pressing axis.
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Figure 4.16. TEM EDS.
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Figure 4.17. TEM EDS of selected area.
Table 4.3. Elemental analysis of Figure 4.16.

E1l AN Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.5] [wE.%] [at.$%] [wE.%]
C 6 .K-gerles 48470 48.70 6223 2.06
Al 13 K-series 34.44 34.44 19.59 1.11
N 7 K-series 15.24 15.24 16.70 0.64
O 8 K-series 3 B 1157 1.45 0.13
¥ 38 K-seriles 011 0.11 0.02 0.07

Total: 100.00 100.00 100.00
High carbon content and a little Y,0O3 could be noticed from the EDS results on the

grain boundary shown in Figure 4.17. Thus, the EDS results indicate the possibility
of the presence of a Y-AI-O-N liquid formation at high temperature which is transient
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and assists the rearrangement and intermediate diffusion assisted material transport

from the high to low energy regions.

It could be observed from the density values and microstructure analysis by SEM that
the sintering kinetics improved significantly with the addition of SWCNTSs since the
relative density of AIN is lower than those of the nanocomposite samples. Closed
pores are clearly visible in the SEM micrograph of the fracture surface of monolithic
AIN (ASN-0), which are almost absent in the nanocomposite samples. Sintering
temperature is, therefore, much reduced for the composites. Similar results have been
observed in densification SisNs-nitrogen doped CNT composite by earlier researchers
[187]. Particle rearrangement induced by the liquid phase formation had been
attributed for the lowering of sintering temperature [187]. A point may be mentioned,
in this respect, that the distribution of Yttrium containing phases identified by white
areas in the micrographs of polished sections (Figure 4.10) is more in the
nanocomposites than in the monolithic AIN where large patches are present. SWCNT
bundles might have acted as conduit for the transport of liquid phases in the grain
boundaries by acting as channels. Secondly, the grain sliding during hot pressing is
smoother in composites than that in the monolithic AIN. High compressibility of
SWCNTs makes the sliding of grains in the composite much easier while the sliding
gets hindrance from the higher friction of the AIN grains in monolithic AIN similar to
that proposed earlier during the preparation of ZrO,-CNT composites [188]. Grain
growth is also reduced with the addition of SWCNTSs which helps the densification.
CNT drag may be a reason for the grain growth inhibition. Ip/lg ratio remaining low
even after the addition of 6vol% SWCNT and TEM examination of the grain
boundary phases clearly indicate the survivability of the structure and intertwining of

the SWCNTSs along the grain boundaries.
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Chapter 5

Electrical Properties of AIN-SWCNT composite

The addition of CNTs for improving electrical conductivity of ceramics is widely
appreciated. Aluminum Nitride is inherently an wideband gap semiconductor
(electrical conductivity: 10 S/m). Adding a small amount of CNT (1 vol%) to AIN
can make it electrically conductive (6 S/m). A detailed literature review is presented
elsewhere (section 2.5.1). This chapter discuss about, the electrical properties of
aluminum nitride — SWCNT nanocomposite. The effect of grain size and temperature
conditions on the electrical conductivity of the aluminum nitride — SWCNT
nanocomposites was also studied. For AIN — SWCNT nanocomposites, electrical
conductivities were also measured as a function of temperature. Impedance

spectroscopy also performed to check the circuit design into composite.

Electrical Conductivity (log o)
A
]

-10 -

-
-
-

v v v — T T
0 1 2 3 4 5 6
SWCNT vol %

Figure 5.1. Electrical conductivity at room temperature.

Electrical conductivity of ASN-6 is 200 S.m™ (Highest electrical conductivity among

non-oxide ceramics- SWCNT composites).
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Figure 5.2. Variation of dc electrical resistivities with temperature.

3D connectivity of the ropes could be established from the images taken both in
parallel and perpendicular to the hot pressing direction Figure 5.9. Thus, the electrical
conduction in these composites seems to be dominated by these conducting pathways
made by SWCNTs along the boundaries of AIN grains [marked by white arrows in
Figure 5.6]. Presence of large diameter ropes in some of the areas along grain

boundaries [Figure 5.9(c)] might have led to fluctuations in the conductivity values.
5.1.Variable Range Hopping model

Variable range hopping (VRH) models to envisage the electron hopping mechanism
in composites, Variable range hopping mechanism was given by N.F Mott. (1969)

[189] to explain dimensionality of conduction in material at low temperature.

When conduction between localized states near fermi level E; is by hopping is mott
conductivity, the temperature dependence of the conductivity is given by
(D (26)
0 =0,e ‘\To
VRH was proposed by Mott in 1969 [189]. VRH models were obtained by plotting

In(pT ¥?) as a function of T ™Y 'where n =1, 2, or 3 indicate the dimensionality of
the sample
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AIN- SWCNT matrix composites conductivity plots shows 3D conductivity in VRH
models
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Figure 5.3. Resistivity values in accordance with 1D VRH model.
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Figure 5.4. Resistivity values in accordance with 2D VRH.
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Figure 5.5. Resistivity values in accordance with 3D VRH model.

as shown in Figure 5.5. Fitting the linear region of the preceding plot provides an
understanding into the conductivity mechanism that prevails within the sample. The
most effective fit corresponds to the one with the best correlation (R?). For the AIN—
SWCNT composite, the value of the regression coefficient was found to be highest for
the linear portion in the 3D VRH model fitting, indicating that the electron hopping
mechanism in the AIN-SWCNT composite occurs in three dimensions which is
confirmed by SEM and TEM images. Formerly reported studies with reference to
electron conduction mechanisms in ceramic-CNT composites, 1D VRH is the most
noticeable form of charge transport [190]. This arises from the expected charge
tunneling property of CNT. Charge transport is assisted in the bulk sample through
these 3D charge paths as a result of the homogenization mixing of SWCNT in AIN

matrix.
5.2.Percolation Theory

A significant theory for understanding conductivity within composite materials,
especially where the ceramics matrix and the dispersoids have very different
characteristics, is the concept of percolation. Percolation theory [191] suggests the
increase of the electrical conductivity o of the composites with the increasing CNT

volume fraction should follow to the scaling law o = k(p — p.)t, with p the volume
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fraction of CNT and p. the critical volume fraction corresponding to the percolation

threshold. The exponent “t  reflects the dimensionality of the system.

A percolating level below 1vol% SWCNT content in the composite and a high value
of the dc electrical conductivity (200Sm™) in ASN-6 sample have been observed
[185]. The value is highest among the published results for non-oxide ceramic-
SWCNT composites containing 6vol% SWCNT [185]. Conductivity increase with
nanotube contents in the composite could be explained by the reduction of intertube
spacing, higher connectivity of the conducting network and increased intertube
tunneling of electrons as proposed earlier for a percolative behavior [109,192]. The
temperature dependences of the electrical conductivities have been analysed to gain

better insight of the mechanism of the electrical conduction in our samples.

Figure 5.2 shows the least dependence of electrical resistivities of ASN-6 samples
with temperature while electrical conductivities of ASN-1 and 3 increases with
temperature indicating a behaviour similar to the semiconductors. Figure 5.7 shows
that the conductance of the composites normalized with the value at 300K with
temperature increases with temperature. Interestingly the conductivities of all the
composites could be extrapolated to non-zero values at OK indicating free charge
carriers requiring no thermal activation. This is a signature of the metallic behaviour
of the composites. Temperature independent conductivity has been observed in ASN-

6 upto 175K and then an increasing trend or hopping behaviour.
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Figure 5.6. FESEM micrograph of the fracture surface of ASN-6 showing formation
of nanotube nets around grains of AIN. Micrographs taken from (a) ETD detector at
20kV and (c) from TLD detector at 15kV. Red circles indicate the positions of
enlargements for higher magnification micrographs (b) and (d).

The electrical conduction in the present AIN-SWCNT composite is, therefore, similar
to that of SWCNT nets or mesh and follow a hopping transport indicating an increase
of conductivity with temperature Ropes of SWCNTSs form 2D architecture in the form
of nets or mesh. These nets surround the grains of polycrystalline ceramics building a
3D network [67]. The formation of nanotube nets at grain boundaries could be

confirmed from the FESEM micrograph Figure 5.6.
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Figure 5.8. Variation of normalized conductance of ASN-6 with temperatures (T™%)
showing 3D variable range hopping characteristics

Further analyses on the compliance of the mechanisms of transport in the ASN-6
composites with the 3D varable range hopping (VRH) the normalized conductivity

values (InG) were plotted with temperature (T"¥%) in Figure 5.8. It could be observed
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that the hopping mechanism is not followed in the entire temperature range studied for
ASN-6. The variation Figure 5.8 could be approximated to an equation of the form
suggested earlier [193,194],

G = Goexp (To/T)YV + G, + G, exp (Eo/RT) (27)
Which is a modified Mott’s equation for fluctuation aided tunnelling, metallic
conduction and thermally activated conduction. Gg is the prefactor for the variable
range hopping, d is the dimensionality of conduction (1, 2 or 3), Ga is the prefactor

for thermal activation term and Ty is the hopping parameter.

Figure 5.8 shows that the variation of the conductance of ASN-6 could be divided
into three parts. Below 175K the conductivity is almost constant with temperature.
This type of behaviour (freezing of hopping characteristics) was observed for thin
sheets of annealed SWCNTSs in earlier studies where the dominance of metallic
conduction has been found to prevail at lower temperature [194]. Thus, the
temperature independent conductivity of ASN-6 at low temperature could be
explained by the conduction through metallic tubes. The levelling off of the
conductivity values of the composite starts from a higher temperature (175K in
Figure 5.8) than that observed in case of annealed thin films in the earlier study [194].
The reason may be the presence of higher percentage of metallic tubes in the present
composite (68% vs. 33%) where the contribution of hopping minimizes at a higher
temperature. The junction between the metallic and semiconducting tubes in both the
confined and axial direction should, therefore, play a significant role in controlling the
conduction of the network at higher temperature. More metallic behaviour and non-
linear relationship in the current-voltage plot above 423K were observed earlier in
electrical behaviour of SisNs-MWCNT composites when the tube contents were
increased to 8.6vol% [109]. Rapid VRH conduction of ASN-6 above 175K is due to
the hopping of carriers between metallic and semiconducting tubes. The hopping
parameter (To) is determined from the slope of the intermediate linear portion of the
curve Figure 5.8 and found to be of the order of 10° K lower than that of the annealed
SWCNT film (10°K) [194]. Increase of localization length in the present nanotube
ropes due to the high metallic tube content in the sample is, therefore, the reason for
lower value of the hopping parameter (To). Another deviation from the VRH model at
further high temperature showing higher conductivity values than that predicted by
VRH model could be observed in the present experiments [Figure 5.8 (inset)] similar
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to those observed earlier [194]. Activation energy calculated for the high temperature
data is 0.22eV, typical value obtained for Schottky like barrier between metallic and
semiconducting tubes [18]. However, the activation energy for the high temperature
portion in Figure 5.8 inset is 0.039eV which may be considered as very low and may
be due to the contribution from the conduction of more metallic tubes in ASN-6
sample or the conduction across small barriers between metal electrodes and metallic
tubes [195].

0.5 pm

(e)

S5 1/nm

Figure 5.9. TEM images of cross section of ASN-6 cut (a) parallel and (b)
perpendicular to the hot pressing direction. White arrows indicate the locations of the
tubes at the grain boundaries; (c) SWCNT ropes/mats surrounding an individual grain
of the sample shown in (a); (d) magnified image of the grain boundary marked by red

circle in (c); (e) SAED pattern of the grain boundary marked by red rectangle in (d);
(F) HRTEM of nanotube nets at the grain boundary marked in (d). Schematic
diagrams have been inserted to show the orientations and bend contours of nanotubes
within the net.
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TEM images of thin foils of the composite samples in Figure 5.9 show that SWCNT
ropes are present along the grain boundaries of AIN. 3D connectivity of the ropes
could be established from the images taken both in parallel and perpendicular to the
hot pressing direction [Figure 5.9(a), (b) and (c)]. Higher magnification image and
selected area diffraction (SAED) of grain boundary [Figure 5.9 (d) and (e)] confirm
the presence of SWCNT tubes (PDF Card No0.00-058-1638). HRTEM of SWCNT
nets at grain boundary show the different orientations and bending of the nanotubes in
the net.

The results indicate that the high electrical conductivity of AIN-SWCNT composite
prepared in the present study is due to the presence of 3D network of large quantity of
SWCNT tubes in the grain interfaces of the material. The conduction behaviour is
similar to those of thin sheets of SWCNTs usually prepared for transparent
conductors. Dependence of dc electrical conductivity with temperature shows that 3D
variable range hopping transport (VRH) between metallic and semiconducting tubes
is the controlling mechanism of transport when the amount of SWCNT is low (1 and
3vol%). TEM examination of the cross sections of the composite containing 6vol%
SWCNT in two directions perpendicular to each other confirms the presence of
SWCNT networks in three dimensions. However, the hopping transport freezes
showing no dependence with temperatures below 175K when the content of the
nanotubes is increased to 6vol%. Low VRH parameter (T, - 10°K) has been ascribed
to the higher metallic tube content in the samples. Overall, high content of metallic

SWCNTSs has improved the electrical conductivities of the ceramic nanocomposite.

5.3.Dielectric Properties of the AIN-SWCNT Nanocomposites
5.3.1. Impedance and Reactance

Ceramic composites containing conducting particulates under AC applied field could
be considered as circuits containing Resistor(R), Inductor (L) and Capacitor (C).
Capacitor and Inductor act in opposite way to the applied field. Figure 5.10 shows the

frequency dependence of real value of the impedances of the samples.
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Figure 5.11. Variation of reactance (Z") with frequency
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Figure 5.10 shows that the impedance values decreases with the amount of SWCNTSs
present in the material. This is the result of the increase in inductance in the materials
with the increase in the concentration of SWCNTSs in the composites. Addition of

more SWCNTSs in the material causes more network formation and the creation of



current loops under high frequencies of the AC-field, thus, reducing the impedance

values.

Figure 5.11 shows the variation of total reactance (Z°") of the composites with the
frequencies. Reactance of the composites are shown in Figure 5.11. The total
reactance could be expressed as

Z” = XL - XC (28)

inductive (X = oL) and capacitive (Xc = 1/oC) reactances [196]. Inductive reactance
(XL) becomes more than the capacitive reactance (Xc) when the concentration of
SWCNT increases in the composite. The highest LC reactance value could be
observed for ASN-6 Figure 5.11 The best fit of |Z| vs frequency shows that the
equivalent circuit consists of resistors (R; and R, ), capacitor (C), and inductors (L
and Ly). This type of fitting had earlier been observed to work well for the composites
containing percolating networks[137]. Positive Z"~ values could be observed in
Figure 5.11 similar to those in metacomposites containing percolating networks of
Carbon in porous SizsN4 and CNTs in Al,O3 composites [137,197]. Almost invariant
positive reactance (Z°") values with frequencies had been observed in percolating
AIN-Graphene platelet composites [138] and increasing values with the frequency
with a resonance near 1GHz were observed for percolating networks of amorphous
carbon dispersed porous SizN4 architecture [197]. Inductive elements (Lj, L) are
required to explain this type of positive behavior. R-L-C current loops are formed
within the composites and positive values are observed within the test frequency
range. A possible resonance and switching from inductive to capacitive behavior
could also be noticed at higher frequencies near 1GHz in samples is another important
observation in those studies [197].
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Figure 5.13. Variation of imaginary component of permittivity (¢") with frequency.
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5.3.2. Permittivity and Loss
Complex permittivity could be expressed as
=& —ig" (29)

Where € and € are the real and imaginary part of the permittivity respectively and

calculated from the following relation [198].

e'=1/wC)[-2"/(Z"*+Z"%)] (30)
and
e" = (1/wC)Z'/(Z"*+Z"?)] (31)

Dielectric properties of the composite samples are presented in Figure 5.12 which
shows that the real values of permittivities (¢") are negatives for all the composite
samples within the tested frequency range. The values become more negative when
more SWCNTs are present in the composite. The prime reason for the negative
permittivity is the incorporation of SWCNTSs in the ceramics. Interconnectivity of the
ropes and building up of nanotube mats surrounding the grains (SEM and TEM
micrographs, Figure 6.5 Figure 5.14) has ensured a high electrical conductivity and
plasma like negative permittivity in the whole frequency range observed in all the
composite samples. The electrical conductivities presented in Figure 5.1 shows that
all the samples tested in the present study contained percolating CNTs. Dispersion of

the permittivities is usually explained with the Drude model as follows [197],

g =1—wy?/(w? + w?) (32)
Where ‘o’ is the experimental applied angular frequency (2nf, where ‘f” is the linear
frequency), and ‘o, is the damping parameter.

wp = neffez/meffﬁo (33)

Where, ness = effective electron density,
Mesr = effective electron mass
e =electronic charge = 1.6 x 10 C
g0 = permittivity of vacuum = 8.85 x 10™? F/m.
The plasma frequency value (wp) of ASN-6 calculated from Drude’s law [Eqn (30)]
has been found to be 6.2 x 10° s™ while that of SWCNT mat was found to be 3.3 x
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10" s [24]. Good fit of Eqn. (32) could be visible from the red line in Figure 5.12.
The reason behind the lower wp in ceramic composite (ASN-6) could be assessed
from the above relation Eqn. 32 Principally, a volume fraction of the composite
material consists of SWCNT mat, thus, causing dilution of electron concentration in
the material and reducing the value of ‘nes”. Moreover, confinement of the SWCNT
mats within grain boundaries should have caused the restriction in the movement of
electrons and increasing the the effective mass ‘mes’. Equation (32) and (33) also
indicate that negative value of ‘e, will increase with ‘ep’ which is directly related to
the number of free electrons (ne) in the materials. In the present case the
concentration of SWCNTs provides the number of free electrons and its increase is
therefore, the reason for highest negative permittivity observed by ASN-6 sample.
The values of (£7) are positive and decreases with frequencies similar to those of
AIN/Graphene platelet composites prepared by SPS [138]. Losses at difference

frequency regimes (£”) follow the relation [137],

e =¢€"C+e'D+e"P (34)
¢’c is the ohmic conduction loss, €"p is the dipolar loss and €"p is the interfacial
polarization loss. Interfacial polarization loss (¢p) is insignificant at frequencies
higher than 1MHz since charges cannot build up at the interface as fast as the change
in the alternative field. Therefore, conduction loss (¢'¢c) and dipolar loss (¢"p) are the
main contributors to the overall dielectric loss. The conduction loss could be

expressed as,

€'C = 04./21f¢, (35)
where ‘o4’ is the dc-electrical conductivity of the material , ‘f” is the frequency of the
ac-field. Thus, ‘€”¢’ is proportional to 1/ f since all other parameters on the right hand
side of the equation (35) is constant at a particular temperature.

93



Figure 5.14. TEM image of interconnectivities of SWCNT ropes surrounding AIN
grains (Montage).

The reason behind the stability of the structure of the tubes is primarily the chemical
compatibility of CNTs with AIN under carbonaceous hot pressing atmosphere at the
temperature of processing. AIN has been found to be chemically stable with Carbon
even at high temperature (1600°C) under overpressure (0.4MPa) of nitrogen gas[199].
Rate of heating is also another factor which is fast enough to reduce the grain
coarsening Moreover, increased densification rate by external pressure during hot
pressing helped minimizing the exposure time of the CNTs with the external nitrogen
atmosphere, a probable reactive species for the destruction of the structure of the
tubes, if any, at high temperature by the formation of cyanogen or carbon nitrides
[200]. Addition of sintering agent (3.8wt% Y,03) in the present study helped the
formation of liquid phase at high temperature which accelerated the sintering rate
further by particle rearrangement and enhanced diffusion. Lastly, the pre-sintering
processing of the constituent powders like homogenizing and mixing of sols and the
method of ultrasonication and drying adopted in the present study had helped to
disperse the CNTSs to a great extent within the matrix and accelerate the densification

resulting in the minimization of their exposure to nitrogen gas.
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Chapter 6

Mechanical properties of AIN-SWCNT composite

A detailed literature review on mechanical properties of ceramic CNT composites is
presented in Chapter 2. The role of CNTs on the mechanical properties of ceramic
nanocomposites remains indecisive. This is because of the usage of different types
and compositions of CNTs, inhomogeneous distribution of CNTs and differences in
experimental conditions. Present work gives a detailed analysis of mechanical
properties of AIN-SWCNT composite. Presence of SWCNT in AIN matrix is
confirmed in chapter 4 by SEM, TEM, Raman characterization techniques. The
mechanical properties of nanocomposite SWCNT reinforced in AIN. The outcomes of

these comparisons are discussed in relation with their microstructures.

6.1.Vickers Hardness

Figure 6.1 shows the SEM micrograph of an hardness indent made by 1000gm load
on the surface of ASN-6 sample. Cracks and damages associated with the indentation

could be observed from Figure 6.1.
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Figure 6.1. SEM micrograph of a Vickers indent made with 1000gm load on the
surface of ASN-6 alongwith associated radial cracks marked by the arrows.

The hardness values of all the samples estimated through Vickers indentation method
are shown in Figure 6.3. A modest increase in the hardness (=15%) could be observed
for samples containing 1 vol% SWCNT (ASN-1). However, a mild decrease in
hardness was observed at higher concentrations of SWCNT in the composite (ASN-3
and ASN-6). Each hardness value presented in Figure 6.3 is the average of 6
measurements at 1000 gm load. A similar trend had been noticed earlier in ZrO,-
MWCNT composites [201]. Zhan and Mukherjee [17] observed no change in the
hardness of Al,03-SWCNT composite with the addition of 5 and 7 vol% SWCNTSs.
However, the hardness decreased by 20% when the SWCNT content was increased to
10 vol %. Vicker’s hardness of ceramic-SWCNT composite had been found to be
lower [35,202-205] than that of the matrix material and the reason cited is the
presence of softer SWCNT material in the grain boundaries acting like graphite
lubricant [203]. However, it could be observed from Figure 4.9 in Chapter 4 and the
results from earlier investigations [206] that SWCNT forms entangled ropes in grain
boundaries restricting the sliding of grains. Careful investigation on the
microstructures (Figure 4.9) could suggest that the increase in SWCNT content

shows increased SWCNT content around the grains which should increase the
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plasticity of the material primarily due to higher strains in the confinement direction
of the 1D SWCNT tubes present in the grain boundaries. Quantitative strains on radial
compression of SWCNTSs have been measured by several authors [207,208] and it has
been observed that CNTs can accommodate considerable strain (0.40) in radial
direction exhibiting high deformability [209]. Vicker's indentation compresses several

grains and their boundaries consisting of SWCNT matts multiaxially (Figure 6.2).

Figure 6.2. Optical micrographs of Vicker’s indents showing clear indent formation
and crack growth from the corners of the indents in (a) ASN-0, (b) ASN-1, (c) ASN-3
and (d) ASN-6.

The effect of the radial deformation of the tubes is not substantial in samples
containing low amount of SWCNT such as 1 vol% in the ASN-1 sample in the
present study. Presence of large volume percentage of SWCNTs in the grain
boundaries, however, leads to higher deformation in the plastic zone surrounding the
indenter and consequently decreases the hardness of the composite. However, grain
sizes are reduced to a great extent (Figure 4.10, Chapter 4 and Figure 4.9) by the
increase in the SWCNT content in the nanocomposite which should have increased
the hardness in accordance with the Hall-Petch relation [210,211]. Grain size decrease

has been observed in SIC-CNT composite prepared by liquid phase sintering method
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implying decrease of solution reprecipitation rate during the sintering [35].
Compressive deformation of the tubes nullifies the effect of grain size reduction on
hardness increase in AIN composite samples containing more than 1vol% SWCNT.
As an extreme case, shear collapse of the tube forming shear bands and
accommodating high deformation energies during indentation as suggested in an
earlier publication [212] cannot be ruled out. The phenomena could be explained with

a model presented in Figure 6.4.
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Figure 6.3. Variation of hardness and grain size with the SWCNT content.
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Figure 6.4. Compressive load transfer to the SWCNT and corresponding deformation
along its radius. (a) Onset of Indentation load and (b) Applied load and its effect on
the composite microstructure.
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6.2.Fracture toughness

Fracture toughness is the significant characteristic of any structural material which
indicates the resistance of the material to crack formation and propagation. Cho et al.
[110] have shown that K,c increases with the SWCNT content in glass ceramics
system and measurement by indentation fracture method produced almost the same
trend with the CNT content as those measured by Chevron notch method. However,
the values obtained by indentation fracture method are overestimated by a factor of
two and hence absolute value could not be produced by the indentation fracture
method. Hence the fracture toughness values presented in Table 6.1 can be taken for
comparison and not for determination of the absolute values. Toughening mechanism
of ceramic-CNT composites are explained from the similarity with that of fiber
reinforced composite systems. CNT pull-out similar to the fiber pull-out in the macro
system had been observed to be the dominant toughening mechanism for glass-
ceramics- CNT composites alongwith other toughening mechanisms such as crack
bridging and crack deflection [110]. FESEM micrographs of fracture surfaces [Figure
6.5] show transgranular fracture of the composites alongwith substantial load bearing
capacities of the SWCNTs from the approximate large pull-out length of the tubes
(max length >2um ). SWCNT pull-out should, therefore, be a contributing factor in
toughening of the composites [177,213].
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Figure 6.5. FESEM micrograph of fracture surface of ASN-6 showing very long
SWCNT rope interwoven along several grain boundaries.

has been shown to be crack bridging was observed by FESEM of composites which
shows the resistance to crack propagation. From the earlier studies on fracture
toughness of ceramic-CNT composites
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Figure 6.6. Density vs Fracture toughness of different ceramic CNT composite
[84,93,100-102,185,214].

Table 6.1. Fracture toughness of samples.

Sr. No. | Sample | Fracture Toughness (MPa- m'%)
1. ASN-0 2.9
2. ASN-1 3.5
3. ASN-3 3.98
4, ASN-6 5

A detailed literature review on fracture toughness on ceramic CNT composites were
discussed earlier in chapter 2. Figure 6.7 shows also long pull out of the tubes
indicating high load bearing capacity during the fracture. 60% fracture toughness
increase from 2.9 MPa.m® in ASN-0 to 5 MPa.m"? in ASN-6 is due to crack-
bridging, pullout, debundling & uncoiling of SWCNT.

101



o mode WD | spot 500 nm oy | mode H a

HV mag OJ v mag O
ustom | 15.00 kV | 200 000 x vacuum | 4.8 mm | 2 LD L ustom | 15.00 kv | 240 000

Figure 6.7. (a) Crack-bridging and (b) Uncoiling of SWCNT ropes in ASN-6 sample.

6.3.Raman micro stress mapping

Some authors have also mentions on the residual stress toughening of the composites
due to the thermal expansion mismatch between ceramics like Al,O3 and CNT [81].
Moreover, there is also a difference in thermal expansion coefficients between the
axial and radial directions of the tubes and inter tube gaps creating high residual stress
in Al,O3. We have carried out a stress analysis with the help of Raman microprobe

and present the results below;

He-Ne laser operating at a wavelength of 530 nm (with a power of 25 mW) was used
as the excitation source in confocal Raman optical microscope. The recorded spectra
were examined by fitting with a Gauss —Lorentz mixed-function using origin
software. Wavenumber shifts were obtained from the difference between the peak
center under stress and that as monitored in a reference stress-free body [215]. A
variety of internal microscopic stress fields existing in AIN-SWCNT composites have
been calculated using Raman spectroscopy technique. Shifts of AIN Raman Peak
(656cm™) in ASN-0, 1 & 6 could be observed in Figure 6.8 and is the result of
residual stresses in the samples arising out of processing conditions and differences in
the co-efficients of thermal expansions. Effect of micro indent as well as the
incorporation of SWCNTSs in the creation of local stress zones have been assessed in
ASN-6 composite and shown in Figure 6.9. Effect of micro indent as well as
incorporation of SWCNT in AIN ceramic observed. However, stresses were recorded
both at zero and critical (external) load for crack propagation and, from the shift of the
Raman peak between the latter and the former loading condition, a ‘bridging stress’

field was calculated.
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Based on the piezo-spectroscopic effect [215,216], Raman peaks shifts upon stress,
were engaged for the characterization of microscopic stresses in the composite.
Applied or Residual Stresses change the vibrational and electronic levels of the
materials. The piezo-spectroscopic relation can be generally expressed by the

following tensorial equation

Oii = AV/31T (36)
Where o;; — Residual Stress, Av - Raman Peak shift, and = - Uniaxial Piezo-

spectroscopic Coefficient

Changes in stress levels have been mapped on an indentation area. Localized pockets
of stressed zones (pink, green and red areas) due to the presence of agglomerated
SWCNTSs could be noticed in Figure 6.9. Cracks should have been deflected from

these sites increasing the fracture toughness of the composites.
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Figure 6.9. Mapping Raman Spectral shift on ASN-6 sample.

Figure 6.10. Raman spectra on the side and diagonal direction.

Raman probe shifted from the center of the indent Figure 6.10 (a) parallel to diagonal
and (b) perpendicular to the edge of the indent made by 9.8N load
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Figure 6.11. Variation of stress after indentation.

Figure 6.11 shows the variation of stress from the center of the indent. It can be
observed that stress becomes compressive towards the edge of the indent. Stress
relaxation occurs over a shorter distance along the direction of the diagonal
because of stress relief at the corners of the diagonal by creation of crack.

Thus, the study has ensured a considerable compressive stress in the matrix and
presence of pockets of tensile stresses in the areas of SWCNT agglomerates.
Further studies are, therefore, needed to quantify the stresses and its contribution

to the toughening of the composites.
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Chapter 7

Thermal properties of AIN-SWCNT composite
7.1. Thermal Conductivity

The thermal conductivity (k) at room temperature were calculated for each sample

using the equation [217]

k=0Cpp (37)
Where a = thermal diffusivity, Cp = specific heat capacity, and p = density.

A graphical representation of the thermal conductivity values of the samples at room
temperature is shown in Figure 7.1. Table 7.1 shows the values of thermal
conductivities of the samples. These thermal conductivity values were determined
simultaneously with the diffusivities and specific heats in the Flashline 4010
apparatus. The specific heat of the materials were determined from the comparison of
specific heats with a standard graphite sample and the internal software of the
instrument. The thermal conductivity of ASN-0 sample at rt is much lower than
normally found earlier in case of liquid phase sintered sample of the same AIN
powder with the same amount of Y,03 in CGCRI (127 W/m-K) mainly due to the
presence of pores in the hot pressed sample. Pores in ASN-0 samples were shown in
FESEM micrograph Figure 4.9. A high thermal resistance at grain-pore interface
contributes to the decrease in thermal diffusivity of hot pressed AIN without SWCNT
addition (ASN-0). However, the values are highest among all the samples in the
present study. Thermal conductivity of the nanocomposites at room temperature
decreases drastically (27% in ASN-1) with the increasing content of SWCNTSs inspite
of the densification of the samples Table 7.1. Addition of SWCNT reduces the
thermal conductivity values further. Increase of thermal resistance comes from the
large interfaces of the SWCNTSs present in the samples similar to earlier results inspite
of more densification on addition of SWCNTSs [17,144,154,218]. Thermal resistances
from the tube bundles and inter-tube scattering of phonons are the additional factors
for the decrease of thermal difusivities of the composites with SWCNT. TEM image
in Figure 5.9 shows bends and twists in the nanotubes within bundles along the AIN
grain boundaries. These bends and twists have their roles in the scattering of phonons

as observed by earlier studies [17,154,218]. Weak atomic bonding present in the
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interfaces had been found to be the reason for the high thermal resistances prevalent
in composites [219]. Moreover, the grain size reduction with the amount of SWCNT
added to the composite increases the total grain boundary areas which are the source
of increasing Kapitza thermal resistances in any polycrystalline materials.
Temperature dependences of the thermal diffusivities are presented in Figure 7.2. It
could be observed that the differences of diffusivities with temperature is maximum in
ASN-0 samples and it decreases with the increase in SWCNT contents in the
composite showing a minimum in ASN-6. This type of minimum difference in
thermal conductivity values have earlier been detected in samples of Al,03 -SWCNT
composites containing high amount of SWCNTSs (15 vol%) [17]. Almost a horizontal
variation of the thermal diffusivity values could be observed in ASN-6 (Figure 7.2).
The reason for the decrease in thermal conductivity values is the scattering of phonons
by phonon-phonon collision (Umklapp scattering) with the rise in temperature.
Minimum difference in thermal diffusivity values in ASN-6 is a result of higher
contribution from phonon transport in SWCNT mats present in the grain boundaries

signifying a possibility of a saturation or minimum value for a composite architecture.
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Figure 7.1. Thermal conductivity of samples.
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Table 7.1. Thermal conductivity.

Thermal Conductivity Bulk Density
Sr. No. Sample (W.mK?) )
1. ASN-0 110 3.27
2. ASN-1 80.63 3.28
3. ASN-3 64.22 3.26
4, ASN-6 61.69 3.22
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Figure 7.2. Temperature dependence of thermal diffusivities of AIN-SWCNT

composite.

7.2. Thermoelectric properties

Our interest to look at the thermoelectric effect of AIN-SWCNT nanocomposite

originated from the earlier studies on thermoelectric power of CNT and its composites
[70,79,121,220]. It had been observed earlier that polycrystalline AIN sample had a
Seebeck co-efficient value of 142 uV/K at 100°C which increases to 165 pV/K in a

composite with SiC (50 mol%) [220]. Moreover, Figure 7.2 shows that substantial

reduction in thermal diffusivity is possible when 6 vol% SWCNT could be
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incorporated in the composite. We analysed the Seebeck Coefficient and electrical

conductivity values of the composites from rt to 878K and present the report below.
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Figure 7.3. Seebeck coefficient of ASN-6 at variable temperature.

Figure 7.3 shows the variation of thermoelectric power with temperature. It could be
observed that initially the composite behaves like p-type semiconductor at rt with a
flattened portion initially with the rise of temperature and then a decrease upto a
temperature of 480°C. The Seebeck co-efficient increases with further rise of
temperature and reaches 17 uV/K at 838K. Seebeck coefficient value at rt is about 22
MV/K. Comparing with earlier results for metallic SWCNT [140] it could be
ascertained that the low thermopower value is related to the high thermal conductivity
of the material (62W/m-K) even though the enrichment with metallic nanotubes in the
present composite and slight increase of electrical conductivity above room
temperature (Figure 7.4). Since the thermal diffusivity does not diminish much with
the rise of temperature Figure 7.2 the values of Seebeck co-efficient did not increase
with temperature. Figure 7.3 shows positive thermopower values at rt indicating p-
type charge carriers prevalent in the material. The decrease of seebeck co-efficient
value with the temperature indicating the dominant effect of free electrons in the
material (Figure 7.3). Similar type of behaviour had been noticed earlier in TizAIN3
and Ti [221]. Switching to hole dependency again with the further rise of temperature

above 480°C is interesting and needs further exploration in future. Erratic increase of
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electrical conductivity with temperature could be explained with mixed nature of the
nanotubes, junction resistances and bend and twist present with-in the SWCNT

network Figure 5.9(f).
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Figure 7.4. Resistivity of ASN-6 at variable temperature.

110



Chapter 8

Conclusion and future scope of work

The following conclusions could be made from the present study:

1.

Raman spectra, microstructural and XRD analyses of AIN-SWCNT
nanocomposites show that the SWCNT is chemically compatible with AIN matrix
and retain its structure even at high temperature processing under nitrogen

atmosphere during consolidation by hot pressing.

SWCNT helps densification of the material primarily by inhibiting the grain
growth of AIN.

FESEM micrographs and TEM images show good dispersion of SWCNTSs in AIN
matrix confirm the presence of networks and 3D connectivities in web like
structures in the mat of SWCNTs surrounding the grains in the polycrystalline
AIN composites leading to the increase in electrical conductivity, negative

permittivity and fracture toughness (Kic).

A decrease in (a) the hardness due to high compressibility of the tubes and (b)
thermal conductivity values due to Kapitza resistances between ceramic grain-
nanotube interface and nanotube-nanotube interfaces are on the downside of the

results.

High electrical conductivity of the composite is due to the presence of metallic
character of the nanotubes identified by the invariable conduction with
temperature when the content of the SWCNTSs increases to 6vol%, thus, deviating

from variable range hopping to fluctuation induced tunneling mechanism.

Thus, a high electrical and thermal conducting AIN-SWCNT composite ceramics
could be prepared by hot pressing method. The material has the potential for
applications in several mechanical, electrical and electronic devices. Plasma like
tunable negative permittivity is a key attractive feature observed in these
nanocomposites characteristic of random metamaterials and should have different

sensing and electromagnetic shielding applications.
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Future Work Scopes

e Attempts should be made to disperse the SWCNTs more uniformly and
incorporate more SWCNTs (>6 vol%) in the composites and compare the
properties.

e Tribological properties and EDM machinability of the composites are needed
to be carried out.

e Compatibility with biological systems are needed to be observed for
application biomedical engineering.

o High strain rate deformation characteristics of the composites are needed to be
carried out in future since damage tolerant indentation could be observed
during the hardness testing of the material and high elastic deformation of

SWCNT reported recently in the literature.
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Appendix

Grain Size measurement

Grain sizes were measured from FESEM micrographs by using Image J software
using lineal intercept method [222]. Procedure for image processing and measuring

grain size is given below

a. To enhance the grain boundaries ion beam polishing were done using
GATAN PIPS Il instrument by calibrating the values of voltage and ion

gun angle.

b. Grain boundary was enhanced by improving the image contrast and

adjusting brightness between the neighbor regions.

c. Subtract background was used attain the same shading distribution at

different picture region.

d. Shadow is used to clearly see the grain boundary and grains in the SEM

image.
e. Grain size is measured by using linear intercept method.

f. We used Adobe Photoshop for drawing the grid and measuring the
intersection point and no. of phases on a calibrated line. The technique
gives not only the grain sizes of composites but also the porosity of the

material and average pore sizes.
Average values of grain sizes (dsp) are presents in Figure 6.3

Average values of grain size are calculated as follows

Average Grain size(L0) = 1 (Ap) o/ (La) o (mm) (38)

(La)oe =7 N_ (39)

Average P -2 X N (40)

Average N; = (total N;)/(total horizontal lines X length of a line) (41)
(Vv)e =(An)q =(LL)q(total points on a. phase)/(total intersecting points) (42)
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