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ABSTRACT

The epoxy/nanocarbon (EP/NCs) nanocomposites were prepared by incorporating
NCs of different dimensionalities (such as multiwalled carbon nanotubes; MWCNTs
(1D), graphite nanoplatelets; GnP (2D) and nanodiamond; ND (0D), aiming at
enhancing their physical and electrical properties thus making them useful in various
applications. The NCs were functionalized to a different extent and added to the EP
matrix. The functionalization of NCs was confirmed by spectroscopic, thermal and
diffraction techniques. The prepared nanocomposites were further characterized by
different spectroscopic, thermal and microscopic methods. The electrical and surface
wetting properties of those materials were discussed in correlation to their
morphologies. The chemical modifications of the NCs were confirmed by Fourier
transform infrared (FTIR) spectroscopy and Raman spectroscopy showing different
oxygen containing functional and increased intensity ratio of D and G band value
indicating a high degree of graphitization. The increase in interlayer distance was
observed after the acid treatment and the thermal degradation of the acid-treated
nanocarbons occurred at lower temperatures also evidencing their successful
functionalization. The structural and morphological analysis of the nanocomposites
confirmed that there was an effective dispersion between the NCs and epoxy (EP)
matrix. In addition to this the hydroxyl functional group was also observed in the case
of the acid-treated samples of CNTs, microscopic investigations displayed the brittle
nature of the neat epoxy and the additionof nanocarbons on epoxy prevented cracks
from propagating, increased the area of the fractured surface and provided a high
resistance to fracture. The well-dispersed and cluster-free dispersion of CNTs in the
EP/pCNT nanocomposite was observed and the pull-out of the CNTs was also
witnessed in the epoxy nanocomposites with pristine CNTs. The thermal stability of
EP/NCs composites containing separately pristine and acid-treated nanocarbons was
improved slightly in the range of 5-13 °C. The resistivity of EP/pCNT
nanocomposites was found to be decreased as high as about 40 times compared to
acid-treated nanocomposites. The higher resistivity of Ep/mCNT was attributed to the
shortening of CNT length thereby altering its aspect ratio on acid treatment. On the

contrary, acid-treated graphite showed as high as about 35 times decrease in

vi



resistivity than that of the pristine graphite because of the well dispersion of graphite
particles on the EP matrix. However, in terms of surface wetting properties surface
modification of NCs enhances hydrophilicity and wettability of EP/NCs

nanocomposites

Keywords: Nanocarbon, Functionalization, Morphology, Resistivity, Wettability
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CHAPTER 1
1. INTRODUCTION
1.1 General Introduction to Nanocarbons

Carbon, the most versatile element possesses different outstanding properties due to
this, they are used for various purposes. By taking into account the arrangement of
carbon atoms, there are two types of carbon materials in nature. They are crystalline
and amorphous. Crystalline carbon possesses fixed geometrical shapes and regular
arrangements of atoms in their structure. Further crystalline carbon is classified into
four types as shown in Figure 1; three-dimensional (3D) nanostructure in the form of
diamond or carbon sponge, two-dimensional (2D) nanostructure in the form of
graphene, a one-dimensional (1D) nanostructure in the form of carbon nanotube and

carbon nanofiber, a zero-dimensional (0D) in the form of fullerene and carbon dot.

Crystalline Carbon

Figure 1: Different forms of crystalline carbon (a) Diamond (b) Graphene (¢) Carbon nanotube (d)
Fullerene (Dhawane et al., 2018)

Amorphous carbon is a carbon material without long-range crystalline order.
Examples of amorphous carbons are coke, charcoal, carbon black, etc. shown in

Figure 2.
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Amorphous Carbon

l

Figure 2: Different forms of amorphous carbon (a) carbon black (b) coke (c) charcoal (Dhawane et al.,

2018)

In this research work, three different types of carbon materials were taken, namely
carbon nanotubes, graphite, and nanodiamond. A brief introduction to these materials

is given below.
1.1.1 Carbon nanotubes

Carbon nanotubes were first reported by Iijima in 1991 when he discovered multi-
walled carbon nanotubes (MWNTSs) in carbon soot made by an arc-discharge method
(Iijima, 1991). About two years later, he observed single-walled nanotubes (SWNTs)
(Iijima & Ichihashi, 1993). Since then, nanotubes have gained worldwide attention. A
significant amount of work has been done in the past decade to reveal the unique
structural, electrical, mechanical, electromechanical, and chemical properties of

carbon.

Carbon nanotubes are one-dimensional materials with a small diameter of (1-100 nm)
and a long length, resulting in a high aspect ratio (Sun & Chen, 2009). They are made
of rolled single sheets of graphene which are a single layer of graphite-structured
carbon atoms forming six-membered rings of carbon atoms with sp? hybridization
(Kausar et al., 2017; Smart et al., 2006). They have high mechanical and electrical
properties, good thermal and chemical stability, low density, high expansion

coefficient, or a large specific surface area, so they are considered interesting

2



reinforcing materials for nanocomposite materials (Kausar et al., 2017; Mittal et al.,
2015). Carbon nanotubes are classified into three types based on their number of
walls. These are Single-walled carbon nanotubes (SWCNTs), double- walled carbon
nanotubes (DWCNTs), and multi-walled carbon nanotubes (MWCNTs). SWCNTs are
single graphene sheets rolled into cylinders, DWCNTSs are graphene sheets with a
double layer, and MWCNTs are graphene sheets with multiple concentric cylinders.
The structures of different forms of carbon nanotubes are given in Figure 3 (Rahmam

etal., 2014).

(a) (b) (c)

Figure 3: Structures of (a) single-walled carbon nanotubes (SWCNTs) (b) double-walled carbon
nanotubes (DWCNTs) (c) multi-walled carbon nanotubes (MWCNTs) (Chemi ef al., 2018; Goze-Bac,
2008; Saleh & Koller, 2019)

Carbon in the form of graphite was discovered in 1779. It is a three-dimensional
layered structure. The carbon atoms are covalently bonded around each carbon atom,

and its layers are bound by much weaker Van der Waals forces (Kaushik et al., 2010).

Each carbon atom releases a pair of an electron that moves freely along the plane,
which is responsible for its electrical and thermal conductivity. Graphite has sp?
carbon bonding hybridization states. It is anisotropic. Due to its anisotropic nature, it
is used as a good lubricant and pencil material. Carbon layers are stacked in a
hexagonal pattern and are connected by a weak Van der Walls force. Graphite
undergoes chemical reactions because of its anisotropic nature, allowing the reactant
to be incorporated between the graphene layers, ultimately forming compounds
known as intercalated compounds. Graphite intercalated compounds are more

electrically conductive than graphite (Chung, 2002).

Graphene sheets are both thermally and electrically conductive due to the overall



distribution of m orbitals (electrons). It exhibits a two-dimensional (2D) order

(Sengupta et al., 2011). The structures of graphite and graphene are given in Figure 4.

Graphene

Graphite
Figure 4: Structure of graphite and graphene (Bai et al., 2019)

Graphene is a two-dimensional carbon nanomaterial consisting of single-layer atoms
arranged in a honeycomb lattice with sp” hybridization (Mbayachi et al., 2021).
Graphite has a layered two-dimensional structure of graphene. The carbon atoms are
covalently bonded around each carbon atom, and the layers are bonded by Van der
Waals forces. Each carbon atom releases a pair of electrons that move freely along the
plane, which is responsible for its electrical and thermal conductivity (Yao et al.,

2020).

Graphite is popular among all the conductive fillers because of its high electrical
conductivity, variety of shapes and sizes, and ease of obtaining using a conventional

process (Cunningham et al., 2007; Hwang et al., 2008).

The use of graphite materials is popular in many fields, including the chemical
industry, petroleum refining, and energy conversion, because of its high electrical and

thermal conductivity, and corrosion resistance (Yao et al., 2020).
1.1.2 Nanodiamond

Zero-dimensional  carbonaceous material, also known as nanodiamond,
nanocrystalline particle, and diamond (Mochalin & Gogotsi, 2015) has dimensions
between 1 and 100 nm. Nanodiamond has three-layered structures composed of sp?
diamond and sp® graphitic bonds (Koumoulos et al., 2015). The surface layer is
made up of sp’ carbonwith a variety of polar functional groups, the central part
has a sp® nanodiamond core and the intermediate layer is made up of diamond-type

carbon (Kausar, 2018). It’s superior thermal, mechanical, and multifunctional
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properties, as well as improved interaction with the matrix, improved dispersion,
biocompatibility, non-toxicity, tailorable surface chemistry, and structural integrity,
make it a promising reinforcing material for the fabrication of nanocomposites

(Kausar, 2019; Koumoulos ef al., 2015).

Nanodiamond was first synthesized in the 1960s by Soviet scientists. It has complex
structures consisting of a diamond core and an amorphous carbon shell (Zhang et al.,
2018). They are less toxic than other carbon nanoparticles (Byrne, 2009; Schrand et
al., 2007). The sp® phase of nanodiamonds is crystalline, and the remaining sp’
fraction is a mixture of amorphous carbon and olefinic molecules (Ferrari &
Robertson, 2004; Krueger & Lang, 2012). The structure of nanodiamond is given in
Figure 5.

Figure 5: Structure of nanodiamond (Xinchun Chen & Li, 2020)

Nanodiamonds have been used in many fields, like tribology and lubrication
(Chou &Lee, 2010; Lee et al., 2017; Shirani et al., 2019), drug delivery (Chauhan et
al., 2020; Giammarco et al., 2016; Kaur & Badea, 2013; Mochalin et al., 2013),
bioimaging (Prabhakar & Rosenholm, 2019; Torelli et al., 2019), biosensors (Huang
et al., 2004), energy storage (Gu et al., 2013; Wang & Cui, 2019), catalysis (Basso et
al., 2020; Bogatyreva et al., 2004; Hunge et al., 2021; Moosa et al., 2014; Zhou et al.,
2017) and photodevices (Qin, Yang, Lv, Li, Chen, et al., 2021). Nanodiamonds tend
to aggregate. These aggregations of nanodiamond particles can be removed by
various techniques like dry milling, ultrasonic treatments (Krueger ef al., 2008), and

surface graphitization (Liang et al., 2011).
1.2 Thermosetting Epoxy Resin

Thermosets are polymers that, when heated or when a curing agent is added, form
three-dimensional, robust, stiff structures of a strongly cross-linked network.

Thermosets are mostly applied in the building and construction industries, while they
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can also be used in transportation, adhesives, and electronic devices. Additionally,
they are employed in advanced applications including the military and aerospace
industries (AlMaadeed et al., 2020). Polyesters, epoxies, polyurethanes, and silicones
are typical thermosets. In thermoset polymers, the linkages are covalent and naturally
cross-linked (Markets, 2007). A few of them are chemically stable in most solvents,

optically clear, gas-impermeable, and photo-resistive (Li ef al., 2021).

Epoxy resins are organic polymer compounds with a low molecular weight having
more than one epoxide group. They are more successful than other thermoset
polymers due to their versatility and exceptional properties including excellent
specific strength, high adhesion with many substrates, good mechanical strength,
superior thermal properties, dimensional stability, low cost, availability in abundance
and low shrinkage rate during curing. These attributes allow epoxy resins to be used
in a wide range of applications (Kausar et al., 2016; Mittal et al., 2016; Saba et al.,
2016; Singh et al., 2019; Zhao & Abu-Omar, 2017). They are widely applied in the
field of paints and coatings (Zhou et al., 2020), adhesives (Kocaman et al., 2020),
aerospace industries, electronics materials, and biomedical systems (Wang et al.,
2014). Several curing agents, such as amines, are used to cure them to create solid,
cross-linked structures. (Khatiwada, 2020; Januszewski et al., 2021). Owing to these
astounding properties, epoxy resin of bisphenol A is used in this work prepared by
reacting epichlorohydrin with bisphenol A in the presence of a basic catalyst (Jin et

al., 2015). The structure of epoxy resin is given in Figure 6.

H3C\C/CH3
o V/\O/ i: i \o/wo

Figure 6: Structures of epoxy resin (DGEBA)

1.3 Nanocarbons-Based Polymer Nanocomposites

Nanocarbons/polymer nanocomposites are polymer materials with the reinforcement
of nanosized particles in a polymer matrix to enhance their mechanical, thermal, and
electrical properties. The polymer nanocomposites comprise two components:

reinforcement filler and the polymer matrix. In the nanocarbons/polymer



nanocomposites, nanocarbons like carbon nanotube, graphite, nanodiamond,
fullerene, nanoclay, and carbon fibre act as reinforcement fillers, and classes of
polymers like thermoplastic and thermoset are used as the polymer matrix. These
types of composites have extraordinary properties and are widely used in engineering
applications, including aerospace, aviation, industries, military, marine, and so on

(Friedrich, 1986; Rahman et al., 2011).

Because of their excellent physical properties, they are used as fillers in reinforced
polymer nanocomposites. Thus, formed nanocomposites have superior mechanical
properties, thermal stability, thermal conductivity, and tribological properties.
Nanodiamond/polymer nanocomposites are widely used as sensors, optical
computing and quantum calculations, electrical energy storage, wastewater treatment,
and bioapplications. They are also used in the aviation, automobile, and

petrochemical industries (Zhang et al., 2018).

Nanodiamond/polymer nanocomposites are used in the manufacture of aircraft,
automobiles, ships, medicine, chemical and petrochemical industries, and in

protective and antifriction coatings (Dolmatov, 2001; Post et al., 2002).

Graphite/epoxy nanocomposites are also well known for their good conductivity,
higher modulus, and tensile strength. The oxidation of graphite causes the change of
sp>-hybridized states of graphite into a disordered structure of sp* and sp* carbon due
to covalent bonding with oxygen functionalities. The attachments of functional
groups increase the hydrophilicity, change the conductivity and allow the
intercalation of molecules between graphene. All these properties of graphite oxide
make it popular for use in various applications like electrode materials, water
purification systems, and precursor materials for the synthesis of graphene
(Boukhvalov et al., 2012; Dimiev et al., 2012; Gao et al., 2009, 2011; J. Kim et al.,
2012; Loh et al., 2010; Zhu et al., 2010). The significant impact on the adhesion,
distribution, and reinforcement effects in the polymer/CNT composites after surface

modification of the CNT is well reported in the literature (Adhikari & Michler, 2009).

To get the best performance out of polymer nanocomposites, a good mix of
nanocarbons and polymers is required. When the nanocarbon is homogeneously
dispersed in the solvent, the mixing is appropriate. Therefore, before mixing the

nanocarbons with the polymer, they must be functionalized. It has been difficult to

7



prepare nanocarbon-reinforced polymer nanocomposites because it is difficult to get
well-dispersed nanocarbons in a polymer matrix, which reduces their performance. As
a result, multi-walled carbon nanotubes, graphite, and nanodiamonds, which are
functionalized nanocarbons of different dimensions, are well dispersed in the polymer

matrix, enhancing its numerous properties.
1.4 Rationale of Study and Research Questions

The functionalization of nanocarbons and their nanocomposites with the epoxy matrix
with a focus on mechanical and electrical properties has been documented in the
aforementioned different literatures. However, a comparative investigation of
nanocomposites with various nanocarbon dimensional compositions, concentrating on
their structural, thermal, morphological, electrical, and surface-wetting characteristics,
has not been fully explored. As a result, the structural properties of
nanocarbon/polymer nanocomposites of various dimensions have been associated in
this study, including correlation between the morphological, structural, thermal,

electrical, and surface wetting properties of the nanocarbon/polymer nanocomposites.
1.5 Research Questions

1. How does the functionalization of nanocarbons differ depending on the

dimensionality of nanocarbons?

2. How does chemical functionalization alter the structural properties of

nanocarbons?

3. How are the physical properties of composites affected by the introduction of

nanocarbons?

4. Does a correlation exist between filler dimensionality and the physical

properties of polymer nanocomposites?
1.6 Objectives

The aim of the present study is the functionalization of nanocarbons of different
dimensionalities and to study the physical properties of their nanocomposites with the

epoxy resin thermosetting polymer.

The specific objectives of the work are as follows:

1. Functionalization of multi-walled carbon nanotubes, graphite nanoplatelets, and



nanodiamonds

2. Preparation of polymer nanocomposite of the nanocarbon with DGEBA-based
thermosetting plastic, the epoxy resin

3. Characterization of prepared polymer nanocomposite in terms of structural,
thermal and morphological study

4. Study of electrical and surface properties of polymer nanocomposites



CHAPTER?2

2. LITERATURE REVIEW
2.1 Preparation of Different Forms of Nanocarbons

Carbon nanotubes (CNTs), graphites (GPs), and nanodiamonds (NDs) can be
synthesized by mainly three different techniques: chemical vapour deposition method,

laser ablation method, and electric arc discharge method see Figure 7 (Dervishi et al.,

2009; Kamal et al., 2020; Qin, Yang, Lv, Li, Liu, ef al., 2021).

Ball milling
Electric-arc T / C::;:;‘:-al )
discharge \ Methods to A\ deposition
synthesize '
Nanocarbons
a{b_]?li;l)‘n Detonation
ki techniques

Figure 7: Schematic diagram of different methods for synthesizing nanocarbons

(a) Electric-arc discharge

The MWCNTs can be commonly prepared by striking an arc between graphite
electrodes in an inert atmosphere (Ar or He). This process also produces carbon soot
containing fullerene. The carbon arc provides a convenient and traditional tool for
generating the high temperature needed to vaporize carbon atoms into plasma (>3000
°C). The yield of CNTs depends on the stability of the plasma formed between the
electrodes, the current density, inert gas pressure, and cooling of the electrodes and
chamber. Among the various inert gases, helium gives the best result, due to its high
ionization potential. After evacuating the chamber with a vacuum pump, an
appropriate ambient gas (He or Ar) is introduced at the desired pressure (about 500
torrs) and the direct current arc voltage is applied (20-25 V) between the two graphitic
rods (separated by Imm distance). When the electrodes are made to strike each other,

it produces an electric arc. The energy that is produced in the arc gets transferred to
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the anode, ionizing the carbon atoms of the pure graphite anode, producing C" ions,
and forming plasma. When these positively charged carbon ions approach the
cathode, they are reduced, deposited, and grow as carbon nanotubes on the cathode.
There are different experimental conditions for the synthesis of SWCNTs, DWCNTs,
and MWCNTs (Dervishi et al., 2009).

b) Laser ablation method

It is a physical vapour deposition technique in which a piece of graphite target is
vapourised by laser irradiation at high temperatures in an inert atmosphere. MWCNTs
were found when a pure graphitic target was used. A graphitic target is placed in the
middle of a long quartz tube mounted in a temperature-controlled furnace. The laser
vaporization produces carbon species, which are swept away by the flowing gas from
the high-temperature zone and deposited on a conical, water-cooled copper collector.
The quality and yield of the products have been found to depend on the reaction
temperature. The best quality is obtained at a reaction temperature of 1200 °C. At low
temperatures, the structure quality deteriorates and the CNTs begin to exhibit

numerous defects.

As soon as small quantities (few % or less) of transition metals (Ni, Co) playing the
role of catalyst are incorporated into the graphite pellet, the products yielded undergo
significant modification, and SWCNTs are formed instead of MWCNTs. The yield of
SWCNTs strongly depends on the type of metal catalyst used and is seen to increase
with furnace temperature. A high yield of about 50 % conversion of transition
metal/graphite composite rods to SWCNTs was reported in the condensing vapour in

a heated flow tube operating at 1200 °C.

Unfortunately, the process requires high-purity graphite rods, and high laser powers,
and produces fewer MWCNTs per day than the arc discharge approach does. As a

result, the laser technique is not commercially viable (Dervishi et al., 2009).
(¢) Chemical vapour deposition method

Chemical vapour deposition (CVD) is a popular method for thin film depositions.
This method is very different from the arc discharge and laser vaporization methods
for CNT production. Arc discharge and laser vaporization can be classified as high

temperature (>3000 K) and short time (micro to the millisecond) reaction techniques,
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whereas catalytic CVD is a medium temperature (500-1000 °C) and long-time
reaction (minutes to an hr) technique. The main technological disadvantages of arc
discharge and laser vaporization are that CNTs are produced and can stand alone. The
CNTs do not grow on a patterned substrate. A major advantage of CVD is that the
CNTs can be used directly without further purification unless the catalyst particles are
required to be removed. The CVD synthesis schematic diagram is displayed in Figure

8.
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Figure 8: Schematic diagram of CVD for the synthesis of nanotubes (Dervishi et al., 2009)

The synthesis of carbon nanotubes by the thermal CVD method uses hydrocarbon
gas as a carbon source. In this method, a quartz tube is placed inside a furnace
maintained at a temperature of 500-900 °C. A substrate-coated crucible with
nanoparticles is placed inside the quartz tube, which is filled with argon gas and then
the hydrocarbon gas is pumped into the tube where it undergoes a pyrolysis reaction
and forms vaporized carbon atoms. These carbon atoms were bonded to the substrate,
joining each other with the Van der Waals force of attraction, which eventually

grows as multi-walled carbon nanotubes on the substrate.

Different CVD methods are reported. They are thermal chemical vapour deposition,
plasma-enhanced chemical vapour deposition, and catalytic pyrolysis of

hydrocarbons.

Besides the above techniques, there are other methods reported for the synthesis of

CNTs, such as different solution-based techniques, diffusion fusion synthesis,
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electrolysis using graphite electrodes immersed in molten ionic salts, ball milling of

graphite, heat treatment of polymers, etc. (Pham et al., 2017).

Additionally, nanodiamonds can be synthesized by
(a) Detonation techniques

The detonation technique has been widely used in the preparation of nanodiamonds
due to its advantages of easy operation, simple equipment fast reaction, and low
synthetic cost. The gun spray process used in detonation techniques is shown in
Figure 9.

Powder feeders

Ceramic powder Metal powder Specimen
moving direction

\

Spark plug
Detonation wave

! \ N\
2" shot 1% shot

Nitrogen Acetylene  Oxygen

Figure 9: Schematic representation of showing gun spray process (Ke ef al., 2011)

(b) High pressure and high temperature

In this method, nanodiamonds were synthesized from graphite with metal catalysts in
a large volume. The pressure and temperature of 5-6 GPa and 1300-1500 °C were
maintained in the system. From this method, high-quality and nanosized diamonds
can be synthesized. NDs synthesized from this method contain no metal impurities
and are highly biocompatible, which makes them suitable for medical applications.
Thus synthesized NDs have high toughness, wear resistance, and thermal

stability, making them applicable in abrasives, cutting, and polishing tools.
(c) Ball milling

It is the method that uses the rotation and vibration of a ball mill to make the balls
strongly impact, grind, and agitate the raw materials to crush the samples into
nanoscale particles. Ball milling techniques are used to create NDs, which are useful
for bioimaging and drug administration because of their small size and high

fluorescence defects (Qin et al., 2021).

13



2.2 Nanocarbons Functionalization
2.2.1 General methods of functionalization
(a) Covalent functionalization

Carbon nanotubes have more reactive end caps than side walls. It also contains defect
sites like pentagon-heptagon, sp® hybridized effects, and vacancies in the nanotube

lattice (Hirsch, 2002; Sinnott, 2002).
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Figure 10: Schematic representation of covalent sidewall functionalization of nanotube (Bikiaris et al.,

2008)

In direct covalent sidewall functionalization, the change of hybridization from sp* to
sp’ takesplace with a simultaneous loss of the p-conjugation system on the graphene
layer. In another method, namely defect functionalization of CNTs, defects are
supplemented by oxidative damage to the nanotube framework by strong acids, which
leave holes functionalized with oxygenated functional groups. When CNT is treated
with strong acids such as HNOs, H2SO4, or mixtures of these acids, oxygenated
functional groups such as -COOH, -OH, and -C=0 are added as shown in Figure 10
(Chen et al., 1998).

Due to the attachment of these functional groups during covalent functionalization
(Hirsch & Vostrowsky, 2005; Le et al., 2013), the solubility and dispersion are
enhanced in a variety of solvents including water, dimethyl formamide, ethyl alcohol,

1,3-dimethyl-2-imidazolinone, dimethyl sulfoxide, and chloroform (Guo et al., 2017).
(b) Non-covalent functionalization

Non-covalent functionalization does not destroy the conjugated system of CNT

sidewalls. CNTs are mostly functionalized by aromatic compounds, surfactants, and
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polymers through stacking or hydrophobic interactions in non-covalent
functionalization (Jeon et al., 2011). The graphitic structure and original properties of
CNTs after modification remain the same as before (Cao et al., 2020; Meng et al.,

2009).
(¢) Direct sidewall functionalization

In direct sidewall functionalization, there is a change of carbon atoms from sp” to
sp’. The cycloaddition and electrophilic or nucleophilic attack on the aromatic rings
resulted in the loss of conjugation by carbon atoms (Meng et al., 2009; Syrgiannis et

al., 2020).

The various methods for sidewall functionalization, in which the carboxylic acid
groups are covalently bonded to the sidewall of a single SWNT, were described by
Darabi et al. (2012).

(d) Endohedral Functionalization

In endohedral functionalization, the inner cavity of the tubes is explored in terms of
various reactions that do not happen outside the tubes (Pichler et al., 2003; Setaro,

2017).

CNTs behave like other organic molecules by encapsulating molecules or atoms
within their central concave space through a variety of synthetic methods (De Juan &

Pérez, 2013; Khlobystov et al., 2005).
2.2.2 Functionalization of carbon nanotubes (CNTs)

Ahmed et al. (2013) studied the functionalization of multi-walled carbon nanotubes
(MWCNTs) treated with oil olive and nitric acid (65 %). They have functionalized the
surface of MWCNTs. The acid-modified MWCNTs were characterized by fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning
electron microscope (SEM). The existence of the carboxyl group was confirmed by
the FTIR, whereas the occurrence of surface modification was confirmed by SEM.
Finally, they were successful in obtaining well dispersed MWCNTs which can be

used in various applications.

Mohl et al. (2007) have chemically modified the multi-walled carbon nanotubes
(MWCNTs) to impart a specific desired property. The functionalization of MWCNTs
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is carried out using HNO3 and KMnOy; afterwards, amine-containing groups were
introduced. They have successfully explored a covalent strategy for the

functionalization of multi-walled carbon nanotubes.

Multi-walled carbon nanotubes (MWCNTSs) were modified and functionalized via
Fischer esterification by Abuilaiwi et al. (2010). MWCNTs were treated with nitric
acid to remove the catalyst and introduce carboxylic groups to the surface of
MWCNTs. After that, functional groups were successfully covalently attached to the
MWCNTs surface via amidation or esterification. The functionalized MWCNTSs were
then characterized by FTIR, thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC). The TGA data has confirmed the presence of functional
groups attached to the surface of MWCNTs and their corresponding degradation with

increasing temperature in an inert atmosphere.

Abdullah & Zulkepli (2015) treated the multi-walled carbon nanotubes (MWCNTs)
with concentrated nitric acid. After functionalization, the treated MWCNTSs were
analysed by FTIR and XRD. From the XRD, the percent of crystallinity was
determined. When pristine MWCNTs were treated for 12 hrs and then fluorinated
with nitric acid for another 12 hrs, the crystallinity increased from 66 wt. % to 80 wt.
%. The FTIR spectra in Figure 11. shows the attachment of the carboxyl functional
group after 12 hrs of treatment and 12 hrs of reflux of MWCNTs with nitric acid

have shown the presenceof only a hydroxyl group on its surface.
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Figure 11: FTIR spectra of (a) MWCNTs treated with HNO3 for 12 hrs (b) MWCNTs treated with
additional 12 hrs (M. P. Abdullah & Zulkepli, 2015)

Ahmad et al. (2013) investigated the purification and functionalization of

commercial multi-walled carbon nanotubes MWCNTs. MWCNTs were treated with
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conc. HNOjs for 2 hrs. After that, the MWCNTSs were washed with deionized water till
neutral. The thermal decomposition procedure was studied by thermogravimetric
analysis; on the other side chemical shift in MWCNTs is determined by Raman
spectroscopy. Raman spectra revealed that the D and G band positions had shifted in
oxidized Baytube and vice versa in oxidized Skyspring MWCNTs. From the TGA
analysis, it was confirmed that the metal catalyst of the oxidized baytube sample has
been eliminated compared to the oxidized Skyspring sample. Both measurement
techniques confirmed that Baytube MWCNTs were more stable compared to

Skyspring MWCNTs.

The functionalization of MWCNTs is carried out by sonication in mildly acidic
conditions. A mixture of nitric acid and sulfuric acid in a ratio of 1:3 is used to
functionalize MWCNTs. The functionalized MWCNTs were characterized by FTIR
and field emission scanning microscopy (FESEM) to determine the chemical bond
present and investigate the surface morphology. FTIR shows the attachments of
different oxygen-containing functional groups. The use of low concentrations of acid
and low temperature reduces the defect sites on functionalized MWCNTs. Along with
this, in both pristine and functionalized MWCNTs same worm-like bundling

structures were observed (Fatin et al., 2014).

To evaluate their impact on the structural integrity of multi-walled carbon nanotubes
(MWCNTs), the as-received MWCNTs were treated with a non-oxidative acid and a
basic treatment. SEM and TGA analyses showed that the nitric acid-treated MWCNTs
under reflux conditions suffered the highest degree of degradation. There was a
complete removal of amorphous carbon and metal oxide impurities, but there was no
disturbance in structural integrity, which is confirmed by thermogravimetric analysis

(Datsyuk et al., 2008).

A mixture of sulfuric acid and nitric acid (3: 1) was used to oxidize multi-walled
carbon nanotubes for 1, 2, and 4 hrs respectively. The oxidized MWCNTSs were
characterized by FTIR, X-ray photoelectron spectroscopy (XPS), TGA, and Raman
spectroscopy to determine the degree of oxidation. FTIR, TGA, and XPS confirmed
that the attachment of functional groups depends on the treatment time and the better
dispersibility of MWCNTSs was obtained in water having a higher oxidation degree
(Liu et al., 2018).
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MWCNTs were surface modified by treating with HCl, H2SO4/H202, HNO3, and
H202/NH4OH under standard conditions. The higher conductivity was seen in the
case of the mixture of H202/NH4OH nanocomposites because of the milder impact of
the mixture of H202/NH4OH on the conductive shells of nanotubes and the effective

removal of poorly conducting amorphous carbon (Spitalsky ez al., 2009).
2.2.3 Functionalization of graphite (GP)

The inertness and robust crystallinity of graphite restrict the range of its uses in a
variety of fields. Thus, it is proposed that the surface functionalization of graphite is
the initial step in developing new physical and chemical qualities including solubility
and dispersibility to enhance its properties as shown in Figure 12 (Aliyeva et al.,

2019).
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Figure 12: Schematic representation of functionalization of graphite surface via diazonium chemistry

(Aliyeva et al., 2019)

The surface functionalization of graphite was carried out by contact and remote
photocatalytic oxidation methods. The photo-catalytically oxidized graphite (POG)
was studied by Raman spectroscopy, which confirmed the transformation of sp’-
hybridized carbon to oxygenated sp’-hybridized states. XPS was used to study
carbon-oxygen bonding at the graphite surface after oxidation. The C=0O peak was
observed at the POG surface after photocatalytic graphite oxidation, indicating
oxygen functional groups shown in Figure 13. The C-C peak at 284.5 eV was
broadened due to graphite surface functionalization causing sp’-sp® transformations

(Ostyn et al., 2021).

The oxidation of graphite was investigated where the oxidation process of graphite
was studied by oxidation experiment and density functional theory. After that, the
characterization of the unhydrolyzed oxidized graphite was carried out using nuclear

magnetic resonance, thermogravimetric analysis, and X-ray photoelectron
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spectroscopy techniques.
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Figure 13: XPS spectra showing covalent oxygen bonding after TiO, photocatalytic oxidation. (a)
Pristine graphite and (b) POG prepared by contact mode under 70 vol% O, and 1.8 vol% H>O vapour
for 120 hrs at 70 °C

It reveals that the attached functional groups are mainly hydroxyl and epoxide groups
as well as monosulphate. The density functional theory is used to calculate Gibb’s

free energy of the oxidized microdomains (Selva et al., 2020).

Alam et al. (2017) evaluated the plasma treatment method and wet chemistry for their
efficacy and efficiency in the surface modification of carbon-based nanoparticles.
They concluded that using plasma techniques to change carbon nanoparticles is an
efficient, non-destructive, and more ecologically friendly strategy after comparing the

two methods.
2.2.4 Functionalization of nanodiamond (ND)

Polypropylene (PP) membranes were mixed with ND at concentrations ranging from
0.25 to 1 wt. % to enhance the antifouling capabilities. The attachment of the carboxyl
group was confirmed by Fourier transform infrared spectroscopy analysis. The
carboxylated ND was examined using FESEM, contact angle, and tensile tests after
being incorporated into polypropylene membranes. The research found that at the
same concentration of unmodified and carboxylated ND nanoparticles, PP/ND-COOH
membranes had higher hydrophilicity, pure water flux, and tensile strength than
PP/ND membranes. The 0.75 wt. % PP/ND-COOH membrane demonstrated better

antifouling properties than other membranes when fouling mechanisms were
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examined (Hoseinpour et al., 2019).

Nanodiamond (ND) was initially functionalized to facilitate effective interaction
between the polymer matrix and the filler ingredient. IR spectroscopy confirmed the
presence of several carboxyl and hydroxyl groups linked to ND surfaces. The
functionalized ND was then mixed with polyvinyl alcohol, and the nanocomposites
were examined using TEM, SAXS, and DSC. The results demonstrated that there was
no agglomeration and that ND particles were distributed consistently throughout the
fabricated nanocomposites. The polymer's crystallinity was found to increase as the
ND concentration increased, and the hardness value significantly increased when the

ND wt. % decreased (Maitra et al., 2009).

Nanodiamonds were functionalized using a variety of methods to achieve uniform
dispersion and address the issue of ND aggregation. Nanodiamonds were introduced
to epoxy resin by vacuum bagging process at three distinct loadings, 0.1, 0.3, and 0.5
wt. %, after being functionalized by ozone treatment. The functionalization of
nanodiamonds was completed by dispersing the nanodiamonds in epoxy resin. The
study showed that the addition of nanodiamonds enhances the epoxy's adhesion to the
matrix, which is the main cause of the nanocomposite’s enhanced mechanical
properties. The nanocomposite crack deflection fracture mechanism is modified by
the nanodiamonds, enhancing their strength. In Figure 14 the peaks around 1625 and
1790 cm™! represent carbonyl functional groups (C=0) observed after as well as the
peaks around 2800 and 3000 cm ! for ND were removed after the ozone treatment

(Zaheer et al., 2018).
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Figure 14: FTIR spectra of as-received ND and ozone-treated ND (Zaheer et al., 2018)

20



To facilitate the interfacial molecular interaction between reinforcement and matrix,
the sp” content of ND is minimized using the annealing procedure. According to XRD
and FTIR studies, the reduction in resistivity is based on the sp?/sp® carbon
ratio of ND, and annealing of ND occurs at 450 °C. The characteristics of annealed
EP/ND nanocomposites with low filler concentrations ranging from 0.1 wt. % to 0.5
wt. % found that the improvement of the dielectric characteristics of epoxy
nanocomposites was shown to be significantly influenced by the elimination of sp’
carbon and metal impurities. 0.3 wt. % concentrations of ND increased the thermal
conductivity of EP/ND nanocomposites by 21 wt. % (0.197 W/mK) at 55 °C, and this
increased as the temperature was raised. The annealed EP/ND nanocomposites show
an improvement in Vickers hardness value by 107.96 wt. % (Singh & Mohanty,
2020).

PEEK poly(ether-ether-ketone) was melt blended with phenyl phosphonate modified
oxidized nanodiamond (OND) or carboxylic nanodiamond (CND) to investigate the
impact of surface chemistry on ND dispersion and ND/PEEK nanocomposite
characteristics. The electrical conductivity of the composites does not significantly
enhance when ND is introduced to PEEK. The OND dispersion in PEEK and the
PEEK crystallinity do not appear to be significantly impacted by the sonication-
assisted phenyl phosphonate grafting on OND. DSC confirmed that the
ONDson/PEEK nanocomposites have a somewhat higher degree of crystallinity than
both OND/PEEK and pure PEEK. When phenylphosphonate grafting is done on
OND, it can increase composite thermal conductivity by up to 38 % when compared

to pure PEEK (Wahab et al., 2017).

The functionalization of ND using the microwave-assisted technique is a quick,
affordable, and environmentally friendly approach. The presence of a carboxylic
group on the surface of the NDs was confirmed by FTIR studies. The carboxylic
nanodiamonds (C-NDs) have shown greater solubility in water, tetrahydrofuran, and
dimethyl sulfoxide, and developed stable dispersions in both aqueous and organic
solvents. The X-ray diffraction (XRD) analyses showed that microwave treatment had
no impact on the ND’s core. The carboxylation increased solubility and reduced

agglomeration in both aqueous and polar organic solvents (Desai & Mitra, 2013).

The ND surface was functionalized using atom transfer radical polymerization, which
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resulted in interactions between the methacrylate esters and surface functionalized
ultra dispersion nanodiamond (UDD) nanoparticles, which formed UDD/polymer
brushes with hydrophobic and hydrophilic properties. Today, a variety of hydrophilic
UDD/polymer brush materials with controlled dispersibility and functional group

reactivity are available that are created via acid hydrolysis (Li et al., 2006).

Detonated Diamond (DND) 1is a strongly agglomerated substance, and
deagglomeration can be accomplished by milling beads or by bead-assisted sonic
disintegration, which produces stable colloids in a variety of organic solvents. The
functionalized and deagglomerated DND is a potential material for use in covalently
bonded composite materials as well as biological applications like labelling, drug
delivery, and sensing. Additionally, surface functionalization can be done by grafting
silanes and amino acids, and hydroxyl groups can be added via reductive surface

homogenization using borane (Krueger & Boedeker, 2008).

Usually, the process of functionalizing nanodiamonds begins with nitric and/or
sulfuric acid treatment. In this process, the surface graphite is removed, and the
diamond surface is uniformly finished with hydrophilic oxygen-containing groups.
Then, at temperatures ranging from 300 to 1000 °C, the hydrogenated and oxidized
diamond surfaces were both fluorinated. Particularly for the fluorination of oxidized
diamonds, the surface reaction temperature was found to be the most significant factor

(Ando et al., 1993).

The low-cytotoxic NDs are functionalized because they are a non-toxic substitute for
inorganic nanoparticles. For the detonation of diamond agglomerates, the organic
functionalization approach is discussed. Surface homogenization is accomplished
through silane reduction and grafting, followed by amino acid linkage on the surface.
These new functionalized diamond materials have the potential to be useful for
fluorescence marker and drug delivery applications by attaching biologically active

building units (Kriiger et al., 2006).
2.3 Preparation of Epoxy/Nanocarbons Nanocomposite (EP/NC)

Epoxy/multiwall carbon nanotube (EP/MWCNTSs) nanocomposite was developed by

Montazeri and his team to examine their mechanical properties using sonication.

To accomplish this, the MWCNTs surfaces were first modified by a combination

of acids, and only EP/MWCNTs nanocomposites were then created. The
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EP/MWCNTs nanocomposites were subjected to a tensile test and an electron
microscopy analysis. It was discovered that the composites containing MWCNTs that
had undergone an acid treatment displayed higher Young's modulus values, indicating
improved mechanical capabilities. Additionally, they discovered that the acid-treated
MWCNTs were distributed uniformly throughout the epoxy matrix and had less pull-

out than the untreated one (Montazeri et al., 2010).

Neitzel et al. (2011) investigated the mechanical properties of epoxy/nanocomposites
containing a higher concentration of ND. The solution casting technique, in addition
to sonication, was used to produce the epoxy/nanodiamond (EP/ND) nanocomposites.
The microhardness was measured using a Vicker's indenter, and the results showed a
300 % increase in hardness compared to neat EP. Additionally, it was discovered that

the addition of ND particles enhanced the heat conductivity of the epoxy resin.

The schematic diagram showing different methods of preparation of nanocomposites

is shown in Figure 15.
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Figure 15: Schematic diagram showing different methods of preparation of epoxy/nanocarbon

nanocomposites

The EP/MWCNTs nanocomposites with different weight ratios were prepared by
using a shear mixer and an ultrasonication processor. The average thermal
conductivities of the samples with filler concentrations of 0.2, 0.4, 0.6, and 0.8 wt. %
MWCNTs were found to be approximately 0.27, 0.31, 0.36, and 0.33 Wm'K"!. With
only 0.6 wt. % of MWCNTs, the thermal conductivity was increased by around 64 %
in comparison with neat EP with MWCNTs loadings of 6 wt. % (Koo & Lee, 2015).

Epoxy/graphite (EP/GP) conductive nanocomposites were prepared by mixing and
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moulding techniques assisted by sonication. As a result, the prepared EP/GP
composites were tested for conductivity and mechanical properties. The morphology
of the fracture surface was studied using a scanning electron microscope, which
showed that the white epoxy and black graphite are uniformly dispersed on the
fracture surface of the nanocomposites. The 1:1 ratio of the two kinds of graphite
showed the best electrical and mechanical properties, with a resistivity value of

0.0800 Q.cm and a bending strength of 47.32 MPa (Yao et al., 2020).
2.4 Properties of Epoxy/Nanocarbons Composites
2.4.1 Properties of epoxy/carbon nanotube (EP/CNT) nanocomposites

Chen et al. (2008) investigated the amine-treated EP/MWCNTs nanocomposites and
found that they were covalently grafted into the epoxy matrix. The increment in the
MWCNTs filler percentage in the composites increases its tensile and impact strength.
The addition of 1.5 wt. % amine-treated MWCNTs significantly improve the tensile

strength and also thermal stability of the nanocomposites.

Allaoui et al. (2002) reported the electrical properties of the nanocomposite with a
different wt. % of nanotubes. The conductivity took place for nanotube concentration
between 0.5 wt. % and 1 wt. % and was observed by an increase of nine orders of

magnitude in the range of 0-4 wt. %.

The nanocomposite film contains CNTs synthesized by floating catalyst spray
pyrolysis techniques. The nanocomposites comprising 59 wt. % CNT showed a high
tensile strength of 1.4 GPa and a high electrical conductivity of 1.4x10°> S.m™! (Chen et
al., 2019).

Smolen et al. (2021) investigated the effect of multi-walled carbon nanotubes on the
mechanical and electrical properties of EP/MWCNTSs nanocomposites. They purified
MWCNTs and covalently functionalized the MWCNTs to introduce functional groups
on their surfaces. DC resistivity (Figure 16), tensile strength, strain, and Young’s
modulus with the addition of 0 to 2.5 wt. %. MWCNTs were monitored. Their study
concluded the addition of functionalized MWCNTs on epoxy resin produces

electrically conductive nanocomposites with a percolation threshold of 1 %.
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Figure 16: Plot of resistivity vs weight fraction of carbon nanotubes (Smolen ef al., 2021)

Ahmad & Kumar (2012) used the epoxy matrix to produce isotropically conductive
adhesives. The various wt. % of multi-walled carbon nanotubes (MWCNTs) were
used to produce different concentrations. The conductivity value of 10 Scm™ was
obtained at a filler concentration of 0.3 wt. %. They further concluded that conductive
adhesives have high electrical conductivity, and great impact strength was obtained at

very low filler loadings.

Sulong et al. (2009) tried to improve the mechanical and electrical properties of
EP/MWCNTs by increasing dispersion and interfacial bonding strength between
MWCNTs and EP matrix. Chemically functionalized MWCNTs and surfactant
additive MWCNTs were incorporated into the EP matrix and are investigated as a
function of MWCNTs concentrations. The unbalanced polarization effect and
physical structure defects due to severe conditions during the acidic treatment process
made the electric conductivity dominant on surfactant additive MWCNTSs over the
chemically modified one. Therefore, they concluded that non-chemical methods are

preferable for electrical applications.

Royan et al. (2013) have shown interest in the electrical and mechanical propertiesof
EP/MWCNTs nanocomposites as bipolar plate applications. The conductivity and
mechanical properties of acid-treated and ultraviolet-treated EP/MWCNTs
nanocomposites were determined and compared. In comparison, they found that acid-
treated EP/MWCNTSs nanocomposites give lower electrical conductivity than the UV-
treated ones. Therefore, they concluded that the dry oxidation method is preferable for

the dispersion and distribution of nanomaterials in a polymer matrix in order to
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achieve high electrical conductivity and good mechanical strength.

The thermal and electrical properties of the EP/SWCNT nanocomposites reinforced
with purified SWCNTs were studied. Highly purified SWNTs have the potential to
significantly improve the thermal conductivity of the EP/SWCNT nanocomposites on
the other hand they are not favourable for electrical properties because of their

inability to form an effective percolating network (Chen et al., 2019).

The MWCNTs were produced using catalytic decomposition methods, and they were
then subjected to chemical treatments to add various oxygen-containing functional
groups. The mechanical characteristics of the EP/MWCNTSs nanocomposites at 1, 2,
and 3 weight percent were examined. The fracture surface analysis test and the tensile
test were carried out. Because of the isotropic orientation shown in Figure 17 of
MWNT in an EP matrix, their research showed that nanocomposites are brittle by

nature (Breton et al., 2004).

Figure 17: SEM image showing the fractured surface of (a) pristine and (b) oxidized MWCNTs of 6
wt. % (Breton et al., 2004).

To develop EP/MWCNTs nanocomposites, the multi-walled carbon nanotubes
(MWCNTs) were first functionalized using the diazonium salt process. The attached
functional groups after chemical treatment of the nanocomposites were then
determined by thermogravimetric analysis (TGA) and Fourier transform infrared
spectroscopy (FTIR). Similarly, a scanning electron microscope was used to study the
surface's fractography (SEM). They discovered that aromatic diamines attained higher
functionalization degrees than aliphatic diamines. After MWCNTs were
functionalized with diamines, fractography observations showed significant changes

in the fracture mode of the reinforced nanocomposites (Moaseri et al., 2019).
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MWCNTs of varying diameters were used to reinforce the EP matrix, and their
impact on the mechanical and fracture properties of EP/MWCNTSs nanocomposites
was examined. It was discovered that selecting MWCNTs of varied diameters had a
direct impact on the dispersion performance. The diameter of MWCNTs, the
additional amount of MWCNTs, and their dispersion all influence the reinforcing
effect of MWCNTs on the EP matrix. MWCNTs-25/EP composites demonstrated a
significant improvement in tensile strength, with increases in elastic modulus of 11.5
% and 8.3 % over those of neat EP, respectively, when 0.5 wt. % MWCNTs were
incorporated. The best toughening result was obtained at the MWCNTs diameter of
25 nm (MWCNTs-25), which comprised 0.7 wt. % of modifiers (Xu et al., 2021).

Using shear mixing and sonication, MWCNTs reinforced EP nanocomposites were
produced. The fabricated specimens' mechanical, viscoelastic, thermal, and electrical
characteristics were determined and evaluated. The samples with a nanotube
concentration of 0.6 wt. % showed better dispersion and greater strength than those of
the other specimens, according to the microscopic investigations and the measured
tensile strengths. The sample with a 0.6 wt. % nanotube filler concentration had also
shown higher thermal conductivity than the other. It was also discovered that the
electrical conductivity improved as the concentration of nanotubes increased (Koo et

al., 2014).

Vajaiac et al. (2015) prepared EP/MWCNTs nanocomposites of different weight
ratios like 0.5, 2, and 4 wt. % with functionalized MWCNTs. The presence of the
strong interaction bonding between the EP matrix and filler particles was
characterized by Raman spectroscopy and DSC. Mechanical examinations of
nanocomposites show a general improvement in flexural strength under tensile stress
and Young's modulus at low nanotube concentrations. A low mass concentration of
fMWCNTs, up to 0.5 wt. % was shown to generally enhance the mechanical
properties of the EP resin, with more fMWCNTs addition having a negative impact.

The EP/MWCNTs nanocomposites with functionalized MWCNTSs were prepared and
their nanomechanical, structural and viscoelastic properties were investigated. It was
found that nanohardness was improved approximately by 22 % in storage modulus for
0.1 % of chemically modified EP/MWCNTs nanocomposites with that of the neat EP

resin. In contrast to neat EP, the fractured surface of nanocomposites was noticeably
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rougher, demonstrating typical brittle fracture behaviour (Ivanov et al., 2014). Figure

18 demonstrated that nanohardness increased with the addition of the MWCNTs.
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Figure 18: Plot showing hardness as a function of MWCNTs wt. % (Ivanov et al., 2014)

The elastic mechanical characteristics of the EP/MWCNTSs nanocomposites were
investigated by Moumen and his teams using the microindentation test. It was found
that EP reinforced with MWCNTSs nanocomposites show outstanding mechanical
properties. The elastic modulus, fracture toughness, and ability to withstand crack
evolutions appear to be improved by the addition of a modest number of MWCNTs.
By incorporating just 1 % MWCNTs, the stiffness of the nanocomposites modified

with nanotubes was dramatically increased roughly by 3.5 % (Moumen et al., 2017).

The multiwall carbon nanotubes (MWCNTSs) were functionalized using a variety of
techniques, including plasma treatment, chemical oxidations, ball milling, and thermal
treatment, and then added to the EP matrix to form nanocomposites. It was discovered
that the addition of MWCNTs with epoxy resin leads to brittle nanocomposites
however the fracture strength and tensile modulus are reduced for all treatment
methods. The highest value of Young’s modulus was obtained for oxygen-plasma-

treated MWCNTs (Breton et al., 2002).

The effect of sonication and the content of the multiwall carbon nanotubes
(MWCNTs) on the mechanical and electrical properties of the composites were
studied. The nanocomposites were prepared with different wt. % of MWCNTs
sonicated in three different outputs. The tensile test, thermal analysis, DSC test, and
the microscopic test was carried out. With 75 W of sonication power output and 0.6

wt. % of MWCNTs, the greatest increase in tensile characteristics was recorded. The
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glass transition temperature (Tg) of the nanocomposites examined here rises with
increasing sonication power output. When compared to neat EP resin, the thermal
study showed that the presence of MWCNTSs raised the Tonset of the nanocomposites
(Neto et al., 2020).

Vacuum-assisted resin transfer moulding was used to construct multiwall carbon
nanotube EP/MWCNTSs nanocomposites, as described by Lee and his research teams.
For EP resins with different weight ratios of MWOCNTs, the mechanical
characteristics, fracture surface morphologies, and thermal stabilities of these
produced nanocomposites were investigated. The thermal analysis revealed that the
increased MWCNTs concentration improved the thermal stability of nanocomposites.
The tensile strength, modulus, impact strength, and thermal stability of the composite
were significantly improved as a result of the successful integration of a substantial
amount of MWCNTs into EP resin using the vacuum-assisted resin transfer moulding

approach (Lee et al., 2014).

The thermal, electrical, and morphological properties of the EP/MWCNTs
nanocomposites with various filler contents of MWCNTSs were studied. According to
their research, adding MWCNTs to EP resin improved its glass transition temperature
(Tg) and electrical properties but did not significantly alter its thermal conductivity.
According to the microscopic analyses, the majority of MWCNTSs were uniformly

dispersed, but some of them were aggregated (Yuen et al., 2007).

To fabricate EP/MWCNTSs nanocomposites, MWCNTs were first functionalized by
adding carboxylic acid groups (-COOH) to their surface. This was accomplished
using a solution-mixing process. The EP/MWCNTs nanocomposites with 1 wt. % of
MWCNTs were found to have a hardness value of 133 %. Microscopical analysis
proved that nanocomposites with filler contents of 0.75 wt. % had superior dispersion
and adherence. This work shows that epoxy resin has good mechanical and thermo-
mechanical properties when MWCNTs are added at lower fractions (Saha & Bal,
2017).

Different mixing methods were employed to make EP/MWCNTs nanocomposites
using various proportions of multi-walled carbon nanotubes (MWCNTSs). Fracture
toughness tests were used to describe the nanocomposites, and field emission

scanning electron microscopy was employed to examine their morphology (FESEM).
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It was discovered that adjusting the MWCNTs concentration and mixing methods
causes a change in the mechanical characteristics of EP/MWCNTSs nanocomposites.
This work also showed that the MWCNTSs were uniformly dispersed by the sonication
method in the EP matrix, which was confirmed by microscopy (Chow & Tan, 2010).

MWCNTs were embedded into the epoxy matrix with additives to improve flame-
retardant properties. To obtain better dispersion both multi-walled carbon nanotubes
(MWCNTs) were fluorinated and then mixed with the EP to obtain the required blend.
The structural, morphological, and thermal properties of the blend were studied by
using field emission scanning electron microscopy and thermogravimetric analysis. It
was concluded that the thermal stability of the EP/MWCNTSs was found significantly
improved on using fluorinated montmorillonite and MWCNTs as filler particles

(Im et al., 2010).

Lau et al. (2003) measured the hardness and flexural properties of the EP/MWCNTs
nanocomposites with different wt. % of carbon nanotubes. The nanocomposites with
varying content of the MWCNTSs demonstrate varied hardness values. It was also
observed that the number and size of voids in the composites were higher in the case
of the EP/MWCNTs nanocomposites than the neat EP. The flexural strength of a
nanotube nanocomposite beam declined. The SEM fractographic pictures showed
pull-outs of the nanotubes as shown in Figure 19, which indicated a weak bond
between the MWCNTs and the EP matrix. As a result, the matrix's ability to transfer
stress to the MWCNTs in the direction of the load was reduced thus decreasing

flexural strength.

Figure 19: (a) SEM image of longest nanotubes showing the formation of network structures (b)

Fractured surface of the EP/MWCNTSs nanocomposites on tension (Lau et al., 2003)
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Wang et al. (2020) used carbon-centred free radical enriched carbon nanotubes
(CNT) to reinforce epoxy (EP) resin. The as-prepared nanocomposites were subjected
to fire safety and vertical burning tests. In addition to this, its mechanical properties
were studied by performing tensile tests, and dynamic mechanical analysis (DMA). It
was found that the addition of carbon-centred free radical-enriched CNT to the EP
matrix had a substantial effect on the mechanical properties of the nanocomposites.
Along with this, it was observed that CNTs with carbon-centred free radicals retard

the development of fire in the initial period.

It was reported in the literature that an increment in the concentration of carbon
nanotubes increases the limiting oxygen index values. It was also reported that the
functionalized MWCNTs bear higher limiting oxygen index (LOI) values than the
pristine MWCNTs. From the thermogravimetric analysis (TGA) and LOI test, the
EP/MWCNTs composites with 0.5 wt. % of MWCNTs have shown significant
improvement in the LOI and thermal stability of the nanocomposites (Kausar et al.,

2017).

Pereira (2009) investigated the effects of different nanomaterials namely
nanomagnesium hydroxide nano-Mg(OH), and carbon nanotubes (CNT) on the

flammability of epoxy.

This study suggested that the as-prepared epoxy nanocomposites based on CNT with
lower wt. % can bring promising changes in the resin flammability and act as flame

retardant materials.

MWCNTs were treated with a 3:1 mixture by volume of concentrated sulphuric acid
and nitric acid. After functionalization both pristine and acid-treated MWCNTs were
incorporated into the EP matrix. The as-prepared EP/MWCNTSs nanocomposites were
subjected to tensile tests, morphological tests, and spectroscopic tests. The uniform
dispersion was obtained in the case of acid-treated EP/MWCNTSs nanocomposites.
There was less nanotube pull-out in the sample of acid-treated EP/MWCNTs
nanocomposites which was confirmed by scanning electron microscopy (Montazeri et

al., 2010).

MWCNTs were purified by using dilute nitric acid to remove amorphous carbon.
Thus purified MWCNTSs were chemically modified by mixed acids (3:1) mixture of
concentrated sulfuric and nitric acids. The modified MWCNTs were reinforced in the
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EP matrix by the cast moulding method. The 8 % of acid-treated EP/MWCNTs
nanocomposites have a significant improvement in strength (+11.65 %) and fracture
strain break (+127.8 %). The tensile strength of value 69.7 MPa was obtained whereas
the elastic modulus reduced with the increase of MWCNTs loading (Guo et al., 2007).

EP/MWCNTs nanocomposites of 1 and 2 wt. % were prepared and characterized by
dynamic mechanical analysis at different temperatures. There was a considerable
improvement in tensile strength and modulus of neat EP on the addition of 1 wt. %
MWCNTs whereas reinforcing 2 wt. % MWCNTs had an adverse effect on
mechanical behaviour. On examining toughness behaviour 1 wt. % EP/MWCNTs
showed higher toughness than that of 2 wt. % EP/MWCNTs nanocomposites. DMA
and the tensile test confirmed that 1 wt. % EP/MWCNTs nanocomposites have the
optimum storage modulus and tensile behaviour at different temperatures (Revathi et

al.,2014).
2.4.2 Properties of epoxy/graphite (EP/GP) nanocomposites

The reinforcement of EP matrix with graphite—graphene structures was studied by
Mostovoy and Yakovlev in 2019. The thermally expanded graphite of 0.05 parts by
mass is used to prepare the composition of the EP/GP nanocomposites, which
provides an increase in the studied complex of physical and chemical properties.
The thermally expanded EP/GP nanocomposites are thermal, fire, and heat-resistive

in nature. It is also heat conducting along with this it shows flame-resistive properties

(Mostovoy & Yakovlev, 2019).

Kaushik et al. (2010) prepared the different fractions of EP/GP nanocomposites with
graphite wt. % varying from 5-25 wt. % and studied their mechanical, electrical, and
morphological properties. The electrical conductivity was found to be increased at
increased filler content. Similarly, thus prepared nanocomposites have shown
improved tensile modulus and Young’s modulus in bending properties with

increasing filler content shown in Figure 20.

Suherman et al. (2022) aimed to improve the electrical and mechanical performance
of EP/GP nanocomposites based on particle size and curing conditions. They further
characterized the thermal and microstructural properties. They detected the electrical
conductivity value of 32 S/cm after using 10 wt. % smaller graphite particles and
further changing the conductivity value of 50 S/cm was achieved. TGA analysis
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showed that the nanocomposites were thermally stable.
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Figure 20: Tensile modulus plot of EP/GP nanocomposites with varying wt. % of GP (Kaushik et al.,
2010)

Suherman et al. (2010) investigated the electrical conductivity and microhardness of
synthetic and natural graphite epoxy composites. The EP/GP nanocomposites were
prepared using the compression moulding method and the electrical conductivity was
measured by using four probe techniques. The fracture surfaces were analysed by
using a scanning electron microscope. They found that the addition of SG and NG to
the EP matrix transforms non-conductive EP into conductive. They reported
conductivity of natural graphite was higher than that of synthetic graphite at the same
wt. % of the filler loading. The conductivity value of 12.6 S/cm and 7 S/cm were
found respectively for the two types of graphite as shown in Figure 21. Similarly, the
hardness value increased and the highest value was obtained at 60 wt. % for natural
graphite and 70 wt. % for synthetic graphite.
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Figure 21: Electrical conductivity of EP/SG and EP/NG nanocomposites (Suherman et al., 2010)
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The electrical and mechanical properties of multi-sized graphite filler were studied
and the findings of this study suggested that with a 75 wt. % of GP, electrical
conductivity reached up to 13 Sem™ as a better network was established in the
nanocomposites. The electrical conductivity was found to be 15 Sem™ for two sizes
(40/200 pm) than the three sizes (40/100/200 um) i.e., 13 Sem™. They reported that
EP/GP nanocomposites of 40/200 pm possessed a more stable structure (Pengisi et

al., 2021).

Diaz-Chacon et al. (2015) prepared and characterized exfoliated graphite
nanoplatelets. With increasing filler content, they observed a significant increase in
thermal conductivity (sample thickness 4 mm). They end up with the conclusion that
the selectivity of resin is an important factor for the high thermal conductivity of the

nanocomposites.

Novotna et al. (2018) studied the conductivity of EP reinforced with various sizes of
carbon fibres (CF). They have used milled carbon fibres as starting materials. In this
study, they mainly focused on the sizes of carbon fibres and the conductivity of the
EP/CF nanocomposites. They found that the influence of particle size on AC

conductivity is increasing with increasing frequency.

The EP and hardener were blended in a 1:3 ratio with various volume fractions of 92
% pure graphite, size 45 m (0, 1, 3, 5, and 7 wt. %) to create the EP/GP
nanocomposite. Thespecific wear rate and coefficient of friction of neat EP and its
nanocomposites, based on various GP percentages and date palm fibres with their
mechanical properties, were compared in this work by the author. It was found that
GP had positive effects on the tribological characteristics of EP/GP nanocomposites
as an addition to the EP matrix. The tribological performance of EP/GP
nanocomposites reinforced with date palm fibre, either with or without GP, has
somewhat improved. There is no relationship between the mechanical properties and
the particular wear resistance found by correlation research (Alajmi & Shalwan,

2015).

To investigate the mechanical and physical properties of the EP/GP nanocomposites,
Baptista and his teams experimented in 2016. They created nanocomposites with
graphite fractions ranging from 5 to 30 wt. % for the study and then used microscopic

methods to examine the microstructural characteristics and fracture surfaces of the
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composites as they had been created. This investigation found that the mechanical
properties of the composites (7.5, 10, 11.5 %) with a homogenous dispersion of filler

particles and no pores were found to be improved (Baptista et al., 2016).

The covalent bonding of an epoxy monomer to the surface of expanded GP, through
the use of a coupling agent, is a novel method for functionalizing GP nanoparticles in
this work. The sp? hybridization of the pure graphene sheet is only slightly disturbed
by this approach. The effects of incorporating the GP nanoparticles into an EP resin
were assessed in terms of the mechanical characteristics and electrical conductivity of
the EP/GP nanocomposite. The study revealed that the electrical conductivity was five
orders of magnitude higher than the basic resin at a filler concentration of 0.5 wt.
% while Young's modulus and the material yield strength increased by 50 % and 30
% respectively (Miller et al., 2010).

The reaction between functionalized graphite and epoxy resin is illustrated in Figure

22.
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Figure 22: Schematic representation of the reaction between EP and GP (Nayak et al., 2020)

To evaluate the structural, mechanical, viscoelastic, and thermal properties of the EP

matrix (DGEBA) containing 2.5-5 wt. % of GP, another team of researchers prepared
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different sets of EP/GP nanocomposites. They concluded that the GP still has the
same ordered structures. The addition of GP causes the nanocomposite materials'
elastic modulus and tensile strength to increase, as well as their thermal stability to

exceed that of neat EP (Yasmin & Daniel, 2004).

Suherman et al. (2019) investigated the in-plane conductivity and mechanical
properties of the EP/GP nanocomposites prepared with the different weight ratios of
GP by casting method. The in-plane conductivity of the composites was measured by
following the ASTM C61 and the shore hardness by a shore hardness tester. The
tensile strength was carried out using ASTMD 3039 and scanning electron
microscopy was used to analyse the fracture surface analysis of the EP/GP
nanocomposites. This study revealed that the nanocomposites with the higher filler
wt. % (85 wt. %) show higher in-plane conductivity and shore hardness while the
tensile strength was obtained highest with lower filler wt. % of GP (65 wt. %). The
addition of 65 wt. % conductive GP has many gaps or voids shown in Figure 23
which decrease in-plane conductivity and shore hardness of the EP/GP
nanocomposites on the other hand if the loadings increased to 80 wt. % of the
graphite, the number of voids was reduced (Figure 23. b). This reduction in voids
occurs because it occupies the entire area of the EP matrix, thereby increasing the in-

plane conductivity and shore hardness.

Figure 23: (a) SEM image of 65 wt. % EP/GP and (b) 80 wt. % EP/GP nanocomposites (Suherman et
al.,2019)

Aakash & Selvaraj (2020) examined the mechanical properties of the
fibreglass/graphite/ epoxy composites. The mechanical properties of the composites

were examined by ductile, pressure effect, and water assimilation techniques. The
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tensile strength and compressive strength were found to be improved and the water

absorption rate was also found to be higher.

Similarly, Mann et al. (1999) fabricated the EP/GP nanocomposites with various wt.
% of the GP powder to study the variation of filler wt. % on its mechanical properties.
The nanocomposites were subjected to the Charpy test, flexural test, impact test, and
fracture toughness test. It is evident from this study that the addition of GP from 3 wt.
% to 12 wt. % improved the mechanical properties. This improvement in
mechanical properties is accounted for by the better dispersion of the GP in the EP

matrix and the strong interfacial bonds present between the graphite and epoxy.

Albozahid et al. (2021) constructed EP/GP nanocomposites with a different weight
ratio of GP (0.5 wt. %, 1 wt. %, 1.5 wt. %, and 2 wt. %) following the dispersion
method. The tensile strength, impact strength, and hardness tests were performed to
understand the effect of the addition of GP filler on the mechanical properties of the
nanocomposites. From this study, they concluded that tensile strength of 67 %,
bending strength of 57 %, and impact strength of 85 % were observed for the
nanocomposites with 1.5 wt. % of GP. The hardness value was found to be increased

up to 1.5 % and then decreased upon further increasing the concentration of the GP.

The mechanical and microstructural properties were studied by Shalwan and his
groups. For this study, they prepared the EP/GP nanocomposites of different wt. % (1,
3,5, and 7 wt. %), and a mechanical test including a tensile test and hardness test was
performed. They found out that GP wt. fraction has a substantial impact on the
mechanical performance of the nanocomposites. This study also reveals that the
nanocomposites with a lower GP wt. % show slight enhancement in hardness and no
effect on tensile behaviour whereas the nanocomposites with a higher GP wt. % show
a reduction in tensile strength and significant improvement in hardness (Shalwan et

al., 2022).
2.4.3 Properties of epoxy/ nanodiamond (EP/ND) nanocomposites

Nanodiamond polymer nanocomposites are utilized in the production of ships, cars,
tractors, aeroplanes, and other types of transportation as well as in the chemical and
petrochemical industries and protective and friction-reducing coatings (Dolmatov,

2001).
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The EP/ND nanocomposites of different weight fractions (0.1, 0.5, and 1 wt. %) were
prepared by the sol-gel method, and their physical properties were compared to those
of the EP/MWCNTSs nanocomposites. It was found that the tensile properties of
EP/ND nanocomposites show a slightly higher value than those of EP/MWCNTs
nanocomposites. However, it has a lower value for Young’s modulus and stress at
break. The storage modulus and glass transition temperature for EP/ ND
nanocomposites is low, whereas the thermal stability is enhanced (Spitalsky et al.,

2008).

The EP resin was modified with ND of varied weight fractions (0.4, 0.8, 1.2, 1.6, 2.0,
2.4,and 5 wt. %) to form nanocomposites. Different characterization methods were
employed such as microindentation, a contact angle test, and scanning probe
microscopy, for the analysis of EP/ND nanocomposites. The findings showed that
even a small amount of ND added to EP resin significantly improved the

nanocomposite hardness and elastic modulus (Koumoulos et al., 2015).

Ayatollahi et al. (2011) investigated the fabrication of EP/ND nanocomposites as well
as their mechanical properties. They investigated and discovered that adding ND
improved Young's modulus and tensile strength when compared to the neat EP.
Additionally, the effect of shear deformation on the fracture properties of
nanocomposites was studied, which revealed that the positive effect of ND particles

was enhanced as the share of shear deformation in mixed loads increased.

Farooq et al. (2021) also looked into how ND affected the thermal and ablative
properties of carbon fibre-reinforced nanocomposites. By analysing the pre- and post-
burning morphologies of the nanocomposite surfaces and analysing temperature
profiles, weight loss, and erosion rates, it was possible to study the ablative reaction
of the nanocomposites with 0.2 wt. % and 0.4 wt. % ND. When compared to pristine
carbon fibre-epoxy composites, erosion resistance increased by 10.5 % for
nanocomposites containing 0.2 wt. % ND and by 12.6 % for those containing 0.4 wt.
% ND. The thermal conductivity of nanocomposites showed a similar trend. The

incorporation of 0.2 and 0.4 wt. % of ND increased to 37 and 52 wt. %, respectively.

EP resin was mixed with detonation nanodiamond (DND) and carbon nanotubes in
small amounts to produce the required nanocomposites. The fractured surfaces of

both nanocomposites, in contrast to the neat EP, showed resistance to crack
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propagation. DND and CNT reinforcement improved the tensile characteristics of the
materials by 6.4 % and 2.9 %, respectively see Figure 24. Additionally, the
nanocomposites showed a two orders of magnitude increase in electrical resistivity
and a 41 % rise in microhardness for DND and 12 % for CNT. SEM studies of the
nanocomposite showed that the nanoparticle dispersion was uniform throughout the
epoxy matrix. The rough fracture surface of the nanocomposite signifies increased
impact resistance and fracture toughness. Furthermore, the DND showed better

mechanical characteristics than the CNT, which had a lower resistance (Roy et al.,

2013).
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Figure 24: Tensile strength of EP/CNT and EP//DND nanocomposites (Roy ef al., 2013)

Due to the tendency of the ND particles to aggregate and deposit in the EP resin, it is
challenging to fill high concentrations of ND into EP without surface modification.
The ND surface functional groups were adjusted by a simple oxidation process before
being blended with EP resin. The FTIR measurements supported the modifications to
the ND surface. The thermal and electrical characteristics of EP/OND with various
ND levels (5 wt. %, 10 wt. %, and 20 wt. %) were investigated. By maintaining
volume resistances identical to those of the neat EP resin, thermal conductivity
increased by 36 % while dielectric strengths decreased by 9.7 %, as observed in the

case of the 20 % ND nanocomposites (Wang et al., 2016).

The development of vehicles (cars, trains, and aeroplanes) and other lightning-prone
things (including wind turbines) requires materials with good electrical
characteristics. Epoxy-resin nanocomposites have recently been employed often to
lighten structures but due to the insulating nature of the resin, numerous modifications
must be made to increase their conductivity. The approaches for increasing

conductivity have been divided into three groups: adding layers with higher electrical
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conductivity, changing the reinforcement materials, and modifying the matrix with

conductive fillers (Krajewski et al., 2022).

Epoxy resin, being a highly cross-linked material, is chosen as the best matrix for the
fabrication of ND (Haleem et al., 2015). They are well known because of their fine
adhesion, electrical properties, thermal stability, weather stability, wear
characteristics, UV stability, and so on (Kausar, 2019). However, the dispersion of
ND particles remains a challenge in the fabrication of EP/ND nanocomposites.
Because of the high aspect ratio of ND particles, the intrinsic Van der Waals force of
attraction produces agglomeration and clustering among ND particles (Zhai et al.,

2011).
2.5 Synthesis and Curing of Epoxy Resin

Epoxy resins are cured using different types of curing techniques, including room-
temperature curing (Ahmad et al., 2010; Tucker et al., 2010), heat curing (Jin & Park,
2012; Jin & Park, 2009), and photocuring (Esposito Corcione et al., 2009; Foixet al.,
2011; Golaz et al., 2013; Morselli et al., 2012) techniques, to produce a strong three-
dimensional cross-linked network. There are curing agents (hardeners) that can be
classified based on the chemical constituents present in them (Jin et al., 2015). They
are amine-type curing agents (Ferdosian et al., 2013; Frank et al., 2013), alkali-curing
agents (Hsu et al., 2012; Parildar & Ibik, 2013), (Fan et al., 2013; Flores et al., 2012;
Foix et al., 2012; Park & Jin, 2004) and catalytic curing agents.

Novolac epoxy resin: The epichlorohydrin and phenolic novolac resin are reacted to
form novolac epoxy resins. The high cross-linking densities in novolac resin are
caused by the epoxide groups, which produce good thermal, chemical, and solvent
resistance characteristics (Atta et al., 2008). Figure 25 depicts the chemical structure
of novolac epoxy resin. The synthesis of different types of epoxy resins and their
curing process is discussed below.

O
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Figure 25: Chemical structure of novolac epoxy resin
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Cycloaliphatic epoxy resin: Cycloaliphatic epoxy resin is a saturated molecular
structure containing an aliphatic backbone having high UV stability properties, good
thermalstability, and good electrical properties. The cycloaliphatic epoxy resin, 3°, 4’-
epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate is synthesized by the
reaction of 3’ cyclohexenylmethyl 3-cyclohexenecarboxylate with peracetic acid.

They are mostly used in optoelectronic device packaging. The chemical structure is

Figure 26: Chemical structure of cycloaliphatic epoxy resin

shown in Figure 26.

The curing processes of epoxy are done with various curing agents, like amine type,
alkali type, anhydrides, and catalytic curing agents and their chemical structures are

shown in Figure 27.
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Figure 27: Chemical structure of (a) diaminodiphenylsulfone (b) diaminodiphenyl methane (c)

anhydride curing agents

2.6 Summary of Literature Review

The synthesis and functionalization of three distinct nanocarbons (multiwalled carbon
nanotubes, graphite, and nanodiamond) of various dimensions have been studied in
previous research. According to their findings, the main method for synthesizing
nanocarbons includes chemical vapour deposition, laser ablation, and arc discharge.

They also discussed different methods to modify nanocarbons like covalent, non-
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covalent, direct side walls, and endohedral functionalization. Additional discussion of
the functionalization process was covered under various sub-topics for each
nanocarbon. The functionalization process has been studied in previous literature
related to the functionalization of MWCNTs. Nitric acid, sulfuric acid, nitric and
sulphuric acid in combination, non-oxidative techniques, and other treatments were

used to functionalize MWCNTs.

Similar information was found in the studied literature, which stated that surface
functionalization, oxidation experiments, wet chemical methods, surface amination
methods, and remote photocatalytic oxidation methods were used to functionalize
graphite. The functionalization of nanodiamonds was accomplished by many
researchers using a variety of procedures, including atom transfer radical
polymerization, microwave-assisted techniques, grafting of organic compounds,
treatment with inorganic acids, and basic oxidative methods. To improve the
compatibility of nanocarbons and epoxy polymers to enhance their physical,
thermal, mechanical, and electrical properties, the functionalization of nanocarbon
was accomplished. The various techniques used to create epoxy/nanocarbon
nanocomposites and their electrical, thermal, and mechanical properties were
explored. Methods like ultrasonication, high shear mixing, solution casting,
sonication, and mixing and moulding were reported in the literature. According to the
research on the epoxy/nanocarbon nanocomposites, depending on the preparation
process, adding MWCNTs to the EP matrix improved its thermal, electrical, and
mechanical properties to a certain filler wt. %. However, if we go beyond that point,
their properties start to deteriorate due to the nanocarbon’s small size, which causes

agglomeration.

Nevertheless, it remains uncertain whether the modification of nanocarbons is
influenced by their dimensional properties and whether there exists a correlation
between their dimensions and the physical properties of epoxy/nanocarbon
nanocomposites. By comparing the functionalization and various properties of these
three different nanocarbons, with varying dimensions we were able to discuss the
existing problem in this research study. Additionally, earlier researchers had studied
the functionalization of nanocarbons to improve the compatibility between epoxy and

nanocarbons. However, we studied the electrical conductivity with lower filler
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percentages of three different nanocarbons and their comparative dimensional study

which is the novelty of the present work.
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CHAPTER3

3. MATERIALS AND METHODS
3.1 Materials
3.1.1 Thermosetting epoxy resin

Lapox L12 is a thermosetting epoxy resin formed by the reaction of epichlorohydrin
and bisphenol A (i.e., diglycidyl ether of bisphenol A; DGEBA) used in this study,
and the cross-linking agent or hardener (K6) the aliphatic polyamine,
diethylenetriamine were purchased from Atul Ltd., Polymer Division, Bangalore,
India. Lapox L12 is a low-temperature curing resin with minimal volume shrinkage
(Anwar et al., 2016) whereas K6 is aliphatic polyamine curable at room temperature
(25 °C) with low viscosity. The chemical structures for both DGEBA and polyamine

are given in Figure 28.

HsC CH;
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(a) Chemical structures of 5,5-Dimethyl-3,7-dioxa-1,9(2)-bis(oxirana)-4,6(2,4)-dibenzenanonaphane

NH, NH,
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(b) Chemical structures of 2-N'(Aminoethyl)ethane 1,2-diamine

Figure 28: (a) Chemical structures of diglycidyl ether of bisphenol DGEBA and (b) diethylenetriamine

The specification for epoxy and hardener is given in Table 1.

Table 1: Specification chart for epoxy resin and the hardener system (as per supplier’s specification)

Materials and specifications Unit Value
Lapox L-12
Epoxide equivalent gm/eq 182-192
Epoxy value 5.2-5.5
\Viscosity at 25 °C 9000-12000
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Materials and specifications Unit Value

Hardener K6

\Visual appearance Pale yellow liquid
Refractive index at 25 °C 1.4940-1.5000
'Water content 1 % max

Shear strength on Al alloy lap joint (In| 1..4 kgmm? min

combination with Lapox C 51)

Processing parameter

Lapox L 12 100 pbw
Hardener K6 10-12 pbw
Viscosity at 20 °C mPa.s 5000-8000
Pot life at 20 °C Hrs Vo-1

3.1.2 Nanocarbons

The three different types of nanocarbons with different dimensionalities (0D
nanodiamond, 1D multi-walled carbon nanotubes, and 2D graphite nanoplatelets)

were used in this study.

(a) Carbon Nanotube (CNT)
Multiwalled carbon nanotubes, Nanocyl 7000, were purchased from Nanocyl SA,

Belgium.
(b) Graphite Nanoplatelets (GnP)

The graphite nanoplatelets, the conductograpgh GFG 50M, were purchased from SGL
Carbon GmbH, Meitingen, Germany.

(¢) Nanodiamond (ND)

The nanodiamond powder the Nuevo Blend was purchased from Carbodeon,

Pakkalankuja, Vantaa, Finland.
3.1.3 Other Chemicals

The different chemicals like concentrated nitric acid (HNO3), concentrated sulphuric
acid (H2S04), sodium carbonate (Na2CQO3), potassium permanganate (KMnOs4), and
hydrogen peroxide (H202) were purchased from Fischer Scientific, India. As a mould-
releasing agent, laboratory-grade silicon oil with a viscosity of 370-390 mPa was
used. Acetone from Fischer Scientific, India was used as a solvent. The 0.2 pm
polycarbonate membrane filter was purchased from the local market.
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3.2 Functionalization of Nanocarbons

Different techniques, such as covalent functionalization, can be used to functionalize
the nanocarbons. The nanocarbons are subjected to functionalization to introduce the
various reactive functional groups. Both dry and wet procedures can be used for
functionalization. The functionalization of nanocarbons with various dimensionalities

by wet chemical procedure was thoroughly studied in this work.
3.2.1 Functionalization of carbon nanotubes (CNT)

A Pristine multi-walled carbon nanotube powder (0.5 g) was first sonicated in conc.
HNO;3 (40 mL) for 15 min. and then refluxed for about 5 hr. The resulting mixture
was filtered using a suction apparatus equipped with a membrane filter. The residue
was washed with distilled water until a pH value of 7 and oven-dried at 100 °C for an

hr. The flow diagram for the functionalization process is shown in Figure 29.

Cone. HNO,
CNT oo Bath Sonication 5 Reflux (5 hr)

(15 min.)
Wash with
distill water
- FTIR
-§ Residue dried in a Filter with
%‘ Raman hot air oven at 100 °C€——————— qyction apparatus
z XRD for 1 hr
= TGA

Figure 29: Schematic diagram showing the steps of functionalization of carbon nanotubes

3.2.2 Functionalization of graphite nanoplatelets (GnP)

Initially, pristine graphite nanoplatelets powder (0.5 g) was placed in a graduated
borosilicate glass container containing 11.5 mL of concentrated sulphuric acid and the
mixture was sonicated for 15 min and functionalized by following the conventional
Hummers (Ciszewski & Mianowski, 2013) method and treating the mass with
conc. H2SO4 along with NaNOs; and KMnOs. It was magnetically stirred for half an hr
at 35 °C. The resulting slurry was then diluted with 10 mL of deionized water before
being treated with H>O, which turned the blackish green colour to yellow. The
resulting mixture was first washed to a pH value of 7 and then filtered through the

membrane filter. Finally, the residue was dried in a hot air oven maintained at 50 °C
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for 1 hr. The flow diagram for the functionalization process is shown in Figure 30.
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Figure 30:

Schematic diagram showing the steps of functionalization of graphite nanoplatelets

3.2.3 Functionalization of nanodiamonds (ND)

Nanodiamond powder (0.5 g) was taken in a round bottom flask containing 25 mL of

conc. HNO; solution. This mixture was sonicated for 15 minutes before being kept at

60 °C in a magnetic stirrer for 24 hrs. The resulting mixture was then washed with

distilled water until it reached pH 7. Finally, it was filtered through polycarbonate

membranes using a suction filter and the solid residue was dried in a hot air oven at

100 °C for 1 hr. The flow diagram for the functionalization process is shown in Figure

31.

Far Investigation

Cone. HNO,
Nanodiamonds ——— 5 Bath Sonication 5 Reflux (24 hr)
(15 min.)
Wash with
distill water
FTIR
Residue dried in a Filter with
Raman hot air oven at 60 °C €————— gy cion apparatus
XRD For 1 hr
TGA

Figure

The typical

31: Schematic diagram showing the steps of functionalization of nanodiamonds

experimental setup for the functionalization of different types

nanocarbonsis shown in Figure 32.
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Figure 32: Typical experimental setup showing functionalization procedure (a) carbon nanotubes (b)

graphite nanoplatelets and (c) nanodiamonds

3.3 Preparation of Epoxy/Nanocarbons Nanocomposites

The pristine and acid-functionalized three different kinds with varying amounts of
nanocarbon (CNT, GnP, and ND) were incorporated into the epoxy matrix via
physical mixing assisted by ultrasonication. For this purpose, 2.5 g of epoxy was
dissolved in 2.5 mL of acetone in a 50 mL beaker followed by 15-minute
ultrasonication. The mixture was stirred for 1 hr at 70 °C with a magnetic stirrer to
evaporate the used solvent. Then the resulting mixture was allowed to cool down to
room temperature (25 °C) and a hardener was added (10:1). Finally, the mixture was
poured into a plastic mould and pre-cured at 25 °C for 24 hr before being post-cured at
70 °C for 5 hr. The flow diagram for the epoxy/nanocarbon nanocomposite

preparation is shown in Figure 33.

Acid treatment

Raw s Carboxylated nanocarbons powder
nanocarbons
. Sonicate for 15 min. Suspensions of
> Epoxy solution
Epoxy Poxy _— nanocarbons

in acetone PG
and resin in acetone

Magnetic
stirrer

Add hardener

24hr, RT mixed mechanically

NCs/epoxy Homogeneous mixture Homogenous NCs/resin
composites s, 79ec  0f NCs/resin hardener mixture

Figure 33: Schematic diagram showing different steps involved in the preparation of EP/nanocarbon
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The synthetic procedure for the epoxy resin that is used as the matrix in this work is

also schematically illustrated in Figure 34.
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Figure 34: Reaction scheme for the synthesis of DGEBA epoxy resin (Haas, 2014)

The nanocomposites curing method mould for 24 hrs at room temperature (25 °C) and
composites post-cured at 70 °C a hot air oven for 5 hrs (McCoy et al., 2016) is shown
in Figure 35.

\,gzq,q
- PON

Figure 35: Epoxy/nanocarbon nanocomposites procured at plastic mould for 24 hrs at room

temperature (25 °C)

The samples prepared from the method explained above are indexed in Table 2
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Table 2: Different series of material with their respective code explanation

S.N. | Sample code Remarks
1 EP Pure resin comprising DGEBA and amine hardener
2 pCNT Pristine multi-walled carbon nanotubes
3 mCNT Modified multi-walled carbon nanotubes
4 pGnP Pristine graphite nano-platelets
5 mGnP Modified graphite nano-platelets
6 pND Pristine Nanodiamond
7 mND Modified Nanodiamond
8 EP/pCNTo.0s EP containing 0.05 wt. % of pristine MWCNTs
9 EP/mCNTs0.05 EP containing 0.05 wt. % of modified MWCNTs
10 EP/pCNTo.1 EP containing 0.1 wt. % of pristine MWCNTs
11 EP/mCNTso.1 EP containing 0.1 wt. % of modified MWCNTs
12 EP/pCNTo.2 EP containing 0.2 wt. % of pristine MWCNTs
13 EP/mCNTo.2 EP containing 0.2 wt. % of modified MWCNTs
14 EP/pCNTos EP containing 0.5 wt. % of pristine MWCNTs
15 EP/mCNTo.s EP containing 0.5 wt. % of modified MWCNTs
16 EP/pGnPo.os EP containing 0.05 wt. % of pristine GnP
17 EP/mGnPo.os EP containing 0.05 wt. % of modified GnP
18 EP/pGnPo.1 EP containing 0.1 wt. % of pristine GnP
19 EP/mGnPo.1 EP containing 0.1 wt. % of modified GnP
20 EP/pGnPo. EP containing 0.2 wt. % of pristine GnP
21 EP/mGnPo.2 EP containing 0.2 wt. % of modified GnP
22 EP/pGnPo:s EP containing 0.5 wt. % of pristine GnP
23 EP/mGnPos EP containing 0.5 wt. % of modified GnP
24 EP/pNDo.os EP containing 0.05 wt. % of pristine ND
25 EP/mNDao.os EP containing 0.05 wt. % of modified ND
26 EP/pNDao.1 EP containing 0.1 wt. % of pristine ND
27 EP/mNDao.1 EP containing 0.1wt. % of modified ND
28 EP/pNDo. EP containing 0.2 wt. % of pristine ND
29 EP/mNDo.2 EP containing 0.2 wt. % of modified ND
30 EP/pNDos EP containing 0.5 wt. % of pristine ND
31 EP/mNDo.s EP containing 0.5 wt. % of modified ND
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3.4 Characterization Techniques
3.4.1 Fourier Transform Infrared (FTIR) Spectroscopy

Molecular absorption of electromagnetic radiation in the infrared region facilitates the
transitions between the rotational and vibrational energy levels of the ground (lowest)
electronic energy state. In contrast, changes in the electronic, vibrational, and
rotational energy levels result from the absorption of energetically stronger visible
and ultraviolet radiation. The fundamental goal of infrared spectroscopy is to study
molecular vibrations since transitions between various rotating states can only be
observed in the infrared spectra of small molecules in the gas phase (Ismail et al.,

1997).

FTIR spectroscopy is a very helpful tool for learning about the functional groups
contained in specific materials. In FTIR spectroscopy, the raw data of the
interferogram is transformed into the actual spectrum using the mathematical method
the Fourier transformation. The FTIR method is used to analyse the sample's infrared
transmission or absorption spectra and to determine whether it contains organic or
inorganic substances. The spectra data in the automated spectroscopy software will
identify the specific chemical groups present in the sample based on the infrared

absorption frequency range 400-4000 cm™' (Shameer & Nishath, 2019).

The spectra of nanocarbon were recorded using a Perkin Elmer ATR instrument with
a resolution of 20 cm™ and 20 scans per sample at Polymer Service GmbH,
Merseburg, Germany, and those of nanocomposites were recorded using an IR
Prestige 21 with a ZnSe ATR crystal instrument with a resolution of 4 cm™ and 20

scans per sample at Mahatma Gandhi University, Kottayam, India.

To collect the FTIR spectra for nanocarbons, the sample was crushed into a fine
powder and put in a sample holder. The nanocomposite samples were first chopped
into tiny pieces, a few of which were then taken, and placed in a sample holder to

record the spectra.

The vibrational frequency range of some common functional groups is shown in Table

3.
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Table 3: Characteristics of the vibrational frequency range of some common functional groups (Ones,

1978)
S.No. Wavenumber (cm™) Functional group Typical chemical species
1 3700-3250 -OH Alcohols, Phenols
2 3520-3320 0 Primary aromatic amines, amides
3 3360-3340 0 Primary amides
4 3320-3250 -OH Oximes
5 3300-3250 -CH Acetylenes
6 3300-3280 -NH Secondary amides
7 3200-3180 0 Primary amides
8 3100-2400 -OH Carboxylic acids
9 3100-3000 =CH Aromatics unsaturated
10 2990-2850 -CHs, -CH2 Aliphatics
11 2750-2650 -CHO Aldehydes
12 2285-2250 -N=C=0 Isocyanates
13 2260-2200 -C=N Nitriles
14 1870-1790 -C=0 Anhydrides
15 1780-1760 -C=0 Lactones
16 1750-1740 -C=0 Esters
17 1740-1720 -C=0 Aldehydes
18 1720-1700 -C=0 Ketones
19 1710-1690 -C=0 Carboxylic acids
20 1670-1650 -C=0 Primary amides
21 1550-1490 0 Aromatic nitro
22 1400-1310 -COOr Carboxylic acid salts
23 1000-950 -CH=CH2 Vinyl
24 980-960 -CH=CH- Trans alkenes

3.4.2 Raman Spectroscopy

Raman spectroscopy involves illuminating a sample with a monochromatic laser
beam, which interacts with the sample's molecules to create scattered light. The
Raman spectrum is generated by the inelastic collisions between the sample
molecules and the incident monochromatic light. Monochromatic light of a single
wavelength strikes a sample and scatters in all directions. When the frequency of the
dispersed radiation matches the frequency of the incident radiation, Rayleigh
scattering occurs. Raman scattering giving rise to Stoke's line in the spectrum happens
when a little portion of the scattered radiation has a frequency that is different from
the frequency of the incident radiation. However, when the frequency of incident
radiation is lower than that of scattered radiation, anti-Stokes lines can be observed

in the Raman spectrum (Bumbrah & Sharma, 2016).
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Raman spectroscopy has established itself as a sensitive instrument for identifying
defects and the electronic structure of carbon nanotubes. In the first-order Raman
spectra of CNTs, a disorder in a double resonance process causes the D mode at about
1300 cm’. The relative intensity of this mode directly displays the covalent
modification and defects. When estimating the defect concentration, the D mode
intensity is typically normalized concerning the intensity of the G mode at about 1600

cm’!, which results from a single resonant Raman process (Murphy et al., 2006).

Raman spectroscopy is a powerful tool to characterize carbon-based nanomaterials,
especially in the study of the structural order of the substance. Hence, it was used to
extract more information on structural variations caused by acid treatments and was
recorded by BRUKER Senterra I Raman- Microscope within the wavenumber ranges

of 2000 cm™'- 400 cm™ with the excitation wavelength of 532 nm.

The carbon tape was placed in the sample holder after being cleaned up with ethanol
and above that carbon tape respective sample was put down precisely which was
pressed with the cleaned cover glass. The measurements of the samples were carried

out after the removal of a glass slide.
3.4.3 X-ray Diffraction (XRD)

The fundamental principle behind X-ray diffraction is the constructive interference of
monochromatic X-rays with crystalline material. A cathode ray tube produces the X-
rays, which are then filtered to produce monochromatic radiation, concentrated by
collimation, and pointed at the sample. When the conditions satisfy Bragg's law, the
interaction of the incident ray and the sample results in constructive interference

(Bunaciu et al., 2015).

XRD follows Bragg's law. Under Bragg's law see Figure 36, the reflected X-rays from
different crystal layers with long-range order encounter constructive interference in
XRD.Thus, the spectra are characterized by sharp peaks and these peaks are not seen
in amorphous systems or other materials with long-range disorder. XRD is a
commonly used technique to evaluate the crystallinity and structure of solid samples
(Selva et al., 2020). The structural properties of the nanocarbons were studied by X-

ray wide-angle diffraction technique.
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Figure 36: Schematic diagram to explain Bragg’s law: where A, B, and C stand for perpendicular

drawn, atoms and perpendicular drawn on diffracted second ray respectively (Selva ef al., 2020)

In the X-ray diffractogram, the average particle size D was calculated using the

Scherrer equation 3.1.

0.9%
B Cos8 CRY

where A is the wavelength of the X-ray used (0.154nm) and f is the full-width half
maxima (FWHM) of the peak in radians.
Figure 37 shows the schematic diagram of the XRD peak and the way of calculating
the full-width half maxima (FWHM) of the peak in radians.

FWHM

Peak position 20
mode

Intensity —

Bragg angle 20 ——M—
Figure 37: Schematic diagram showing XRD peak and calculation of FWHM (Selva et al., 2020)

FWHM can be theoretically calculated by using the quadratic equation of the total

probability function. Here, Imax in the figure represents the maximum peak height and
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Imax/2 is the centre of the parabolic curve between Imax and the baseline. The interlayer
spacing d between the planes is calculated by equation 3.2
)

d= (3.2)

2sinf

X-ray diffraction of the samples was carried out on the powder form of the
nanocarbon at the Nepal Academy of Science and Technology, Lalitpur. The
radiation source used was Cu Ka with a wavelength of 0.15406 nm. The specimens
were scanned over a diffraction angle of 20 ranging between 5° and 80° whereas the

nanocomposites were scanned with a Rigaku D/MAX-2500/pc diffractometer.

The nanocarbon powder 200 mg was loaded into the sample holder and XRD
measurements were taken, whereas the nanocomposites were cut into 1.6 cm x 1.6 cm

before being measured.
3.4.4 Microscopic Studies (SEM)

The investigation of the morphological characteristics of the fillers and the fractured
surfaces of the materials was conducted using scanning electron microscopy. An
appropriate source, usually a tungsten filament or field emission cannon, produces an
electron beam. To create a thin beam of electrons, the electron beam is subjected to
high voltage acceleration (for example, 20 kV) and travels through a set of
electromagnetic lenses and apertures. The laser then scans the sample's surfaces. The
scanning beam causes electrons to be emitted from the specimen; detectors then
gather these secondaryor backscattered electrons and use them to create a signal that
is relayed to a viewing screen, creating an image (Henning & Adhikari, 2017; Akhtar

et al.,2018).

The microscopy of the nanocarbons and fractured surface was recorded using
conductive carbon tape. All these experiments were carried out using scanning
electron microscopy (SEM; S400 111 pA with a magnification range of 200-700 at
15 kV, and a field emission scanning electron microscope; FE-SEM, Hitachi
SU8010, Japan, with an acceleration voltage of 3 kV) was used for morphological
studies of the nanocarbon/epoxy composites. The specimens were fixed on SEM

stubs with double-sided carbon tape after applying a 10 nm gold layer on the surface.
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3.4.5 Thermogravimetric Analysis (TGA)

The sample is gradually heated in a specific atmosphere (air, N2, He, or Ar) during
thermogravimetric analysis. As a function of time and temperature, the substance's
weight changes are noted. To determine the weight changes as a function of
temperature at various time intervals, the temperature is raised steadily for a substance
with known initial weight. The underlying principle of thermogravimetric analysis is
represented by the graph of weight change versus temperature, also known as a

thermogravimetric curve or thermogram.

The TGA method was used to study the thermal stability of the materials. The mass
loss is recorded as a function of temperature under a controlled atmosphere. TGA is
also useful to determine the decomposition temperature of the materials. Thermal
stability, oxidative stability, impacts of various atmospheres, moisture, volatile
content, and occasionally the composition of multi-component systems are just a
few of the many parameters that may be determined using TGA. TGA also
determines whether and how various parts of a material are differently bonded. The
first derivative of the weight concerning temperature or time yields a differential
thermogravimetry curve or DTG. Both quantitative and qualitative data about the
sample can be obtained using the DTG curves. The finger printing of a substance and
the distinction between two or more overlapping reactions are examples of qualitative
modalities of analysis. Peak height and temperature at maximum weight loss
measurements are examples of quantitative modes (Pan et al., 2005).The typical TGA

and DTG curves are schematically given in Figure 38.

Thermogravimetric measurements of the nanocarbons were carried out at Polymer
Service GmBH, Merseburg, Germany, using TGA Mettler Toledo TGA/SDTA 851
equipment in an oxygen environment over a temperature range of 23 °C to 1000 °C at
a rate of 10 °C/min, and those of the nanocomposites were carried out at Mahatma
Gandhi University, Kottayam, India, using SDT Q600, TA instruments over a

temperature range of 30 °C to 700 °C at a rate of 10 °C/min in a nitrogen atmosphere.
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Figure 38: Schematic representation of thermogravimetric analysis (TGA) curves of mass loss and

differential thermogram (DTG) (Pandit, 2015)

A small piece of the sample was cut with a Hacksaw blade and 10-15 mg of the
sample was kept in the aluminium trioxide (Al2O3) crucible for the measurement.
After the sample was cut, it was placed in a sample stub, and the necessary

measurements were recorded.
3.4.6 Conductivity Measurements

The two-probe method, which involves placing two probes or contacts on a sample
and measuring the voltage while a current is supplied between the probes, is the most

popular methodology for determining the electrical conductivity of a sample (Rojo et
al., 2015).

The conductivity test was measured using a DC conductivity meter (Model ADEC
Embedded Tech) by the two-probe method with a fixed voltage of 3 V and varying its
current in milli, nano, and microamperes at temperatures of 30 °C. The sample was
cut into dimensions of 1 cm x 1 cm x 1 mm with the help of a Hacksaw blade and

subjected to a conductivity test.
3.4.7 Contact Angles Measurements

The contact angle can be measured as a practical means of identifying a surface's
hydrophobicity or hydrophilicity. The angle formed by a liquid at the point where a
liquid, gas, and solid meet at a three-phase boundary is known as the contact angle

measured see Figure 39. It is based on studies of the intermolecular interactions that
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occur when a drop of water comes into contact with a surface. It is mostly utilized to

assess a surface's wettability.

Solid surface

Figure 39: Schematic diagram of the contact angle and interfacial tensions of the three surfaces at the

three-phase boundary (Subedi, 2011)

Contact angles less than 90° indicate that wetting of the surface is beneficial and the
fluid will spread over a vast area on the surface, whereas contact angles greater than
90° often indicate that wetting of the surface is unfavourable and the fluid will
minimize its contact with the surface and form a compact liquid droplet. When the
contact angle is 0°, for instance, complete wetting happens and the droplet transforms
into a flat puddle. The "lotus effect" (Bracco & Holst, 2013) contact angle and wetting
properties can be explained by superhydrophobic surfaces, where water contact angles
are typically more than 150°, indicating essentially no contact between the liquid drop
and the surface. The formation of contact angles on a smooth surface is displayed in

Figure 40.
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Figure 40: Illustration of contact angles formed by sessile liquid drops on a smooth homogeneous solid

surface (Bracco & Holst, 2013)

Young’s equation helps to relate the contact angle 0, liquid/vapour surface
tension 7iy, solid /vapour surface free energy 7ysv, and solid-liquid surface tension ysi as

expressed in eq. (3.3)
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The contact angles of the nanocomposites were measured in the FTA 100 series (First

Ten Angstrom, Portsmouth, Virginia, 23704, USA) using distilled water. The sample

dimensions of 1 cm x 1 cm x 1 mm were subjected to test at room temperature in

closed chambers, maintaining the sessile volume drop of 5 pl.

The summary of different characterization methods and the information to be

obtained are summarized in Table 4.

Table 4: Summary of different characterization methods and the information to be obtained

S. No Methods Information obtained Limitation
FTIR Functional groups Can’t detect elements, simple
1 ionic compounds
Raman Chemical structures and composition Can’t detect metal or Alloy
2 samples
Atomic or molecular structure of | Oply 2 % detection limit in
XRD material/phase, for identification of | thecase of the mixed samples
3 materials
SEM Surface fracture morphology, | Working with liquid samples
4 homogeneous/non-homogeneous ischallenging
TGA Thermal stability of the materials Glass transition temperature
5 and crystallization can't be
known
High contact and spreading
Conductivity | Resistivity/conductivity of the materials | resistance resulting in low
6

accuracy

Contact angle

Determines whether the surface is

hydrophilic or hydrophobic; wettability

The purity of liquid is very

important, vague information

on surface chemistry
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CHAPTER4

4. RESULTS AND DISCUSSION
4.1 Functionalization of Nanocarbons

It is challenging to adhere other particles to the surfaces of nanocarbons in their
pristine state because of their high degree of chemical inertness. Therefore, the
introduction of different oxygen groups on their surface through an oxidation process
is always necessary. Many oxidants have been used to oxidize surfaces, such as
aquaregia, concentrated nitric acid, concentrated hydrochloric acid, etc. As already
discussed in the experimental section, the nanocarbons (CNT, GnP, and ND) were
functionalized by treatment with acid. The introduction of the functional groups on
the surface of nanocarbons was characterized by different methods including

spectroscopic, thermal, and microscopic studies.

The functionalization was done by the acid oxidation method and found to be more
effective than other methods because acid-oxidation method is one of the simple and
viable methods that do not need any sophisticated method which minimizes the cost
additionally this method plays a vital role in the removal of metal impurities that are

used as a catalyst during the nanocarbon synthesis.
4.1.1 Structural analysis of nanocarbons
Fourier transform infrared (FTIR) spectroscopic studies

FTIR is mainly used in the chemical identification and evaluation of functional groups
present in substances. Here, this technique is used to detect the oxygen-containing
functional groups on the surface of oxidized nanocarbons after acid treatment whereas
the acidic oxidative treatment may cause a major change in the structural properties.
In FTIR spectra of pristine and oxidized CNTs (pCNT and mCNT), the spectrum of
pristine CNTs did not show any sharp infrared peaks, indicating that it did not contain
any functional groups on comparing the infrared spectrum of the acid-oxidized CNTs

to that of pristine ones, see Figure 41.

Due to the acid treatment of pristine CNTs, several oxygen-containing functional
groups were introduced. The appearance of the peak at 1700 cm™ is due to the C=0
stretching of the carboxyl group, while the transmittance band at 1306 cm™' and 1150
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cm ! are associated with the O-H bending and C-O stretching, respectively. The
integrity of the hexagonal structure on CNTs was confirmed by the appearance of a
peak at 1600 cm™' which showed the existence of carbon-carbon double bonding

(Yudianti et al., 2011).

acid-treated

Transmittance (a.u.)

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)
Figure 41: FTIR spectra of pristine (pCNT) and acid-treated (mCNT) carbon nanotubes

The peak around 2900 cm™' indicated the C-H asymmetric and symmetric stretching
vibrations of the long-chain nature of the alkyl group (Yadav et al., 2011; Yudianti et
al., 2011). Furthermore, the O—H stretching vibration of the hydroxyl group was seen
at 3200 cm™' (Liu et al., 2018).

Similarly, FTIR spectra were obtained for pristine and acid-treated graphite

nanoplatelets (pGnP and mGnP) samples. The results are shown in Figure 42.

acid-treated
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Figure 42: FTIR spectra of pristine (pGnP) and acid-treated (mGnP) graphite nanoplatelets
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On acid oxidation of graphite nanoplatelets, the slightly broad signal appears at
around 3600 cm™' which is due to the hydroxyl group suggesting that there are ~OH
functional groups on graphite nanoplatelets surfaces (Chua et al., 2012). Along with
this observation, the peak signal at around 1616 cm™' suggests that there is ~C=C

stretching from the pristine graphitic domain (Guo et al., 2009; Lin, 2014).

Figure 43 shows the FTIR spectrum of pristine and acid-treated nanodiamonds (pND
and mND). The detonation nanodiamonds have previously been purified using the

acid treatment (Huang et al., 2008; Viboral, 2011).
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Figure 43: FTIR spectra of pristine (pND) and acid-treated (mND) nanodiamond

The stretching vibration of C=0 (1705 cm™) appears to be sharpened to varying
degrees after acid oxidation treatment (nitric acid). This represents the successful
incorporation of oxygen containing functional groups on the surface of ND. However,
pristine ND is already rich in carboxyls (Wang, 2011). The spectra show that pristine
ND has broad and small peaks but on the contrary, acid-treated ND has sharp
peaks. This is a clear indicator that during the functionalization process, carboxyl and

hydroxyl functional groups were attached to the ND surface (Haleem et al., 2016).
Raman spectroscopic investigation

The result of Raman spectroscopy for three different nanocarbons is summarized in
Figure 44. In the case of CNTs, the two intense peaks corresponding to the D and G

bands were prominently seen in Raman spectra. The D band is due to the presence of
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structural defects (defects due to the generation of amorphous carbon generated
during oxidation and conversion of sp® carbon to sp® carbon) in the nanocarbon
whereas the G band occurs due to the tangential stretching of the carbon-carbon
bonds. The D band occurs due to the presence of amorphous or disordered carbon in
the CNTs because of its nanosized structure. The D and G bands in pristine and
treated CNTs were seen at 1334 cm™! and 1572.5 cm™ as well as 1341.5 cm™!, and
1581.5 cm™', respectively. It has been suggested that the intensity ratio of the D band
(Ip) and the G band (I), In/IG, determines the degree of disorder, sp’> domain sizes
(Dewangan ef al., 2021), and presence of the defects in the nanocarbons. Indeed, the
value of Ip/lg, for (p)CNT) was found to be 1.13 whereas for (mCNT) was 1.22. In this
way, the magnitude of the ratio In/IG can be used to evaluate the defect density of the

carbon nanotube (Jawhari et al., 1995; Murphy et al., 2006).
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Figure 44: Raman spectra of pristine (pCNT) and acid-treated (mCNT) carbon nanotubes

Similarly, the intense peaks at 1342 cm™ and 1572 cm™' as well as 1341.5 cm™' and
1573 em™, respectively, in Figure 45 correspond to D and G bands which are typical
for nano graphitic materials before and after oxidation. The value of Ip/Ig was found
to be 0.22 and 0.24 for the pristine and the acid-functionalized graphite nano-platelets
(pGnP and mGnP), respectively (Maultzsch et al., 2002; Pimenta et al., 2007). It
indicates the increase in defect sites on the surface of graphite nanoplatelets. These

defect sites may be amorphous carbon generated during oxidation and conversion of
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sp? carbon to sp? carbon.
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Figure 45: Raman spectra of pristine (pGnP) and acid-treated (mGnP) graphite nanoplatelets

In both nanocarbons, the position of the D and G bands are shifted towards the higher
wavelength which may be due to the doping effect upon acid treatment. The presence
of these two characteristic peaks after oxidation suggested that there is no damage to

the graphitic integrity of nanocarbons (Scheibe et al., 2010).

The Raman spectra of pristine nanodiamond (pND) and acid-functionalized

nanodiamond (mND) powder are shown in Figure 46.
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Figure 46: Raman spectra of pristine (pND) and acid-treated (mND) nanodiamond
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Pristine nanodiamond exhibits the characteristic Raman features of graphitic carbon:
the D band at 1334 cm™ and the disorder-induced G band at 1579 cm™. Similarly,
acid-treated nanodiamonds exhibit D and G bands at 1339 cm and 1584 cm’

respectively (Nigmatullin et al., 2013).

The G band denotes sp>-hybridized carbon atoms and the D band denotes disordered
carbon atoms (sp® types) and the intensity ratio (Ip/Ig) values were 1.025 and 1.042
for pristine nanodiamond (pND) and acid functionalized nanodiamond (mND)
respectively. The slightly increased In/Ig ratio in the case of mND indicates that the
acid-functionalized nanodiamond sample contains a low number of defects introduced
during the acid treatment. The value of Raman peaks and intensity ratios are indexed

in Table 5.

Table 5: The pristine and acid-treated nanocarbons with their respective Raman peaks and intensity

ratios.

S. No Sample D-band (cm™) G-band (cm™) In/Ic
1 Pristine CNT 1334 1572 1.13
2 Functionalized — CNT 1341 1581 1.22
3 Pristine GnP 1342 1572 0.22
4 Functionalized — GnP 1341 1573 0.24
5 Pristine ND 1334 1579 1.025
6 Functionalized — ND 1339 1584 1.042

Similar results were also reported in previous work (Omalanga, 2015). The increase
in the magnitude of Ip/Ic value suggests that the structural defect occurs by the
transformation of the sp? structure (that is representative of a graphite-like
structure) to the sp’ (diamond-like structure). In contrast to pristine and acid-treated
nanocarbons, pGnP was discovered to have the lowest Ip/I ratio value which could
be a result of the high purity of graphite nanoplatelets with minimal structural flaws

(i.e., less amorphous carbon).
4.1.2 Morphological analysis
i. X-ray diffraction (XRD)

The XRD pattern of pristine multiwall carbon nanotubes (pCNT) and multiwall

carbon nanotubes that have been subjected to acid oxidation is shown in Figure 47.

For pCNT and mCNT, the Bragg peak (002) appeared at 25.92° and 25.68°,
respectively. As a result of the acid oxidation, the pCNT undergoes a minor shift in
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the (002) peak, which causes an increase in the d-spacing value, indicating the

removal of carbon impurities from the starting materials (Das et al., 2014).
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Figure 47: XRD spectra of pristine (pCNT) and acid-treated (mCNT) carbon nanotubes

In the case of graphite nanoplatelets see Figure 48, the Bragg peak corresponding to
the (002) plane was observed at 26.33° for pristine graphite nanoplatelets (pGnP)
corresponding to a d-spacing of 0.301 nm in the XRD pattern of the graphite
nanoplatelets sample. On oxidation of pGnP, the (002) peak shifted to a lower
angle at 10.14° (d-spacing: 0.783 nm). This increase in d-spacing is due to the
interaction of water molecules and the generation of oxygen functionality in the
interlayer spacing of graphite nanoplatelets which is in agreement with the above-

presented results (Shalaby ef al., 2015).

There was not much change in the particle size of CNTs before and after acid
functionalization but in the case of graphite nanoplatelets, the particle size decreased
from 17 nm to 3 nm. This was because the oxidizing agents partially broke the
graphite nanoplatelets into smaller particles indicating that it has been subjected to the
highest degree of molecular distortion in graphite (Gong et al., 2015). The (002)
broad peak was observed for acid-treated graphite nanoplatelets than the pristine
sample which implies that the degree of crystallinity deteriorated after the acid

treatment process further confirmed by calculation.
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Figure 48: XRD pattern of pristine (pGnP) and acid-treated graphite nanoplatelets (mGnP)

The size of the particles along with interlayer distance highly varies in the case of
graphite nanoplatelets compared with CNTs. The degree of crystallinity is also found
to deteriorate after the acid treatment in the case of graphite (16.39 %-15.48 %)
whereas the opposite trend was found in the case of MWCNTSs (20.32 %-29.16 %).

ii. Scanning electron microscopy (SEM) analysis

Figure 49 shows the SEM images of pristine and acid-treated nanocarbons (CNT,
GnP, and ND) used in this work. The morphology of the pristine multiwall carbon
nanotubes (pCNT) and acid-treated multiwall carbon nanotubes (mCNT) is shown
in Figure 49.a and d using SEM images with a resolution of 30 pm. The pCNT
appeared to be in an aligned bundle-type nature (Purified et al., 2019) with size
variation. The average diameter and length of pCNT were found to be 1.7 pm and
10.27 um respectively (Ye et al., 2020). However, in the case of mCNT bundles are
not visible which might be due to treatment with acids. The pure graphite
nanoplatelets (pGnP) in Figure 49.b show flakes-like structures with many graphene
layers. The investigation (Oliveira et al., 2018) further supports the exfoliation of
these layers after acid treatment, as observed in 49.e which is in agreement with the
above presented XRD results. The appearance of multiple graphite flakes in various
locations that are a bit separated from one another in pGnP indicates the presence of

strong interlayer interactions. This interlayer interaction was disrupted by acid
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treatment. The agglomeration of various kinds of largest to smaller particles can be
seen. (Kovarik et al., 2020). It was observed that the thick clusters transformed into

fine powders after acid-treatment.

30 pum

Figure 49: Left (pristine) and right (acid—treated) SEM images of carbon nanotubes, graphite

nanoplatelets, and nanodiamond

The geometries of the exfoliated graphite are nearly rectangular with an average
dimension of 6.3 pm x 2.4 um. The acid-treated graphite nanoplatelets sample has a
visible colour contrast. The exfoliated sheets' pale colour indicates that they are
monolayer, while the slightly darker image in the surrounding area demonstrated a
multilayer nature (Dimiev et al., 2012). On the contrary pristine nanodiamond pND

shows a dense, thick powder with clump-like shapes.

A morphological examination of three different dimensions of nanocarbons showed
aligned bundles in one dimension (CNT), however, these were not apparent after acid
oxidation. In contrast to zero-dimensional nanocarbons (ND), which changed into
powders, two-dimensional nanocarbons (GnP) changed into rectangular layers with

persisting flakes.
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4.1.3 Thermogravimetric Analysis (TGA)

Figure 50 shows the TGA thermograms of pristine and acid-treated CNTs (pCNT and
mCNT). In the case of pCNT, drastic weight loss occurred (approximately 80 %) at
temperatures ranging from 550 °C to 650 °C. This revealed that all CNTs were burned
out at this temperature range and the weight remained constant up to 1000 °C. The
residue left (about 20 %) corresponds to the weight expected for some of the oxidized

metals present as impurities (Dillon ez al., 1999; Mansfield et al., 2013).
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Figure 50: TGA curves of pristine (pCNT) and acid-treated (mCNT) carbon nanotubes

However, in the case of the mCNT see Figure 50, the weight loss from 100 °C-200
°C was due to the loss of water molecules due to the hydrophilic nature of mCNTs. At
around 200 °C-350 °C, some weight loss was seen in the TGA curve. The weight loss
may be due to the loss of some amorphous carbon, which might have been generated
due to the decomposition of different functional groups formed after the acid
treatment. This observation thus confirmed the introduction of oxygen-containing
functional groups after the acid treatment (Shrestha et al., 2010). The significant
weight loss occurred at around 550 °C—650 °C indicating the combustion of all CNTs.
The lower weight percentage compared with the pristine (about 3 %) is definite

evidence of the removal of the metal impurities after acid treatment.

Figure 51 shows the thermogravimetric curve of pristine and acid-treated graphite

nanoplatelets. Pristine graphite nanoplatelets (pGnP) have no weight loss until 650
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°C. However, the acid-treated graphite nanoplatelets (mGnP) have a reduction in Van
der Waals interactions compared to pGnP, and hence lower thermal stability was

observed.

The noticeable stepwise thermal degradation in acid-treated mGnP suggested the
removal of water molecules, hydrogen atoms, and hydroxyl groups showing effective

functionalization (Jeong et al., 2009).
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Figure 51: TGA curves of pristine (pGnP) and acid-treated graphite (mGnP) nanoplatelets, showing

stepwise degradation of modified graphite nanoplatelets

However, a trace of impurities of about 20 % was seen in the mGnP due to the
considerable amounts of residual manganese because of the use of permanganate
oxidant (Wong et al., 2014) during acid treatment. The stepwise removal of impurities
hence was observed clearly in the thermogram in the case of acid-treated and

hydroxyl groups added after the oxidation.

The TGA thermogram of nanodiamonds is shown in Figure 52. In the case of pristine
nanodiamond (pND), there is no evidence of loss of weight up to 500 °C, and drastic
weight loss occurs (approximately 90 %) at temperatures ranging from 500 °C to 600
°C. However, in the case of acid-treated nanodiamonds (mND), a gradual loss in
weight was observed at the initial stages of heating. The initial weight loss (3 wt. %)
in the range of (30 °C-220 °C) is attributed to the desorption of adsorbed water
(Stehlik et al., 2015). This suggests that the presence of C=0 groups on the surface of
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ND-COOH makes it somewhat more hydrophilic than pristine nanodiamond (Bousa
et al., 2016; Wahab et al., 2015). In addition, sharp weight loss was observed between
500 °C-600 °C.

The decomposition of the diamond phase starts at the temperature of 550 °C.
Importantly, the pristine and acid-treated nanodiamond sample had a residual mass of
about 7 % and 4 % at 700 °C (Banisaid & Kharat, 2018). In the 200 °C-500 °C range,
about 4 % weight loss occurs (Stehlik ez al., 2015).
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Figure 52: TGA curves of pristine (pND) and acid-treated (mND) nanodiamond

4.1.4 Summary of section 4.1

In summary, the acid oxidation method is found to be effective for the
functionalization of nanocarbons (CNT, GnP, and ND) of different dimensionalities.
This is confirmed by various spectroscopic, thermal, and microscopic investigations.
FTIR shows the attachment of the oxygen-containing functional groups (~COOH and
—OH) on the nanocarbon surfaces. The oxidation of the nanocarbon with acid
increases their defect population as confirmed by Raman spectroscopy. The
comparative high interlayer distance in GnP compared to other nanocarbons after acid
treatment suggested that graphite particles are exfoliated into sheets of graphene and
smaller particles. The SEM analysis revealed that one-dimensional aligned bundles of
CNT were not clearly visible after acid oxidation. In contrast to zero-dimensional

nanocarbons ND, which changed into powders, two-dimensional nanocarbons GnP
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changed into rectangular layers with persisting flakes. The thermal degradation of
acid-treated nanocarbons occurs at a lower temperature compared to that of pristine
indicating that functionalization has occurred. The high (20 %) impurities are seen in
acid-oxidized graphite nanoplatelets due to the manganese used during the acid

treatment.

4.2 Structure-Properties Correlation of EP/CNT Nanocomposites
4.2.1 Structural analysis of nanocomposites

Fourier transform infrared spectroscopic (FTIR) studies

The FTIR spectra reveal information regarding the functional groups as well as the
variations in mechanical and thermal properties of various samples with their
molecular structures (Charles et al, 2009). The FTIR spectra of neat EP,
EP/pCNTo.05, and EP/mCNTo s are shown in Figure 53.
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Figure 53: FTIR spectra of neat EP, EP/pCNT 05, and EP/mCNTy s nanocomposites

The peaks at 2959 cm™ and 2870 cm™ in neat EP are due to the symmetric and
asymmetric stretching vibration of methylene and 1506 cm™! represents the stretching
vibration of benzene (Qi et al., 2018). The EP group present in all the samples
is further denoted by the bands at around 825 cm!, 912 cm™ and 1234 cm™. The
appearance of a peak at 3722.61 cm™ of EP/pCNT,s is ascribed to some unreacted —
OH groups of the epoxy resin. It can also be noticed that the peak centred at 2959 cm’
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!'is eliminated. In addition, the peak centred at 912 cm™ has slightly shifted in peak

position in the case of both composites comprising pristine and acid-treated CNT
which may be due to the uniform dispersion of CNT on the EP matrix (Mahmood et
al.,2021).

The broadband was observed in the range of 3132 cm™'-3783 cm™ in EP/mCNT s
indicating the presence of hydroxyl groups which might be responsible for
creating hydrogen bonds with other nucleophilic groups. The intensity of these bands
is found to increase in the nanocomposites comprising acid-treated CNT, which may
be due to the interaction of the epoxy groups of the resin with the -COOH groups
introduced onto the surface of the nanotubes through acid treatment, thereby enabling
the formation of hydrogen bonds between the ~-COOH group and EP resin and also
the formation of hydrogen bond between the unreacted carboxylic groups and —OH

groups within the mixture (Rahaman et al., 2012).
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Figure 54: FTIR spectra of neat EP, EP/pCNTj,, and EP/mCNTy, nanocomposites

Figure 54 shows FTIR spectra of neat EP, EP/pCNTo2, and EP/mCNT o2
nanocomposites. The EP/pCNTo.2 and EP/mCNTo.2 nanocomposites show broad peaks
from 3400 cm’ to 3900 cm’ indicating the formation of -OH bond in the
nanocomposites (Paun et al., 2019). The shifting of a peak at 912 cm™ was also

observed in both the case of EP/pCNTo2 and EP/mCNTo.2 nanocomposites indicating
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good dispersion of CNT in the EP matrix caused by the interaction of nanoparticle

and the polymer matrix (Mahmood ef al., 2021).

When the structural characteristics of the nanocomposites with lower and higher CNT
concentrations were analysed, it was discovered that EP, pristine CNT, and modified
CNT are well dispersed in both conditions. However, the broad peak of EP/mCNT at
about 3100-3700 cm™! sharpens for the increased filler content (0.2 wt.%), indicating
stronger interaction between the EP and mCNT resulting in the more cross-linked

character of the composites.
4.2.2 Morphological analysis of nanocomposites
(i) X-ray diffraction (XRD) analysis

The XRD patterns of neat EP, EP/pCNTos, and EP/mCNTo.s nanocomposites are

displayed in Figure 55.
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Figure 55: XRD pattern of neat EP, EP/pCNTys, and Ep/mCNTy s nanocomposites

XRD patterns of neat EP represent broadly amorphous peaks observed at 20 values
ranging from 7-36° with a peak centred at 19° and 43° because of the scattered
crosslinked structures, which typically ascribed to the amorphous nature of EP
(Kumar et al., 2018). Both pristine and acid-treated (EP/pCNTos and EP/mCNT )
nanocomposites also show a broad band with a peak centred at 19°, and 43° due to

dispersion in the EP matrix indicating the amorphous nature of both the
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nanocomposites (Paun et al., 2019).

The decreased peak intensity is observed in the case of both the nanocomposites,
which is due to the intercalation of CNT with the EP matrix (Jamal & Abdullah,
2023). In both nanocomposites, the characteristic peak of CNT was not observed, due
to the use of filler in lower wt. %. The XRD patterns of EP, EP/pCNTos, and
EP/mCNTys show that the incorporation of CNT in epoxy did not influence the
amorphous nature of epoxy (Alhumade et al., 2019).

XRD was performed to extract information regarding the crystallinity, intercalation,

and exfoliation of materials within the EP matrix.
(ii) Microscopic studies

Figure 56 displays the neat epoxy resin fracture surface morphology as imaged by
FESEM at lower and higher magnifications. The micrograph reveals that cracks and
island-like features are present together with smooth, flat fracture surfaces. The
island-like structures may have developed as a result of impurities or coating
materials that wereused during the morphological investigation. Additionally, crack
propagation was observed to occur in a specific direction. This analysis leads to the
conclusion that neat epoxy materials have a weak resistance to cracking and
rupturing. The cured epoxy resin hardens and becomes brittle like glass as a result of
cross-linking between the epoxy and the hardener, according to earlier research that
was published in the literature. In summary, the neat epoxy resin is brittle like glass

and bears different fracture planes.

Figure 56: Lower (left) and higher (right) magnification of FESEM micrographs showing the fracture

surface morphology of the neat EP; the rectangular part of the upper figure is magnified at the bottom
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The FESEM images presented in Figure 57 show the morphologies of the
nanocomposites formed by the Epoxy resin with 0.2 wt. % of pristine and acid-treated

multi-walled carbon nanotubes (pCNT and mCNT), EP/pCNTo2 and EP/mCNTy.

nanocomposites.

Figure 57.a displays a character somehow similar to that of neat epoxy composites
i.e., flat smooth terraces-like structures with crack propagation in a definite direction

while EP/mCNTy2 57.d shows cloud patch structures representing surface roughness

leading to greater energy dissipation (Kumar et al., 2017).
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Figure 57: Lower (left) and higher (right) magnification of surface morphology of the pristine and
acid-treated carbon nanotubes epoxy nanocomposites; the rectangular part of the left figure is

magnified at the right

In 57.b, EP/pCNT nanocomposites, pCNT are clearly visible with a white short
strand. These pCNT are almost well distributed however, there is agglomeration
visible in some parts of the nanocomposites. The mCNT are not clearly visible

compared with pCNT, this is because they are embedded in the EP matrix see Figure
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57.¢ (Anas et al., 2015). The fracture surfaces of EP/mCNTy. also show cracks
created due to the entrapment of air during nanocomposite preparation (Anas ef al.,
2015). The pull-out, network formation, and crack initiation processes are well
displayed in 57.c and f (Anas et al., 2015; Z. Qi et al., 2018). The strongly oxidizing
nitric acid shortens the length of the nanotubes during functionalization processes

(Smolen et al., 2021).

EP/pCNTo2 nanocomposites have flat, smooth structures with clear crack
propagation and homogeneous distribution patterns with low agglomeration,
whereas EP/mCNTo.2 has cloud patches indicating surface roughness and energy

dissipation.
4.2.3 Thermal, electrical, and surface properties
(i) Thermal (TGA) analysis

Thermal analysis is a very valuable tool for determining the thermal stability of the
material. The neat EP, EP/pCNTo2, and EP/mCNTy, nanocomposite samples were
subjected to thermogravimetric analysis (TGA) and derivative thermogravimetric
analysis (DTG) to study the impact of adding CNT (pristine and functionalized) on
the thermal behaviour of nanocomposite. Figure 58 shows the TGA/DTG thermogram
of EP, EP/pCNTjy.2, and EP/mCNTj..
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Figure 58: (a) TGA curves of neat EP resin, EP/pCNTy., and EP/mCNT0.2 nanocomposites (b) DTG
curve of neat EP resin, EP/pCNT., and EP/mCNT, nanocomposites

In neat EP there is no weight loss below 315 °C, and drastic weight loss (89 %) occurs

at a temperature ranging from 315 °C to 450 °C with a single DTG curve at 362 °C
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showing a single-step degradation process. However, in EP/pCNT, the 5 % weight
loss occurs below at around 315 °C and major weight loss (91 %) occurs at a
temperature ranging from 315 °C to 450 °C with their respective DTG curve at 371 °C
and 409 °C. The 5 % wt. loss may be due to the voids formed from the pull-out of
nanotubes from the EP matrix shown in Figure 58. EP/mCNTy. curve displays major
weight (92 %) loss at around 315 °C to 450 °C with the DTG curve representing 371
°C.

The residual masses of the EP, EP/pCNTo2, and EP/mCNTo2 nanocomposites are
around 11, 9, and 8 wt. %, respectively (Cheng et al., 2008). The thermal stability was
slightly observed better for EP/mCNTo.2 than EP/pCNTo.2. The incorporation of pCNT
and mCNT into the EP matrix leads to a slight change in the decomposition
temperature of the EP matrix and both nanocomposites (EP/pCNTo> and
EP/mCNTo.2) from 362 °C to 371°C.

On careful examination, it is found that, as compared to neat EP, EP/pCNTo.2 and
EP/mCNTo2 nanocomposites showed slightly greater thermal stability. The well-
dispersed nanotubes and interfacial adhesion are also supported by Figure 59 between
the carbon nanotubes and the EP matrix contributing to the nanocomposites'

enhanced thermal stability (Cao ef al., 2010).
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Figure 59: Lower (left) and higher (right) magnification of well-dispersed pristine and acid-treated

nanotubes
(ii) Electrical properties

The resistivity of the nanocomposites is measured by taking into account the

resistance and the thickness of the sample. The measurement of the resistivity of the
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samples was calculated and represented in Figure 60 depending on the mass fraction
of CNTs in the nanocomposites. The study indicates that the addition of pCNT
reduces the resistivity of the nanocomposites for 0.05, 0.1, and 0.2 wt. % of EP/pCNT
nanocomposites and then increased in the case of 0.5 wt. % which might be the
formation of agglomeration due to the use of the high amount of CNT contents. In
addition to this EP/mCNT shows increasing resistivity values on increasing mCNT
content with an exceptional case of 0.1 wt. %. Both EP/pCNT and EP/mCNT
nanocomposites exhibit conductivity however EP/mCNT shows more conductivity
comparatively within the given study range of filler concentration. All compositions
with modified MWCNTSs nanocomposites are found to be less conductive which
might be due to the decrease in length of carbon nanotubes through severe
degradation caused by the acid treatment which hindered the formation of the

conductive network (Smolen ef al., 2021).
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Figure 60: Resistivity measurement of EP/pCNT and EP/mCNT nanocomposites with a variation of

CNT wt. %

According to the electrical conductivity measurement, EP/pCNT and EP/mCNT
nanocomposites (0.05, 0.1, 0.2, and 0.5) are found to be conductive. However, among
the various filler concentrations, EP/pCNT nanocomposites with 0.2 wt.%
demonstrate good conductivity. CNT strands are embedded within the EP matrix,
creating an interconnected network that extends in all directions. It is believed that

this intertwined CNT web is responsible for the composite's electrical conductivity
(Earp et al., 2021).
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(iii) Surface properties

The water contact angle indicates the wettability of the solid. The contact angle is
important wherever the intensity of the phase contact between liquid and solid
substances needs to be assisted, such as in coating, painting, cleaning, printing,

bonding, dispersing, etc.

The wettability of the neat EP and its nanocomposites comprising 0.05 wt. % and 0.2
wt. % were studied by measuring the contact angle with the help of the sessile
drop technique. The contact angles (0) of various samples are shown in Table 6 and
their plot is shown in Figure 61. The contact angle of nanocomposites incorporated
with both pristine and acid-treated nanotubes was found to be higher than that of the
neat EP, indicating that nanocomposites are slightly less hydrophilic than the neat EP

matrix.

The arrangement of the CNT nanostructure in the EP matrix may have an impact on
the surface behaviour, and heterogeneity effects may be responsible for the increase in

contact angle (Kim, 2008).
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Figure 61: Plot of contact angle measurement EP/pCNT and EP/mCNT with a variation of CNT wt. %

The contact angle value for neat EP is found to be 37° representing its hydrophilic
nature. The contact angle values for EP/pCNToos, EP/pCNTo2, EP/mCNTo05, and
EP/mCNTo: are found to be 56°, 60°, 47° and 52° respectively. The contact angle
value increased after the incorporation of the CNT and again rose, with the increasing

wt. % of CNT for both pristine and acid-treated cases on comparing to neat EP, which
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is attributed to the change in microscale roughness of the epoxy matrix and nanoscale
roughness of the CNT. However, altering the filler incorporation i.e., pCNT to acid-
treated mCNT, the value of the contact angle is found to be decreased due to the
chemical heterogeneity effects of oxygen-containing functional groups introduced
during functionalization (Ardjmand et al., 2015). Both EP/pCNT and EP/mCNT are
hydrophobic as compared to neat EP, according to the contact angle measurement. In
contrast, EP/mCNT exhibits a hydrophilic character when compared to EP/pCNT,

enhancing the wettability of the prepared nanocomposites.

Table 6: Contact angle measurement of EP, EP/pCNTj s, EP/pCNTj ., EP/mCNTj, and EP/mCNTj»

nanocomposites

S.N. Sample Name Contact angle

value (0) b .
1 EP 37°
2 EP/pCNTo.05 56° a

3 EP/mCNTj g5 47°

_—>
_
o | o | o
5 EP/mCNTy., 52°

I' i»‘.“

Figure 62: Evolution of droplet geometric shapes of (a) neat EP, (b) EP/pCNTys, (c) EP/pCNTj., (d)
EP/mCNTvos, and (e) EP/mCNT»

4.2.4 Summary of section 4.2

The structural analysis of the nanocomposites reveals that with the addition of CNT to
the EP matrix, both constituents are well cross-linked in both the pristine and acid-
treated cases, enhancing their physical properties. The intensified peak corresponding
to higher filler content (0.2 wt. %) implies stronger interaction between the EP and
mCNT, leading to highly interlinked nanocomposites enhancing the physical
properties for structural applications. From XRD, it is concluded that the
incorporation of CNT in epoxy does not show any impact on the degree of
crystallinity of epoxy. Furthermore, the nanocomposites show similar diffraction to
that of epoxy but with a less intense peak. The microscopic study confirms that

pristine and acid-treated CNT are homogeneously dispersed on the EP matrix and are
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acid-treated and responsible for the roughness of the surface, displaying a different
pattern of fractured surface to that of the neat EP and EP/pCNT nanocomposites. It
also shows the degradation of nanotubes caused by refluxed acid. The results of the
thermal investigation indicate that the addition of CNT to an EP matrix slightly
improves (9-13 °C) the thermal stability of the EP/pCNT and EP/mCNT
nanocomposites. The electrical resistivity measurement sums up the conclusion
that resistivity of EP/pCNT nanocomposites was found to be decreased as high as
about 40 times compared to acid-treated nanocomposites. The higher resistivity of
Ep/mCNT was due to the prolonged, long-hour treatment with strongly oxidizing
nitric acid, which shortens the length of the chain of the acid-treated CNT. The
EP/pCNT is slightly hydrophobic according to the contact angle measurement,
whereas the EP/mCNT displays hydrophilic behaviour with improved wettability.

4.3 Structure Properties Correlation of EP/GnP Nanocomposites
4.3.1 Structural analysis of nanocomposites
Fourier transform infrared (FTIR) spectroscopic studies

To analyse the chemical structure of nanocomposites, FTIR spectroscopy was a useful
tool. The FTIR spectra of neat EP, EP/pGnPy 05, and EP/pGnP¢. nanocomposites are
presented in Figure 63. The peaks at 2959 cm™ and 2870 cm™ in neat EP are due to
the symmetric and asymmetric stretching vibration of methylene and 1506 cm’

represents the stretching vibration of benzene (Qi et al., 2018).
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Figure 63: FTIR spectra of neat EP, EP/pGnPy 05, and EP/mGnPy o5 nanocomposites
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The EP group present in all the samples is further denoted by the bands at 824 cm™,
912 cm™ and 1232 c¢m’. The addition of pGnP to the neat EP matrix has somewhat
changed the structures of EP/pGnPo s nanocomposites compared with the EP matrix.
It shows a broad band at 3100 cm™ to 3600 cm™ indicating the presence of hydrogen
bonding.

On the other hand, incorporation of mGnP into the EP, matrix leads to the formation
of broad peaks from 3400 to 3900 cm™ with a sharp peak at 3700 cm™ which is
observed due to the presence of hydroxyl groups attached due to acid treatment on the
surface of the samples which is responsible for creating hydrogen bonds with other
nucleophilic groups. Additionally, the peak at 2959 cm™ becomes diminished in both
of the nanocomposites. In addition, the peak centred at 912 c¢cm' has a slight
position shift in the case of the EP/GnP nanocomposites which may be due to the

uniform dispersion of MWCNT on the EP matrix (Mahmood et al., 2021).
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Figure 64: FTIR spectra of neat EP, EP/pGnPy,, and EP/mGnPy, nanocomposites

Figure 64 shows FTIR spectra of neat EP, EP/pGnPo2, and mGnPy> nanocomposites.
The EP/pGnPo.2 and EP/mGnPo.2 nanocomposites show broad peaks from 3400 cm™ to
3900 cm™! with a sharp peak at 3700 cm™! indicating well dispersion of GnP into the
EP matrix by forming -OH bond (Pédun et al., 2019).

Similar to EP/GnP nanocomposites, neat EP, pristine GnP, and modified GnP are

discovered to be well dispersed in the case of both filler concentrations (0.05 and 0.2
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wt.%). However, they demonstrate a better result at higher filler concentrations.
4.3.2 Morphological analysis of nanocomposites
i. X-ray diffraction (XRD) Analysis

The X-ray diffractogram of neat EP, EP/pGnPo s, and EP/mGnP¢.s nanocomposites are
shown in Figure 65 XRD patterns of neat EP represent broadly amorphous peaks
observed at 20 values ranging from 7-36° with a peak centred at 19° and 43°, which
are typically ascribed to the amorphous nature of EP (Kumar et al., 2018). The
EP/pGnPo s and EP/mGnPo s nanocomposites exhibit broad peaks rather than sharp
diffraction peaks. This is because the crystallite phase disappeared as a result of the
graphite having been previously dissolved in the epoxy matrix or separated by

networks of cross-linked epoxy resin (Qi et al., 2014).
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Figure 65: XRD pattern of neat EP, EP/pGnPy 5, and EP/mGnP s nanocomposites
(ii) Microscopic studies

The fracture surface morphology of the neat EP, EP/pGnPo> and EP/mGnPo:
nanocomposites are characterized by field emission electron microscope under high
and low resolution and are shown in Figure 66. The neat EP depicts typical brittle
fracture surfaces with a uniform section and smooth-appearing terrace like-pattern.

The fracture surfaces of EP/pGnPo., and EP/mGnPy> are rougher than the neat EP

indicating more energy dissipated by the GnP nanoparticles (Tang ef al., 2014).
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These microscopic investigations show that the addition of both pristine and acid-
treated GnP nanoparticles to the EP matrix changes the fractured pattern from smooth
to an increased wavy rougher surface indicating the GnP particles acted as an obstacle
to crack propagation (Abdullah & Ansari, 2015). The graphite nanoparticles distorted
the path of the crack tip (Singh & Mohanty, 2020). The whitened parts were observed
in 66.e are damaged parts that occurred during the physical fracturing of the
nanocomposites. The absence of graphite nanoplatelets in EP/pGnPo, and
EP/mGnPy, nanocomposites suggests that epoxy resin surrounds the nanoplatelets

and that there is a strong interfacial bonding between them.

Figure 66: Lower (left) and higher (right) magnification of surface morphology of the neat epoxy,
pristine, and acid-treated graphite nanocomposites; the rectangular part of the left figure is magnified at

the right

According to the results of microscopic studies, adding GnP to the epoxy matrix can
lessen its brittleness by increasing the density of wavy structures, which increases

surface roughness and energy dissipation.
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4.3.3 Thermal, electrical, and surface properties

(i) Thermogravimetric (TGA) analysis

The neat EP, EP/pGnP¢2, and EP/mGnPy > nanocomposite samples were subjected to
thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG)
to study the impact of adding GnP (pristine and functionalized) on the thermal
behaviour of nanocomposite. Figure 67.a shows the TGA thermogram of EP,
EP/pGnPy2, and EP/mGnPy.. In EP and EP/mGnPy there is no weight loss, <320 °C,
and drastic weight loss (about 83 %) occurs at a temperature range from 320 °C to 447
°C with a single DTG curve at 361 °C (EP), 372 °C (EP/pGnPo2) and 366 °C
(EP/mGnPy>), which showed one-step degradation mechanism see Figure 67.b. The
weight loss is seen for EP/pGnPo2 <320 °C. The nature of the TGA and DTG curves
indicates that the presence of GnP filler does not affect the breakdown of the EP
matrix but a slight improvement of thermal stability was observed for EP/pCNTo..
The residual masses of the EP, EP/pGnPj, and EP/mGnPj, nanocomposites are
around 10, 10, and 11 wt. %, respectively (Cheng ef al., 2008).
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Figure 67: (a) TGA spectra of neat EP, EP/pGnPy ,, and EP/mGnPy» nanocomposites (b) DTG curve
of neat EP, EP/pGnPy ., and EP/mGnPy, nanocomposites

The first weight loss of EP/pGnPo. is attributed to the removal of moisture. The
second weight loss percentages of EP/pGnPo2 and EP/mGnPo2 nanocomposites are
found to be 83 % at the highest breakdown temperatures for both samples. This is due
to epoxy's deterioration (Suherman et al., 2022). The third weight loss is due to the
oxidation of the remaining degradation products of the epoxy (Bera ef al., 2018). The
decrease in deteriorated weight is attributed to the incorporation of graphite

nanoplatelets into the epoxy matrix (Mochane et al., 2017).
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Based on a thermogravimetric study, the pristine graphite (EP/pGnPo.2)
nanocomposites were discovered to be thermally stable in comparison to the acid-

treated (EP/mGnPo.2) and neat epoxy (EP).
(ii) Electrical properties

The measurement of the electrical resistivity of EP/pGnP and EP/GnP with the mass
fraction of pristine and acid-treated GnP in the nanocomposites is Figure 68
respectively. The planar structure of graphite enables electrons to travel freely
between its planes dueto which graphite nanoplatelets conduct electricity. Graphite
nanoplatelets were useful in creating a conductive network as the concentration
increased, there was an improvement in the conductivity value. The resistivity value
of EP/pGnP nanocomposites seems to be decreased on increasing the concentration of
the pristine graphite nanoplatelets exceptional case of nanocomposites with 0.1
graphite wt. %. This exception case might be due to the formation of clusters or
agglomeration during the nanocomposite preparation. However, in the case of
EP/mGnP nanocomposites, the resistivity value was found to be increased up to the
concentration of 0.2 wt. % and drastically decreased in the case of 0.5 wt. %
indicating more conductive (Kaushik ez al., 2010). In this study, nanocomposites with

EP/mGnP are found to be more conductive.
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Figure 68: Resistivity measurement EP/pGnP and EP/mGnP with a variation of GnP wt. %
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It is concluded that the acid-treated GnP nanocomposites show higher conductivity
than that of the pristine GnP because of the homogeneous dispersion of GnP
nanoparticles on the EP matrix on acid treatment.

(iii) Surface properties

Graphite, a stacked graphene layer bears a high contact angle value indicating the
hydrophobic surface. It was reported in the literature that highly oriented pyrolytic
graphite (HOPG) has a contact angle in the range of 60 (Aria ef al., 2016; Ondar¢uhu
et al., 2016; Raj et al., 2013; Shin et al., 2010). The surface properties of EP,
EP/pGnPo.0s, EP/pGnPo2, EP/mGnPo o5, ana EP/mGnPo 2 were studied by contact angle
measurement methods and shown in Figure 69. The contact angle values for the
EP/pGnP are found to be 58° and 66° respectively for lower and higher filler wt. %
which is higher than that of the neat EP i.e., 38°. On incorporating the acid-treated

GnP (EP/mGnPo2), the contact angle value simultaneously decreased to 51° and 65°.
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Figure 69: Plot of contact angle measurement EP/pGnP and EP/mGnP with the variation of GnP wt. %

The increased contact angle value of the EP/pGnP nanocomposites is attributed to the
surface roughness created after the incorporation of the filler particles. However, the
decrease in the value of the contact angle was observed in the case of the EP/mGnP
sample which is attributed to the presence of oxygen-containing functional groups on
the surface of the graphite nanofiller attached after the acid treatment (Pitchiya et al.,
2021).
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The contact angle measurement values are indexed in Table 7 as follows.

Table 7: Contact angle measurement of EP, EP/pGnPy o5, EP/pGnPy>, EP/mGnPg s, and EP/mGnPy >

nanocomposite
S.N. | Sample Name Contact angle b b d
value(0)
1 EP 38°
R
== =) ~ - £
2 | EP/pGnPogs 58° " - e WL i
3 EP/mGPy o5 51° — i é - e =
4 EP/pGnPy» 66 °
a8 €D
5 | EP/mGnPo, 65° . - I .- TP

Figure 70: Evolution of droplet geometric shapes (a) neat EP, (b) EP/pGnPoos, (c) EP/pGnPy,, (d)
EP/mGnPy o5 and (¢) EP/mGnPy >

The surface modification of graphite enhances the hydrophilicity and wettability of
the epoxy nanocomposites (EP/mGnP) incorporated with acid-treated graphite

nanoplatelets.
4.3.4 Summary of section 4.3

The presence of -OH in the graphite and EP matrix is determined by the FTIR
analysis, indicating the formation of well-dispersed EP/GnP nanocomposites in cases
of both filler concentrations (0.05 and 0.2 wt. %) but they are likely to yield good
dispersion at higher concentrations. In comparison to neat EP, the diffraction pattern
of EP/mGnP nanocomposite exhibits a single broad peak, indicating the elimination
of the graphite crystallite phase. The conclusion drawn from microscopic studies is
that adding GnP to the epoxy matrix can reduce its brittleness by altering the crack's
path and forming an intense number of wavy structures, thereby creating surface
roughness and energy dissipation. According to a thermal study, EP/GnP
nanocomposite is slightly more (5-10 °C) thermally stable than neat EP and acid-
treated EP/mGnP nanocomposites. EP/mGnP nanocomposite showed as high as about
35 times decrease in resistivity than that of the pristine graphite because of the
homogeneous dispersion of graphite particles on the EP matrix. The higher value

accounts for the higher filler content and well dispersion of acid-treated GnP
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nanoparticles on the EP matrix. The hydrophilic character of the EP/mGnP

nanocomposites with improved wettability is revealed by the contact angle studies.
4.4 Structure-Properties Correlation of EP/ND Nanocomposites™

4.4.1 Structural analysis of nanocomposites

Fourier transform infrared spectroscopy (FTIR) studies

Figure 71 depicts the FTIR spectroscopy of neat EP, EP/pNDo.os, and EP/mNDo.os
nanocomposites. In the FTIR spectra of neat EP, the peaks at 2959 cm™, 2870 cm™,
and 1502 cm™ represent the benzene ring (Zhan et al., 2011). The EP group present in
all the samples is further denoted by the bands at 824 cm™, 912 cm™ and 1232 cm™. It
can be noticed that the peak centred at 2959 cm™! is eliminated in the case of EP/pND
nanocomposites only. In addition, the peak centred at 912 cm™ has a slight position
shift in the case of both nanocomposites which may be due to the uniform dispersion

of ND on the EP matrix (Mahmood et al., 2021).

EP/mND, o
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Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
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Figure 71: FTIR spectra of neat EP, EP/pNDy s, and EP/mNDy ¢s nanocomposites

The broadband was observed in the range of around 3100 cm™-3700 cm™ indicating
the presence of hydroxyl groups attached due to acid treatment on the surface of the
samples which is responsible for creating hydrogen bonds with other nucleophilic
groups. The intensity of these bands is found to increase in the nanocomposites
comprising acid-treated ND, which may be due to the interaction of the EP groups of
the resin with the -COOH groups introduced onto the nanodiamond surface through
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acid treatment, thereby enabling the formation of hydrogen bonds between the —
COOH group and EP resin and also the formation of hydrogen bond between the

unreacted carboxylic groups and —OH groups within the mixture (Rahaman et al.,

2012).

The FTIR spectra of neat EP, EP/pNDo., and EP/mNDy > nanocomposites are shown
in Figure 72. The chemically modified ND incorporated sample shows the wide band
in the region of 4000-3300 cm™' that appeared in the acid-treated sample, indicating
the O—H bond formation in the composites confirmed the successful formation of

EP/ND nanocomposites (Pdun et al., 2019).
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Figure 72: FTIR spectra of neat EP, EP/pNDy,, and EP/mNDy, nanocomposites

The structural study of the nanocomposites demonstrates that both constituents are
effectively dispersed i.e., ND to the EP matrix in both the pristine and acid-treated
cases, improving their physical qualities. Highly interlinked nanocomposites with
improved physical characteristics for structural applications are indicated by a sharp

peak that corresponds to greater filler content (0.2 wt. %).
4.4.2 Morphological analysis of nanocomposites
(i) X-ray diffraction (XRD) analysis

The XRD patterns of neat EP, EP/pNDos, and EP/mNDys nanocomposites are
displayed in Figure 73. XRD patterns represent broadly amorphous peaks observed at
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20 values ranging from 7-36° with a peak centred at 19° and 43°, which are typically
ascribed to the amorphous nature of epoxy (Kumar et al., 2018). Both pristine and
acid-treated nanocomposites also show a broad band with a peak centred at 19° and
43° which is due to the dispersion of nanodiamonds in the epoxy network (Paun et al.,
2019). The XRD patterns of EP, EP/pNDos, and EP/mNDos show that the
incorporation of ND in EP did not influence the amorphous phase of epoxy

(Alhumade et al., 2019).
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Figure 73: XRD pattern of neat EP, EP/pNDy s, and EP/mND, s nanocomposites

The peak intensity of the EP/mND is almost identical to the neat EP matrix whereas
EP/pND possesses a highly intense peak indicating there is no intercalation of ND
into the EP matrix (Jamal & Abdullah, 2023). In both nanocomposites, the
characteristic peak of ND was not observed, indicating the homogeneous dispersion
of ND in the epoxy matrix (Gantayat et al., 2018). There is no shifting of peaks in
both EP/pND and EP/mND which suggests that the addition of ND to the EP matrix
does not affect the microstructure of the nanocomposite through the interfacial

bonding between the ND and EP matrix (Wang & Zhao, 2013).

The XRD patterns of neat epoxy are almost identical with epoxy incorporated
pristine and acid-treated ND nanocomposites and also reveal that the addition of ND

to the EP matrix does not affect the microstructure of the nanocomposite.
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(ii) Microscopic studies

Figure 74 illustrates the comparison of the fracture surfaces of neat EP and EP/pNDy.
nanocomposites using FESEM. The fracture surface of neat epoxy contains larger
single cracks that show brittleness see Figure 74.c, which results in a weak resistance
to cracking and rupturing (Zhang et al., 2018). The incorporation of 0.2 wt. % of
pND into the neat EP matrix also shows a few voids that are created during
nanocomposite preparation see Figure 74.b (Bisht ef al., 2019). The fractured surface
of EP/pNDy. has several tiny cracks as ND resists crack propagation causing the
crack path to become more complex and branched (Zehua & Guojian, 2012). The ND
nanoparticle of size ranging from 5.97-9.30 um is spotted in 74.b. It also shows that
EP/pNDy.» nanocomposites have a rougher wavy surface than the neat EP indicating

the presence of a strong interface (Haleem et al., 2016).

Figure 74: Lower (left) and higher (right) magnification of surface morphology of the neat epoxy and

pristine ND nanocomposites; the rectangular part of the left figure is magnified at the right

The microscopic studies of the fractured surface of the EP/ND conclude that adding
pristine ND to the EP matrix can lessen the brittleness of EP by resisting crack

propagation and energy dissipation mechanism thereby increasing surface roughness.
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4.4.3 Thermal, electrical, and surface properties
(i) Thermogravimetric (TGA) analysis

The thermogravimetric analysis was performed to understand the thermal stability of
the neat epoxy and composites. The TGA and DTG curves of the neat EP, EP/pNDo.2,
and EP/mNDo.2 nanocomposites are recorded in Figure 75.a and 75.b. The neat EP
started to degrade at around 320 °C which is attributed to the pyrolysis of an epoxy
network (Sahooet al., 2015) and completely degraded at 360 °C. All three samples
exhibit only one decomposition process. The complete decomposition of EP/pNDo.2
nanocomposites occurs at around 365 °C and that of acid treated occurs at 370 °C.
The slight increase in the decomposition temperature of EP/mNDo.2 nanocomposites
may be due to the good adhesion of acid-treated ND to the EP matrix (Saw et al.,
2013). The char residue was found less in the case of EP/mNDo.2 nanocomposites.
However, on careful examination, the shift of around 10 °C increase in decomposition

temperature was observed on moving from neat EP to EP/mNDo...
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Figure 75: (a) TGA curves of neat EP, EP/pNDy », and EP/mNDy , nanocomposites (b) DTG curves of
neat EP, EP/pNDy ., and EP/mNDg» nanocomposites

The nanocomposites with acid-treated ND were found to be thermally stable in
comparison with the nanocomposites with pristine ND and neat EP on thermal

analysis.
(ii) Electrical properties

Figure 76 displays the resistivity measurement of EP/pND and EP/mND with 0.2

wt. % of ND. The electrical resistivity value of nanodiamonds lies at the borderline of

94



the range of conductive materials showing both pristine and acid-treated
nanodiamond conductive at 30 °C. The resistivity value increased for the epoxy
nanocomposites incorporated with acid-treated nanodiamond implying that EP/pND
are more conductive comparative with EP/mND. This might be due to the

homogeneous dispersion of pND.
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Figure 76: Resistivity measurement of EP/pNDy,; and EP/mNDy > nanocomposites
(ii) Surface properties

As shown in Figure 77, we investigated the contact angle test in neat EP, EP/pNDo.os,
EP/pNDo2, EP/mNDoos, and EP/mNDo> nanocomposites. The contact angle in both the
concentrations of pristine ND samples increased sharply and then decreased in
terms of the acid-treated ND sample. The increase in the contact angle value from
neat EP to EP/pND of both concentrations accounts for the surface roughness created
after the incorporation of ND filler particles into the next EP. However, the contact
angle value was found to be decreased when we shifted from EP/pND to EP/mND
nanocomposites because of the polar groups introduced during the acid treatment
procedure, which makes the nanocomposites a little bit hydrophilic (Ardjmand et al.,

2015; Grundke et al., 1996; Hameed et al., 2007).

The decrease in contact angle is more remarkable, indicating the improved wettability
of EP/mND nanocomposites, which might be due to the increase of chemical groups

and surface roughness of the nanocomposites (Zhao et al., 2018).
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Figure 77: Plot of contact angle measurement EP/pND and EP/mND with a variation of ND wt. %
The measured contact angle values are recorded in Table 8 as follows.

Table 8: Contact angle measurement of EP, EP/pNDy s, EP/pNDy >, EP/mNDg s, and EP/mNDy >

S.No | Sample Name | Contact angle
value (0)

1 EP 37° : ;

2 EP/pNDy o5 58° = —a-
e i 2 g i TRET

3 | EP/mNDyos 480 p

4 EP/pNDy. 68 ° & P - &5

5 EP/mNDy» 62° '

Figure 78: Evolution of droplet geometric shapes of (a) neat EP, (b) EP/pNDg s, (¢c) EP/pNDyg», (d)
EP/mNDvos, and (e) EP/mND()Az

Summary of section 4.4

In summary, the FTIR reveals that there is well dispersion of ND into the EP matrix
in both the pristine and acid-treated cases, improving their physical qualities. Highly
interlinked nanocomposites with improved physical characteristics for structural
applications are indicated by a sharp peak that corresponds to greater filler content
(0.2 wt. %). The XRD patterns of neat epoxy are almost identical to those of epoxy-
incorporated pristine and acid-treated ND nanocomposites and also reveal that the
addition of ND to the EP matrix does not affect the microstructure of the

nanocomposite. The microscopic study of the fractured surface of EP/pND
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nanocomposites reveals thatin addition to pristine ND added to the EP matrix, the
smooth fracture surfaces converted into wavy rougher ones. On thermal analysis, the
EP/mND nanocomposites were found to be thermally stable in comparison with the
EP/pND nanocomposites and neat EP. The conductivity of EP/pND is found to be
higher than that of EP/mND. It is also obtained that surface modification of ND
enhances the hydrophilicity and wettability of EP/mND nanocomposites, which

makes them applicable in biomedical applications.
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CHAPTER S

5. CONCLUSION AND RECOMMENDATIONS
5.1 Conclusions

a) The acid treatment method effectively functionalizes nanocarbons of various
dimensionalities, as confirmed by spectral, thermal, and microscopic investigations.
FTIR reveals oxygen-containing functional groups on the surface, while acid
oxidation increases defect population, confirmed by Raman spectroscopy, indicating
more defective sites. XRD analysis supports acid treatment surface modification of
nanocarbons, with graphite nanoplatelets exfoliating into smaller sheets of graphene
with high interlayer distance in GnP. The SEM analysis reveals that nanocarbons
treated with acid exfoliated CNT bundles and graphene layers, and changed ND
clusters into powder. The thermal degradation of acid-treated nanocarbons occurs at
lower temperatures, indicating functionalization, while high impurities (20 %) are

observed in acid-oxidized graphite nanoplatelets due to the use of manganese.

b) The addition of CNTs to the EP matrix enhances its physical characteristics, with a
significant connection between the EP and mCNT, resulting in highly dispersed
nanocomposites for structural applications. XRD analysis shows that adding CNT to
epoxy doesn't affect the amorphous phase of the epoxy, and nanocomposites have
similar diffraction patterns but a less intense peak. Microscopic examination reveals
surface roughness in the EP matrix due to homogeneously dispersed CNT. The
thermal examination shows that adding CNT to an EP matrix doesn't significantly
improve the thermal stability of EP/pCNT and EP/mCNT nanocomposite. The
electrical resistivity measurements reveal that the resistivity of EP/pCNT
nanocomposites decreased by up to 40 times compared to acid-treated
nanocomposites due to the network formation of CNT. However, the modified CNT
nanocomposites exhibit increased resistivity because the breakage of CNTs shortens
them, impairing efficient charge transport. The EP/pCNT exhibits hydrophobic
behaviour, while the EP/mCNT shows hydrophilic behaviour with enhanced

wettability, as determined by contact angle measurement.

c) FTIR analysis reveals -OH bond presence in graphite and EP matrix, well-blended
EP/GnP nanocomposites at 0.05 and 0.2 wt. % filler concentrations. EP/mGnP
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nanocomposite diffraction pattern shows the absence of graphite crystallite phase.
Microscopic investigations show GnP incorporation in epoxy matrix enhances
toughness and surface roughness, while thermal analysis shows EP/GnP
nanocomposites are more thermally stable (5-11 °C) than neat EP and acid-treated
EP/mGnP nanocomposites. The EP/mGnP nanocomposite exhibited a significant
decrease in resistivity, up to approximately 35 times compared to pristine graphite,
due to the uniform dispersion of graphite particles within the EP matrix. The
hydrophilic nature of the EP/mGnP nanocomposites with enhanced wettability was

recorded.

d) The FTIR analysis reveals that ND is well dispersed in the epoxy matrix,
enhancing its physical properties. Thus, prepared nanocomposites with superior
physical properties are suitable for structural applications. XRD patterns show ND
doesn’t affect the microstructure of the nanocomposite. The microscopic analysis of
the fractured surface of EP/pND nanocomposites shows that the smooth fracture
surfaces changed into rougher ones with the integration of pristine ND into the EP
matrix. EP/ND nanocomposites are thermally stable and have improved

hydrophilicity and wettability, making them suitable for biomedical applications.
5.2 Recommendations for Future Work

The structural, morphological, thermal, electrical, and surface properties of different
dimensionalities of nanocarbons (multiwall carbon nanotubes (1D), graphite
nanoplatelets (2D), and nanodiamond (0D) of various sets of epoxy/nanocarbons
nanocomposites have been successfully addressed in this study. However, some
interesting topics could be explored which is not studied in this research. The

following aspects may be addressed in future work.

1. It has been observed that the nanocomposites, particularly that of MWCNTSs may
be useful for conductive coating application. The detailed characteristics of this aspect

may be further carried out in future work.

2. A detailed study regarding the mechanical properties and deformation behaviour
ofthe nanocomposites comprising GnP nanoparticles applicable in various electronics

may be performed in future work comprehensively.
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3. The ND nanocomposites applicable in the biomedical fields correlating it with,

detailed toxicological effects may be one of the most exciting topics for future work.
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CHAPTER6

6. SUMMARY

Aiming at the purposeful functionalization of different forms of nanocarbons and
studying their nanocomposites with epoxy resins, extensive research works have been

carried out. This chapter gives a glimpse of the entire thesis.

Chapter 1 introduces the general introduction of nanocarbons (NCs) and epoxy (EP)
matrices. Nanostructured materials like carbon nanotubes (CNT), graphite
nanoplatelets (GnP), and nanodiamonds (ND) are popular due to their high aspect
ratio and superior electrical, thermal, optical, and mechanical properties. They are
particularly blended with epoxy for application in the aerospace, transportation,
automotive, and electronic industries because of the matrix's superior mechanical and
bonding properties, exceptional chemical stability, and ease of processing. The non-
homogeneous dispersion due to intermolecular Van der Waals interactions is
responsible for the difficulties in the fabrication of composites. Commercially
available nanocarbons have amorphous carbon, metal catalysts, and impurities, which
can degrade their physical properties. The objectives of study are to functionalize
nanocarbons of different dimensions and investigate the physical properties of their

nanocomposites with thermosetting polymers.

Chapter 2 explores synthesis, functionalization procedures of NCs, composite
preparation methods, and their structural, thermal, electrical, morphological, and
mechanical properties. It has been found that to improve the compatibility of
nanocarbon and epoxy polymers to enhance their physical, thermal, mechanical, and
electrical properties, the functionalization of nanocarbon was accomplished via
oxidation experiments, wet chemical methods, surface amidation methods, and
remote photocatalytic oxidation methods, including atom transfer radical
polymerization, microwave-assisted techniques, grafting of organic compounds,
treatment with an inorganic acid, and basic oxidative methods. The various techniques
like ultrasonication, high shear mixing, solution casting, sonication, and mixing and
moulding to prepare epoxy/nanocarbon (EP/NCs) nanocomposites and their electrical,
thermal, and mechanical properties were explored. It has been reported that the

incorporation of NCs into the EP matrix improved its thermal, electrical, and
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mechanical properties to a certain filler wt. %. However, if we go beyond a certain
point, their properties start to deteriorate due to agglomeration. However, it is still
unclear whether the functionalization of nanocarbons varies with their dimensionality
and whether there is a relationship between their dimensions and the physical
characteristics of epoxy/nanocarbon nanocomposites. By comparing the
functionalization and various properties of these three different nanocarbons, with
varying dimensions, we were able to discuss the existing problem in this research

study.

Chapter 3 discusses the detailed information of materials and methodology adopted
to functionalize nanocarbons and to prepare EP/NCs nanocomposites. The three
different nanocarbons namely multi-walled carbon nanotubes; Nanocyl 7000,
Nanocyl SA, Belgium, graphite nanoplatelets; conductograpgh GFG 50M, SGL
Carbon GmbH, Meitingen, Germany, nanodiamond powder; Nuevo Blend
Carbodeon, Pakkalankuja, Vantaa, Finland were used in this research work. These
three different nanocarbons (NCs) were functionalized by treatment with different
inorganic acids. The nanocarbons functionalization process was confirmed through
FTIR, Raman, XRD, TGA, and FESEM. Further, the EP/NCs nanocomposites were
prepared by incorporating pristine and acid-treated nanocarbons into the EP matrix
via physical mixing assisted by ultrasonication. These EP/NCs nanocomposites were
subjected to structural, morphological, thermal, electrical, and wetting properties. The
structural properties of the nanocomposites were determined by FTIR; IR Prestige 21,
ZnSe ATR, 4000 cm™!, and 600 cm™. The morphology of the nanocomposites was
studied using XRD; Rigaku, Miniflex 600, Cu Ka, and FESEM; Hitachi SU8010,
Japan, with an acceleration voltage of 3 kV. The thermal properties were carried out
using TGA; SDT 0600, 30 °C-700 °C at the heating rate of 10 °C /min. Their
electrical and surface properties are well studied through two probe methods; ADEC
Embedded Tech, 3kV and contact angle measurement test; FTA 100 series,
Portsmouth, Virginia, 23704, USA using distilled water.

Chapter 4 covers the results and discussion part. The results are briefly summarized
in the following paragraphs. The study investigated electrical and surface properties
of EP/NCs nanocomposites with varying wt. % of fillers correlating with structural,

thermal and morphological analysis. It first functionalized nanocarbons (multiwall
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carbon nanotubes CNTs; 1D, graphite nanoplatelets GnP; 2D, and nanodiamonds ND;
0D) to increase hydrophilicity and reactivity by wet method. The rise in the defect
population of sp® hybridized carbon atoms and the addition of functional groups
containing oxygen were confirmed by spectroscopy. Exfoliation and the
transformation of a cluster into powder were explained by XRD and microscopic
examination; however, the thermogravimetric study revealed mass loss at lower

temperatures.

EP/NCs nanocomposites were developed by adding pristine and functionalized NCs
to the EP matrix through physical mixing and ultrasonication. Spectroscopy, thermal,
and microscopic methods were used to characterize the nanomaterials. FTIR spectra
showed well dispersion of the components, while XRD analysis showed no impact on
crystallinity. NCs were uniformly distributed in the EP matrix, displaying a rough,
cloud-like fractured and river-like surface pattern. CNTs resist crack propagation and
shorten upon acid treatment, proving apotential material for EP/NCs nanocomposites.
EP/NCs showed improvement in thermal stability by 5-13 °C in TGA thermograms
with pristine and acid-treated nanocarbons. The resistivity of EP/pCNT
nanocomposites decreased by up to approximately 40 times compared to acid-treated
counterparts. The increased resistivity of EP/mCNT was attributed to the shortening
of carbon nanotube length, altering its aspect ratio upon acid treatment. Conversely,
acid-treated graphite exhibited a resistivity decrease of up to about 35 times
compared to pristine graphite due to the uniform dispersion of graphite particles
within the EP matrix. The surface properties of acid-treated nanocomposites showed

hydrophilic properties.

Chapters 5 and 6 finally conclude and summarize the whole work respectively.
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