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ABSTRACT
Polymeric nanocomposites have attracted considerable interest, compared to traditional
polymeric composites, because of their substantially improved mechanical, thermal, electrical,
and magnetic properties, while maintaining their light-weight advantage. One of the most widely
investigated and researched types of nanocomposites is carbon nanotube (CNT) reinforced
polymeric resins, because of their promising property improvements, enhanced performance, and
multifunctionality, which make them very attractive for high-performance structural
applications. Carbon nanotubes can be synthesized in various geometrical shapes and
configurations with different structural characteristics and material properties. Some of the main
challenges for the effective incorporation of CNTs in polymeric resins are their agglomeration,
non-uniform dispersion, and poor bonding/interface with the molecules of host polymeric resins.
Several solutions have been proposed and applied to CNTs to overcome these challenges, but not
all of them were fully successful. One of the most effective methods is to change the structure of
the side walls of carbon nanotubes by means of chemical functionalization using strong acids.
The main objectives of this research are to study the effects of various chemical
functionalization methods, structural geometries of CNTs, and weight percentages (wt%) on the
mechanical and thermal properties of CNTs reinforced polymeric nanocomposites. Two
geometrical configurations of CNTs (e.g., straight and helical) were functionalized using
different chemical functionalization methods. Then, different weight percentages of the
functionalized CNTs were mixed within a polymeric resin system and used to fabricate
nanocomposite specimens for further characterization and testing.

All testing procedures

followed the American Society for Testing and Materials (ASTM) standards.
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CHAPTER 1
INTRODUCTION
1.1

Background
Nowadays, in industries where light-weight and high strength materials are required,

composites are the very first candidates considered. Composites materials have been used in a
wide range of industries. With the help of composites, aerospace and automotive industries are
safer and stronger than they have been in the past. With the presence of composite materials the
construction refurbishment, medical implants manufacturing can be accomplished more
accurately. The contribution of composite materials in our daily life has increased excessively
over the past two decades [1]. Whenever a combination of several properties is required that a
single material cannot provide, composite materials are the first materials to be selected.
Dispersion of fibers or different types of particles within the matrix phase leads to the creation of
composite materials that show novel properties that the separate materials do not exhibit on their
own. The need for using materials that have a lighter weight, and higher stiffness and strength
has already forced designers and researchers to replace old-fashioned materials with composite
components in many areas of manufacturing such as aerospace, automotive, sports accessories,
etc [1, 2].
Figure 1.1 shows the classification of composites materials. Composite materials are
made of two main phases: including the continuous and reinforcing phase which are known as
matrix and fibers/particles, respectively. The matrix phase mainly involves polymer, metal, or
ceramic. The reinforcing phase involves the materials such as carbon, glass, polymers or can be
in discontinuous mode such as particles or short fibers and in continuous mode such as textiles

1

and unidirectional. This research mainly concerns the polymeric matrix, which can be thermoset
(TS) such as epoxy, or thermoplastics (TP) such as rubber, elastomer (EL) such as PEEK [1].

Figure 1.1: Composite materials classifications [1].
Reinforcing materials are very important in order to determine the strength and stiffness
of the composite materials, but it does not eliminate the role of the matrix in the properties of the
composites. The conductivity of the composite materials is highly influenced by the matrix
phase. The properties of the composite materials are the result of synergy between the matrix and
the fibers. Usually, matrix materials are ductile materials. As the result of pulling apart of the end
or tip of the fiber, the deformation of matrix materials indicates the shear forces and resulting
stress back into the material. Fibers contribute to composite materials by reinforcing them and
helping them to tolerate more stress without failure. Good synergy between the continuous and
reinforcing is necessary to produce strong composite materials. However, other factors, can
affect the properties of the composites, such as the physical properties of the matrix and
reinforcement. Depending on the application of the composites, each of its materials must be
selected carefully. For example, in some applications, the strength of the fibers is more desired
rather than the fiber orientation and dimension. If strength is desired, then longer fibers would be
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an ideal candidate to be chosen, because in this way, the fibers can accept the load up to the peak
stress. Choosing the wrong method to produce the fibers or using inappropriate fibers can cause
catastrophic failure in composite materials. Typically, reinforcements with a higher surface area
compared to the cross-sectional area are more durable and able to withstand shear forces. A
reinforcement fiber can be more efficient if it is longer in one direction than the other directions.
For most strong composite structures, the required critical aspect ratio of the length to
reinforcement dimension is 100:1. With longer fibers, it is easier to control the orientation than
with particles or short fibers. Laminated composites have been used in many applications. Using
a uni-directional fiber provides more flexibility so that the manufacturer can arrange it in
different directions and thereby fully benefit from the reinforcement in terms of stiffness and
strength. However, with a unidirectional fiber, there is always the risk of delamination when it
comes to severe stress, and a unidirectional laminated composite suffers from extremely low
impact resistance. Most thermoplastic matrices are made of ductile materials and the addition of
fibers into a matrix and the presence of strong bonding can make the composites brittle;
however, the introduction of fibers into a ductile matrix can limit the capability of the matrix to
dissipate energy from an impact caused by plastic deformation. As a result, this combination
begins to crack, and eventually the cracks will extend to the entire structure and cause extensive
failure [1-4].
Polymeric composites have been used in daily life as well as industry. Ease of
manufacturing, good mechanical properties and light weight are features of polymeric
composites. Polymeric composites can be either thermoset or thermoplastic. Most polymer
composites using epoxy are considered to be thermoset. Thermoset polymers typically show
brittle behavior and lower tensile strength. Polymeric composites could be modified by
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introducing nanomaterials to maximize their potential for different applications. The properties
of polymeric composites can be significantly increased with the addition of small weight
percentages (wt%) of nanofillers into the matrix without changing the properties of the matrix
[5].
1.1.2

Composite Materials Market
According to statistics, the distribution of polymeric composites is 39% in North

America, 24% in Asia, and 34% is reported in Europe. The use of polymeric-based composites
has been excessively increased, specifically up to approximately 25% in the early years of the
current century. Leading industries that use polymeric composites involve transportation,
including the automotive and, aerospace industries, to produce more durable products that are
lighter in weight and more environmentally friendly, followed by other industries such as
construction for civil engineering purposes and electrical engineering. In 2011, it was reported
that in the transportation sector, more attention was paid toward the use of fiber-reinforced
composites rather than carbon fiber-reinforced composites. However, according to recent studies,
this trend has changed, and there seems to be a more promising future for polymeric-based
nanocomposites using carbon fiber, or nanotubes [1].
For the past two decades, most automobile companies have invested in new technology to
reduce the weight of their cars. Previously, most of automotive industries used composites
materials only in racing cars to increase the efficiency of their products. Today, composite
materials have found the path in every industry. In automotive industry, like the aerospace
industry, composite materials have been used from the interior like trims for the dashboard to
exterior of their products. It is estimated that more than 75% of the fuel consumption in cars is
related to the weight of the vehicle. With the presence of composite materials on the market,
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there are excellent opportunities for automakers to build cars that are lighter in weight, more
reliable, and more efficient and also to reduce the harmful effects of consuming natural
resources. Based on studies, there is up to 8% improvement in fuel consumption for every 10%
in weight reduction [2, 6, 7].
There are more advantages of reducing the weight of vehicles, such as boosting
performance and providing a more efficient product to the customer, which leads to stabilize the
price of petroleum products, smaller engine and energy storage required, increasing the safety
and handling. There are several overall advantages of using more composites in the
transportation industry rather than the traditional automakers such as the weight of the product
can be improved by a minimum of 20% and can be extended up to 40%, more flexibility for
those complex components that requires molding, tooling cost can be reduced up to 60%, and
composites offer excellent corrosion resistance and, high energy absorption which leads to a
stronger and safer structure [1, 2, 4].
1.2

Carbon Nanotubes and Their Properties
Much attention has been given toward carbon nanotubes (CNTs) because of their

outstanding thermal, mechanical, and electrical properties. They can be used in a wide range of
applications in the aerospace and automotive industries where role of the weight is crucial.
Mechanical strength and modulus could increase up to 4.8 GPa and 725 GPa, respectively. A
small dimension with a higher surface area has provided suitable interfacial interaction when
CNTs are incorporated into different materials, especially epoxies. Carbon nanotubes are made
of layers of a graphene sheet in a cylindrical shape with different geometries depending on the
arrangement of the planes. They are mainly classified as single-walled, double-walled, and
multi-walled carbon nanotubes. A single layer graphene sheet forms a single-walled carbon
nanotube (SWCNT). The presence of more than a cylindrical roll of a graphene sheet leads to the
5

formation of a double layer and also a multi-walled carbon nanotube (MWCNT). The geometry
of carbon nanotubes in terms of their diameter and length vary, depending on the arrangement of
the graphene sheet. Both SWCNTs and MWCNTs could be synthesized with using different
techniques, which will be explained in this chapter. The synthesizing method and different
parameters affect the geometry of the CNTs. Chemical vapor deposition (CVD), which will be
discussed more in details in this chapter is an ideal method to produce CNTs with a spring shape
in geometry, also referred to as helical or helicoil CNTs (HCNTs). The performance of HCNTs
depends on their physical properties, such as the diameter of the tube as well as the coil, which is
based on the synthesizing process. High performance is expected of HCNTs since their
arrangement of atoms provides extraordinary properties, especially while they are exposed to
compression or under tension [6, 8]. Typically, the outer layer of carbon nanotubes is chemically
inert, which restricts the applications of CNTs. One of the most common methods to extend the
properties as well as applications of CNTs is by functionalization. Some effective methods have
been used as surface modification of the carbon nanotubes to maximize their applications [9].
1.3

Methods for Synthesis of Carbon Nanostructures with Various Geometrical
Configurations
Carbon nanotubes can be produced by three main methods: Chemical vapor deposition,

which is the most popular method, visible light vaporization, and arc discharge. The visible light
method can be further divided into three different methods: laser ablation, for applications that
use a pulsed laser; laser vaporization, for any application that continues laser beam is applicable;
and solar vaporization, where the main source of a multi-wavelength is a solar furnace. A few
other techniques include, flame synthesis, catalytic pyrolysis, and hydrocarbon (liquid phase)
synthesis, but they are not as common as the other methods [10, 11].
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The visible light vaporization and arc discharge method are similar, since in both
methods, graphite will be sublimated into an inert gas at a proper pressure which is way below
the atmospheric pressure. The next step in both of these methods is condensing the produced
vapor under a controlled condition at a high temperature gradient. Based on the different
procedures, a catalyst may also be used. Growing the nanotubes toward a desired pattern is the
main purpose of using a catalyst. The only difference between the arc discharge method and the
visible light vaporization is the technique used for sublimating the graphite, which is plasma for
the arc discharge method and visible light for the vaporization. In the CVD method, gaseous
hydrocarbons are used as the source of carbon, and the temperatures are lower compared to other
mentioned methods. These methods can be used to produce either single-walled or multi-walled
carbon nanotubes. In order to produce the single-walled carbon nanotubes, the presence of a
catalyst is necessary. Here, the formation of the cap on the catalytic species surfaces is the main
step in the synthesis. This step is also known as nucleation, which determines the type of
nanotubes produced. The process of producing single-walled carbon nanotubes requires a
specific procedure, which makes it more expensive compared to the process for producing multiwalled nanotubes. Using a significant amount of nanotubes within the polymeric materials is an
important factor. From a quantitative perspective, both visible light vaporization and arc
discharge are not economical methods. Moreover, the number of defective nanotubes in the CVD
process is lower than in the non-CVD methods [6].
As of now, chemical vapor deposition is the only method that can produce high-quality
nanotubes in a large quantity. Typical metal catalyst for the formation of SWCNTs is a cluster,
which works as a nucleating site to create nanotubes in the desired pattern. The presence of a
metal catalyst is necessary to maintain the unclosed open end of the tube. However, the presence
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of a metal catalyst is not required for MWCNTs due to the interactions between the concentric
cylinders, which have as their main role the further formation of more nanotubes. The created
nanotubes chirality depends on the chemical composition of the metal catalyst used. Vaporliquid-solid (VLS) is a well-known term used in the clustering of nanotubes. In the very first
stage of growth, the end caps form on a metal catalyst. In visible light and using the arc
discharge method, atoms of the metal catalyst constrict in clusters and the carbon atom, and with
the help of solid diffusion and carbon deposition, the cap creation will occur. The CVD method
follows a similar mechanism but there is also another way to form the caps, which end up with
the same result. For the last method, the cluster preforms the metal catalyst on the catalyst, which
is not the reactionaries like alumina particles or silica, and the next step is applying the carbon
atoms on the surface of metal cluster to finalize the formation of the cap. There are two
mechanisms for adding carbon atoms into the growing structure. In the first, carbon atoms are
available individually at the cluster’s base since the metal is over saturated with carbon atoms
that are already dissolved and cause the ejection of the each of the carbon atoms at the surface. In
this case the cluster phase can be either solid or liquid. However, in the second mechanism, the
atoms of carbon will not diffuse into the surface of the clusters; instead the diffusion of the
carbon atoms will continue until the nanotube growth has been completed. The size of the
applied cluster affects the diameter and properties of the SWCNTs. In some cases, if the final
growth nanotube diameter is roughly as small as the size of the cluster, then it is considered as a
single nanotube with an encapsulated metal cluster on one side of the tubes, which shows that the
diameter of nanotubes and the size of the clusters are related. However, for large-size clusters,
the nanotube will grow perpendicular from the surface, and in this case, the size of the clusters
and the diameter of the nanotubes are not related. In other words, SWCNTs will not form in the
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presence of large-size clusters. Temperature is another important parameter that can affect the
formation of nanotubes. It strongly affects on the carbon solubility on the particles and also the
formation of the tubular structure compared to the smooth coated metal catalyst [6, 11].
1.3.1

Arc Discharge Method
A typical arc discharge system is shown in Figure 1.2. It contains a large chamber, which

is commonly filled with either argon or helium at a certain temperature (about 500 Torr). The
high temperature caused by the arc welder is high enough to sublimate carbon and converts it
from a solid to a gas phase without the formation of the liquid phase. In order to be able to
produce high-quality nanotubes, the plasma should be maintained as stable as possible. The
absence of the metal catalyst will result in two products: one on the reactor walls, and the other
on the cathode.

Figure 1.2: Schematic of typical arc discharge apparatus [6].
Two products will be hosted on the reactor walls and cathode when the metal catalyst is no
present including soot and deposit, respectively. Soot contains numerous materials including
graphitic sheets, fullerene, and some amorphous carbon, but at this stage no nanotube has been
produced. The deposit with a hard shell of nano-scaled particles and multi-walled carbon
nanotubes will be created, while the core is made of 75 percent of MWCNTs and the remaining
25 percent is graphitic nanoparticles. The MWCNTs have inner and outer maximum diameters of
3 nm and 25 nm, respectively, and the maximum length of nanotubes is not larger than 1 µm. A
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metal catalyst is placed on the anode by drilling a hole and filling it with a mixture of metal
powder and graphite. Different hypotheses relative to the growth mechanism of MWCNTs with
the arc discharge method can be divided into three main theories. The first theory says that in
vapor phase theories, the atoms of carbon directly condense from the plasma vapor to form
nanotubes. Temperature variation and electric field play important roles in this mechanism. The
electrical field provides enough force for growing the nanotubes along the local electric field.
The second theory discusses the nucleation of nanotubes and their growth from the alreadycooled liquid of the shell of solid carbon particles. The third theory claims that carbon condenses
on the cathode act as an initial cluster, with having the help of the conversed seeds into the
nanotubes because of the high temperature, which is caused by the arcing process. The biggest
advantage of the arc discharge method is the ease of installation and setting up this system on a
laboratory scale for research purposes. The required equipment for this method is affordable, and
the operation of this method to produce nanotubes is easy to learn. Also, in terms of quality, the
number of defect-produced nanotubes is relatively low. The main drawback of this method is
producing a great number of non-nanotubes in each run, which can reach to 90 percent, thereby
indicating that 10 percent of nanotubes are deposited on the surface of the cathode and, hence, a
large loss in terms of nanotube production. Another disadvantage of this method for producing
nanotubes is the limited number of nanotubes produced by the target erosion rate, and by
increasing the target diameter, the nanotubes fraction is significantly reduced [6, 12, 13].
1.3.2

Visible Light Vaporization Method
In the visible light vaporization technique, a graphite block is placed in a low-pressure

atmosphere with at a low temperature (around 1200°C) and a high-intensity light is concentrated
on the block. The inert gases and pressures used are very similar to the arc discharge method.
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Solid graphite will convert to vaporized particulates with the help of solar radiation or a laser.
The laser requires a very high power of around 100 kW/cm2. If the solar method is selected, then
a solar furnace would be needed to provide enough energy for growing the nanotubes. Here, the
gas flows through the system to provide the suitable temperature gradient as well as carrying the
particles. Figure 1.3 shows a typical visible light vaporization apparatus.

Figure 1.3: Schematic of a typical visible light vaporization apparatus [6].
Similar to the arc discharge method, MWCNTs will be the result of using pure graphite, and
SWCNTs will be the result of using metal with graphite. The preparation process is the same as
the arc discharge technique. The high cost and difficulty of installation are the main drawbacks
of this technique. The high purity and production of more nanotubes, which is around 50%
higher than other methods, makes this technique very productive [6, 12].
1.3.3

Chemical Vapor Deposition Method
Chemical vapor deposition is one of the most well-known methods for producing

nanotubes. The main difference between this technique and other discussed methods is the use of
hydrocarbons as the source of carbon. In CVD, the formation of carbon atoms is based on the
decomposition of carbon monoxide (CO) or any other available component that contains carbon.
Any of the catalysts that can be placed on the surface of nonreactive particles are good
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candidates. Cobalt, iron, and nickel are the best materials to be used as CVD catalysts. Highpressure carbon monoxide is one of the most common methods of a floating catalyst for
producing SWCNTs. Catalysts are produced based on two approaches: either making the catalyst
independent of the synthesis of the nanotube, or making it in situ from an oxide solution or
organometallic precursor. Figure 1.4 shows a typical CVD system.

Figure 1.4: Schematic of a typical chemical vapor deposition apparatus [6].
Carbon monoxide is the common carbon-containing species for producing nanotubes using the
CVD technique due to its price and simplicity. Low temperature plays an important role in
cracking the CO molecules. Maintaining a low temperature is necessary to prevent the
coalescence of the metal clusters. The presence of coalescence leads to carbon fibers not
nanotubes. In general, the carbon source mixes with an inert gas for a better reaction. CVD is an
economical and scalable technique that can be used in both industry and research laboratories.
The demands for using this technique have increased compared to a few years ago, and it is
expected that all nanotubes used in polymers in the next few years will be produced by the CVD
process. The significant advantage of the CVD is producing a large amount of nanotubes in each
run, which translates to a less than 1% loss. However, in terms of quantity, the number of defects
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is relatively high compared to other techniques, and also the metal cluster must be removed due
to its potential to make undesirable reactions on polymers [6, 13-15].
1.4

Applications of Carbon Nanotubes
Carbon nanotubes can be used in a wide range of applications from daily life to aerospace

industries. The combination of nanotubes and biomolecules can be used in many biological and
medical applications to create and fabricate drug delivery devices, biosensors, surgery
equipment, etc. Functionalization can improve the properties of the nanotubes as well as
expansion of their usage in solar cell energy storage devices, supercapacitors, and flame
retardant materials. Pantarotto et al. [16] reported that the combination of peptide and nanotubes
improves the immune response against the peptide with no harmful reaction of nanotubes against
the cells. They also reported no harmful reaction and no toxicity by using the functionalized
nanotubes and cell membrane within the cell [9, 16]. According to one study, poly(amidoamine)
was successfully grafted with nanotubes [17]. Another effective way of functionalization is using
the tetrahydrofuran solvent, which is a polar solvent and can be used in fuel cells at low
temperature. Carbon nanotubes with different types of geometry can be used as catalyst support
in fuel cells [18, 19]. Functionalization of nanotubes using oxidation in the acidic solution can be
used as the cathode electrode for many applications, such as fuel cells in high temperature [20].
Due to the high thermal conductivity of the nanotubes, they can be used in the preparation
process for high thermal conductivity nanofluids with excellent stability. Based on
measurements, using nanofluids can enhance the thermal conductivity more than 17.5% [21].
The effect of nanotube chemical properties is important in increasing the thermal conductivity as
temperature constantly increases. Those nanotubes with smaller diameters show a higher
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contribution in thermal conductivity improvement for nanotubes in water-based nanofluids
compared to those nanotubes with larger diameters [22].
1.5

Polymeric Nanocomposites
In 1991, Iijima introduced carbon nanotubes into the scientific world and provided the

new path of nanotechnology. Their outstanding thermal, electrical and mechanical properties
have turned a significant amount of attention to carbon nanotubes. Since CNTs have a high
surface area and aspect ratio, they can be appropriate candidates for use in different applications.
The combination of carbon nanotubes within the polymer matrices poses novelty properties,
which leads to new materials with enhanced properties. However, in order to reach the highest
properties, some challenges must be managed. One of the most common challenges is nanotube
purification, which should be considered to avoid further production problems. This is an
important step prior to using them in polymeric matrices. Other challenges are the orientation
and alignment of the nanotubes as well as voids within the main structure of the matrices, which
should be considered in order to obtain desired results. In general, the dispersion of nanotubes is
key to their desired uniform production. The dispersion will be more critical when it comes to
those nanocomposites with having high nanotube loading percentages. This process is highly
dependent on the nanomaterial geometry and application. Many parameters that influence the
characteristics of carbon nanotubes in polymeric nanocomposites have been reported in several
studies. However, several contradictory reports for some of the properties may be a consequence
of the various methods of nanotubes characterization. Nanocomposite performance strongly
depends on its interaction characteristics. This interaction characterization involves three levels:
(1) between different layers of multi-walled carbon nanotubes, (2) between the polymeric matrix
and the nanotubes, and (3) between various nanotubes in a whole bundle. Among these
categories, the first and third are dependent on nanotubes characteristics, such as their quantity or
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geometry. However, the second type interaction depends on the characteristics of both nanotubes
and polymer and also how they are interrelated to each other [15, 23].
The combination of carbon nanotubes and the polymeric matrix is one of the most
commonly discussed structural systems, since the main matrices can be simply fabricated with
no damaging the carbon nanotubes based on the most accurate manufacturing techniques. This
combination can be categorized to functional and structural composites. Structural composites
are utilized to explore the high mechanical properties of carbon nanotubes in order to obtain a
very organized structural material with enhanced properties [6, 24].
1.6

Chemical Functionalization and Characterization of CNTs
One of the most commons methods to increase the solubility of nanotubes in an epoxy

system is surface modification, also known as functionalization. Many methods and techniques
have been proposed to improve the solubility of CNTs in polymers. Functionalization is an
effective method to provide a higher degree of dispersion in the epoxy, thereby resulting in a
uniform solution and enhancement of the interfacial interaction between the CNTs and the
matrix.
Many methods have been proposed to functionalize carbon nanotubes. The most common
approaches for improving their interaction in polymeric nanocomposites involve non-covalent
and covalent interactions. Non-covalent interaction can be achieved by improving any
mechanical techniques such as wrapping, bridging and extending the interfacial area. Bridging
takes place when the polymer chain starts the interaction with at least two reinforcements at the
same time. To increase the chance of bridging, a polymer with higher molecular weight or more
carbon nanotubes are required. Wrapping helps to achieve a stronger interaction as well as
dispersion of the nano-reinforcement. The polymer structure and the geometry of the polymers
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affect the wrapping mechanism [25, 26]. Those polymers with stiffer backbones are more
susceptible to wrapping the nanotubes and creating a helical structure. The behavior of the chains
can be affected by the chemical composition. In general, a nanocomposite with more nanotubes
that are smaller in diameter and more polymers with a higher molecular weight exhibit a great
tendency to form the wrapping mechanism. In the non-covalent interaction approach, no
preparation is required, and no defects appear in the nanotube structure. This type of interaction
is highly dependent on the type of polymer and creates only weak adhesion [6, 15].
Covalent interaction is for chemically bonding chains of polymers to the nanotube
reinforcements, and it usually occurs through either side wall of the functionalized nanotubes.
Before the functionalization process, nanotubes must be modified by adding some functional
groups to their surfaces, which makes them reactive with respect to the polymeric matrix [20,
21]. This type of interaction prepares nanocomposites with a higher degree of nanotube
dispersion. Breaking the agglomeration of nanotubes provides more uniform behavior to
nanocomposites. The stronger adhesion leads to higher mechanical properties. Functionalization
is recommended to create a covalent interaction, ensure a higher performance of nanocomposites
and prevent poor dispersion. However, it must be pointed out that a well-done functionalization
occurs if all the preparation steps have been done properly [27]. There are several methods for
measuring the interaction of carbon nanotubes within the polymeric nanocomposites. Wetting,
spectroscopy and force microscopy are some of the experimental methods to measure the
interaction characteristics [15].
1.6.1

Wetting Method
A very strong and reliable adhesion between the layers of nanocomposites especially for

reinforcements that are not functionalized can be achieved by applying suitable wetting
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reinforcements by the matrix. A typical wetting measurement reports surface tension with the
units of mN/m and mJ/m2 for liquid and solid surfaces, respectively as well as contact angle [12].
The critical tension of a solid only wets the solid surfaces with a contact angle of zero, but the
liquid makes wet the solid surfaces with contact of less than 90˚. In microscopic experiments, a
drop of polymer in the liquid form will be placed on top of the carbon nanotubes to observe if the
drop is fully absorbed on the carbon nanotube surface. Polymer powder, which melts at high
temperature, can also be used instead of polymer drops. The drop on fibers is the name of this
type of microscopic technique and various methods like electron microscopy, such as scanning
electron microscopy (SEM) and atomic force microscopy (AFM), and optical microscopy are
employed to examine the contact angle. Atomic force microscopy is the common method used to
measure the wetting properties by employing the contact forces. In this method the probe (AFM
tip) carries carbon nanotubes, and the probe is placed into a bath that is full of polymer liquid
and in this way, the carbon nanotubes become wet and by downward force are measured with the
help of the deflection of the AFM cantilever. The following equation expresses this force:

Fr = γ lπ (dout cos θout + din cos θin )
where γl shows the liquid surface tension, and din, dout, θin, and θout are inner diameter, outer
diameter, inside contact angle, and outside contact angle, respectively. For the cases where the
carbon nanotube is closed and the drop of polymer cannot enter the nanotubes the second term in
the parenthesis is in the above equation is zero. Then by knowing the surface tension and the
force, the contact angle can be easily calculated. It is recommended to study the surface tension
of the carbon nanotubes to be aware of their wetting behavior once they are wetted by different
types of polymers. Wetting is a simple and quick method that produces comparative results and
also is employed to obtain results for the contribution of the polarity of the surface energy.
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However, some challenges regarding this method become the point of concern, including lack of
consistency of measured data for similar tests based on the reports. There is some explanation for
the variation in results such as the difference in nanotube diameter and the existence of defects
within nanotubes and the environment condition under the test is conducted. Overall, wetting
experiments have advantages and disadvantages that are similar to most experimental methods,
but, in general, this is a suitable method for investigation the CNT-polymer interaction, since it is
always necessary to have good wetting in order to have strong interaction [15, 28, 29].
1.6.2

Spectroscopy Method
Fourier transform infrared spectroscopy (FTIR), X-ray scattering, and Raman

spectroscopy are very common techniques for characterization of materials that have frequently
been used in the past decades. The results from these techniques for single-walled carbon
nanotubes are entirely different than for single crystal graphite. Also, there is a huge distinction
in results between functionalized and pristine nanotubes. With the help of Raman spectroscopy,
nanotube characteristics such as dispersion and diameter can be identified. According to a study
[30], Raman spectra of the pristine and functionalized nanotubes were discussed, and based on
the results, the increase of D-band intensity were occurred in the presence of the reaction of the
reduced single-wall carbon nanotubes with acyl peroxide and glutaric acid. The existence of
nanotubes within carbon nanotubes can affect the crystallization of polymers which can be
recorded by X-ray scattering techniques. Most spectroscopy techniques employed reveal the
characterization of the interfacial properties of the polymeric matrices and any type of carbon
nanotubes within the nanocomposites. Various types of interactions, including the hydrogen
bonding, van der Waals as well as covalent, can be identified by different spectroscopy methods.
Stresses within the nanocomposite, which may be caused by either an external force or thermal
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stress, can be reported by FTIR. The transferred stress from the matrix toward the reinforcement
can also be detected by Raman spectra. The calculated amount of stress also depicts the
efficiency of the reinforcements. The linear relationship between the strain and the shift in the
second Raman band helps to calculate the slope of the wave number strain, if the wave number
shift which is ∆Nw is between zero to the strain ε and is shown by “m” and can be calculated as it
is shown here:
m=

∆N w

ε

Also, when the samples are loaded within the elastic region and considering that Hook’s law is
true in this region, the stress within the polymeric matrix can be calculated by following formula:

σ=

E pol ∆N w
m

where Epol is the Young’s modulus of the polymers. This number can be replaced by ECNT where
there is no slippage of the nanotubes in order to calculate the transferred stress to nanotubes
which are used s reinforcement. Very useful information can be extracted from a spectroscopy
study such as orientation and dispersion of nanotubes, transferred load and the interactions. It is
noticeable that spectroscopy techniques are considered as non-destructive experiments; therefore,
they can be a good candidate to health monitoring of the polymeric nanocomposites. There are
some limitations to using these techniques. In Raman spectroscopy, the size of the laser spot is
much larger than a single nanotube, so the spot is larger in all directions. In FTIR, the peaks shift
is smaller compared to Raman spectroscopy; therefore, the higher resolution equipment is
required. Raman spectroscopy is not applicable for those polymers that include glass fibers, since
the strain sensitivity peaks cannot be detected. In order to make them Raman sensitive, a small
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amount of nanotubes must be added to the polymers. Overall, the microscopy technique is a
powerful method to identify the characterization of nanocomposites [15, 30].
1.6.3

Force Microscopy Method
Force microscopy, also known as atomic force microscopy, is a great method with high

accuracy for measuring force and displacement. There are two approaches with this technique:
the first is where a nanotube is attached to the tip of AFM and a polymer is used as the substrate;
and in the second approach the AFM tip is coated with a polymer and a nanotube is the substrate
[31, 32].
The first technique involving a carbon nanotube tip with a polymer substrate can be
divided into pull-out experiments and peeling experiments. Pull-out experiments refer to those
carbon nanotube made tips, which are placed in the polymeric bath and held there until the
polymer becomes solidified and coats the nanotube tip. At the end, the coated nanotube tip is
pulled out of the polymer bath, and the data is recorded. Later on, more analysis is done on the
tip using SEM to assure that the diameter and length of the tip have not changed during the
experiment. The absence of the polymer, which was supposed to be attached to the surface of the
tip, will end up in an interface failure. Interfacial surface energy and shear strength resulting
from the pull-out technique, which belongs to multi-walled nanotubes, are within a range of 5–70
Jm-2 and 20–88 MPa respectively [33]. It is recommended to consider the bonding between the
polymer and nanotubes in interactions to obtain better results. The pull-out method is the
promising method, but it also needs monitoring and an expert operator during the time the
experiment is run. Peeling experiments involve peeling force microscopy. In this method, a
nanotube is stuck to AFM tip and then lowered to the main substrate to create a contact. Once the
curve for force is obtained, the nanotube is peeled away from the surface. Based on the previous
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studies, the combination of the multi-wall nanotube and epoxy makes for a very strong
interaction. Peeling-force results are not dependent on the rate of peeling and the effects of
viscoelasticity. Since the contact area of the polymer and nanotubes is not known in this test, the
interfacial fracture energy cannot be detected. This method only considers the fracture mode I;
however, nanotube may experience either fracture mode I or both mode II and mode I [15].
In the second technique involving a polymeric tip with a carbon nanotube substrate, the
tip of the atomic force microscope is coated with the polymer, and the substrate is nanotubes.
Maximum adhesion force is recorded based on studies. According to researchers, the interaction
stress is required to consider the adhesion. The stress can be calculated by having the separation
distance for non-covalent interactions. By obtaining the interaction stress, the contact stress and
interfacial energy (bonding) will be found at nanoscale [28].
1.7

Processing, Fabrication, and Testing of CNTs Reinforced Nanocomposites
There are different techniques for fabrication of the nanocomposites like the solution

mixing, melt bending, in situ polymerization, and latex technology. The most common method is
solution mixing, which includes three main steps. The first step is dispersing carbon nanotubes
into the proper solvent, the second step is placing a magnetic bar into the solution to maintain
stirring the solution on magnetic hot plate for certain period of time, and the last step is
sonication. The final product involves casting the solution, which can be done at either room
temperature or a higher temperature. The melt bending technique is a suitable process for those
nanocomposites that use the thermoplastic polymers as their matrix. No solvent to disperse the
carbon nanotubes is required for this method. The technique uses high temperature and shear
force to disperse nanotubes into the polymers. This technique is mainly suitable to produce
CNT/polymer fibers. The dispersion process is done with the help of special equipment. The
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efficiency of this method is lower compared to the solution-mixing technique and is only
restricted to thermoplastic polymers. However, it can be used for those matrices with low weight
percentages of thermoplastic polymers [34].
The in situ polymerization technique is a suitable method for making a uniform
dispersion of carbon nanotubes in polymers. The polymers for this method are mostly thermosets
polymers. Here, Carbon nanotubes are mixed with monomers and polymerized by adding a
hardener at higher temperature. This process can be done either with or without the presence of
solvents. In this method the covalent bonding will be formed between the matrix and the
functionalized carbon nanotubes, which leads to enhance higher mechanical properties [35-39].
Latex technology is one the most updated technique for fabricating of nanocomposites.
Latex is a colloidal dispersion of polymer particles. Using this method provides a good chance of
dispersion of both single-walled and multi-walled carbon nanotubes in all types of polymers.
Compared to the in situ technique, addition of carbon nanotubes occurs after the synthesis of the
polymers is completed. This process is very environmentally friendly since water is used as a
solvent. It is more productive and efficient since each individual carbon nanotube is entirely
allowed to be dispersed in the polymer latex. Today, this technique has been extended from the
laboratory scale to the industrial scale to produce a greater quantity of nanocomposites. There are
also different techniques that can be employed for the fabrication of nanocomposites [24, 40].
Many methods have been proposed to measure the properties of these nanocomposites including
tensile testing, facture toughness testing, hardness testing, etc., which are discussed in details in
Chapters 4 to 6. Also, more information regarding of manufacturing the nanocomposites is
provided in Chapter 2.
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CHAPTER 2
LITERATURE REVIEW
2.1

Properties and Characterization of Straight and Helical CNTs
Carbon nanotubes have presented great properties such as electrical, thermal conductivity

and mechanical. The incorporation of carbon nanotubes within a polymer can create a structure
with

tremendous

strength

and

performance.

Depending

on

the

type

of

the

thermoset/thermoplastic polymer, the interaction technique must proceed. In thermoplastic
polymers, the main interaction occurs through van der Waals forces or hydrogen bonds;
therefore, this type of polymer may experience the phase transition by either applying or
removing the source of heat. The curing process of thermosets polymers occurs by creating a
three-dimensional (3D) network of the chains. Thus, the carbon nanotube attached to the
thermoset by a covalent bonding will be part of the 3D network of the cross-linked polymer
chains. However, in thermoplastic polymer, functionalized nanotubes will attach to the polymer
with a covalent bond, but this only interacts with weaker bonding. Carbon nanotubes (singlewalled and multi-walled) have been incorporated with both types of polymers with low in weight
percentages most likely between 0.1 wt% and 5 %wt. This low weight percentage of nanotubes
is due to the high efficiency of nanotubes and also prevents agglomeration within the final
products. However, using nanotubes has been achieved in larger part by employing different
techniques. Based on reports, both covalent and non-covalent bonds have been used in interfacial
bonding, and different spectroscopy techniques have been used for characterization of the
interactions. According to studies, materials properties enhancement could increase up to 40
times before the incorporation of CNTs [1-4].
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Carbon nanotubes show tremendous mechanical properties with the maximum tensile
strength and Young’s modulus 200 GPa and 1.2 TPa, respectively. CNTs have a high surface
area and aspect ratio with low density, which makes them an ideal reinforcement for producing
nanocomposites with exceptional mechanical properties. Traditional composites used to be at
micro size, while the new generation of composites is at nanoscale, and their properties are
highly dependent on good dispersion of the nanotubes in the main matrix. Dispersion is an
important factor, but other factors are also important such as the interfacial interaction of the
polymer and the CNT, a high aspect ratio, and alignment of CNTs. In order to maximize the load
transfer between the matrix and the CNT a large aspect ratio is highly required. Based on
previous studies, the mechanical properties of epoxy-based nanocomposites with different aspect
ratios of CNTs have found that higher fracture toughness and impact resistance were obtained for
those samples containing a larger aspect ratio. However, different aspect ratios did not yield a
significant difference in the improvement of tensile strength [3, 5]. Excellent dispersion prevents
agglomeration and provides more filler surface, which makes it easier for stronger interfacial
bonding between the polymer and the CNTs. The formation of an agglomeration could act as a
stress concentrators and result in property degradation. Other challenges, such as length and
viscosity of the solution, must be resolved to obtain a uniform solution. From a geometric aspect,
the alignment and orientation of carbon nanotubes can dramatically change the properties of a
composite. Some techniques have been employed to align the CNTs in the main matrix during
the process of fabrication. Some of the proposed techniques involve a magnetic or electric field,
mechanical stretching, and melt spinning. Several parameters such as diameter and quantity of
the carbon nanotubes in the matrix could influence the alignment of CNTs. The higher loading
percentage of CNTs decreases the alignment of nanotubes due to agglomeration, and smaller-
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diameter CNTs increases the CNTs alignment. A better alignment is to effectively maximize the
modulus and strength; however, the better alignment causes more anisotropic mechanical
properties to the nanocomposites, which is not always desired. Once load is applied to the
nanocomposites, CNTs are supposed to bear a major amount of the external load. The transferred
load efficiency highly depends on the filler and matrix interfacial bonding [1, 3, 4, 6, 7].
Thermal conductivity of the CNT/polymer depends on the dispersion of CNTs, aspect
ratio, interfacial interactions, and loading percentages of CNTs. CNTs show excellent thermal
properties, so it is expected that they can be a functional filler within composites in order to
improve the thermal properties of the final composite. However, the thermal property
improvement after the incorporation of the CNTs in polymers is not quite as remarkable as
expected. Atomic vibration or phonons mainly determine the thermal conductivity of materials.
The incorporation of 0.1 wt% to 1 wt% of multi-walled carbon nanotubes can increase the
thermal properties up to 40%. In a certain volume fraction, decreasing the aspect ratio increases
the number of contacts of CNTs and polymer, which leads to the noticeable reduction in
interfacial resistance between the polymers and the CNTs. Higher thermal coupling obtained for
CNTs when the aspect ratio increases due to phonon dispersion shifts to the lower frequencies.
The incorporation of CNTs in polymer matrices could improve the thermal stability as well as
thermal conductivity. They can also be used as flame retardant materials. According to studies,
CNTs have been used in poly(methyl methacrylate) PMMA, acting as an active flame retardant
to the composites. In this mechanism, CNTs play the role of heat shield in those networks
containing CNTs and protect the polymers by reducing the heat-release rate. It is also expected
that the functionalized CNTs reduces nanocomposite flammability [4, 8-10].
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Carbon nanotubes and polymer carbon nanotubes can be used in many applications due
to their extraordinary properties, as previously mentioned. One of the most trending areas using
carbon nanotubes is in the medical field. CNTs can be used in the biological arena as a part of
sensors. They can act as photothermal actuators because of their ability to convert
electromagnetic radiation into heat [11]. Carbon nanotubes can also be used as dampers to
reduce vibration [12]. In biomedical arena, different types of carbon nanotubes and
functionalized carbon nanotubes are being used in drug delivery [13], cancer cell targeting [14],
biological applications [15], medical treatment, and so on. Also, they have been used as metal
catalysts in fuel cells and can act as electro catalyst supports in hydrogen storage devices. Due to
the high thermal conductivity of CNTs, they can be used in the preparation process of enhanced
nanofluids with high thermal conductivity and long-term stability [16-18].
2.2

Synthesis of Straight and Helical CNTs
The tubular structure of nanotubes was investigated and synthesized between the years

1952 and 1989. For the first time in 1991, the helical arrangement of the carbon atom on a
coaxial cylinder was introduced. There have been many studies on carbon nanotubes with
different geometries since the introduction of these materials because of their outstanding
properties. Due to production restrictions of these materials, many manufacturers are still waiting
to use these materials in their products for daily usage in household products. There have been
thousands of studies on nanotubes, but producing them has been the most challenging to
scientists. The problem is developing an efficient growth mechanism to produce nanotubes with
high quality, and minimum defects and impurities. Among the proposed techniques to produce
nanotubes, chemical vapor deposition is one of the most in demand because of the affordable setup cost and higher quality when it comes to large quantities. The history of chemical vapor
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deposition dates back to the synthesize of carbon filaments in the nineteenth century. In 1890,
the formation of carbon filaments was observed during experiments by French scientists. In the
middle of twentieth century, CVD was well known as a modern method to produce carbon
microfibers in the presence of a metal catalyst with the help of hydrocarbon thermal
decomposition. Compared to the other available methods to synthesize nanotubes, CVD is the
most economic because lower temperature and lower ambient pressure are used in the process.
Carbon nanotubes from CVD shows a crystallinity that is very close to those produced by the arc
discharge and laser ablation methods, but it is considered as the leading method in terms of
purity. CVD is a versatile method since it offers hydrocarbon harnessing for any phase state and
has more control over the synthesis parameters, in turn allowing more flexibility to use various
substrates with different patterns and to produce nanotubes in different forms [19].
In the CVD process, the hydrocarbon vapor travel through the reactor, where the catalyst
materials are under high temperature to facilitate the decomposition of the hydrocarbon. Carbon
nanotubes begin to grow on the catalyst in the reactor, while the chamber is cooling to room
temperature under a controlled condition. For those hydrocarbons in the form of liquid, the liquid
is heated up to a high temperature in a flask, and once it reaches the desired temperature, the
inter gas is purged and carries them into the reaction zone. For those hydrocarbons in the form of
a solid, they can be directly placed into the reaction tube at lower temperature zone. Because the
volatile materials can turn to vapor and travel through the catalyst, and growth will be started.
Similar to nanotube precursors, the catalyst can be used in any phase form. The growth of the
carbon nanotubes has been proposed in different ways, because of their variances in details.
However, the principal and the concept would be similar for most of methods. Hydrocarbons
decompose into hydrogen and carbon, once they make contact with the metal nanoparticles,

31

which are exposed to a high temperature. In this stage, the hydrogen flies away and the carbon is
dissolved in the metal nanoparticles and will be crystallized into the cylindrical network with no
effective dangling bond and relatively stable energy. During the exothermic process of
hydrocarbon decomposition, heat will be released to the metal nanoparticles, and while the
endothermic process of the carbon crystallization is completed, it absorbs heat from the metal
nanoparticles. In this way, the thermal gradient will help the process to continue. From this step
and so on, when the interaction between the catalyst and the substrate is weak, the decomposition
of the hydrocarbon occurs on the top surface of the metal, the carbon will diffuse down through
the metal nanoparticles, and the growth of the nanotubes will begin from the bottom of the metal
and push the metal particles upward. This growth will continue as long as the top of the metal is
open and able to accept fresh decomposition from the hydrocarbons. Growth of the carbon
nanotubes will be stopped once the surface of the metal is completely covered with excess
carbon. This method is known as the tip-growth case [16, 19, 20].
When the interaction between the catalyst and the substrate is strong, the initial step is
very similar to the tip-growth model, except the nanotube precipitation will not be able to push
the metal nanoparticles upward. In this case, there will be a minimum interaction with the
substrate at the beginning of the growth. Crystals will be formed as a hemispherical dome and
later will be extended upward in the form of a graphitic cylinder. The deposition of the
hydrocarbon occurs on the lower metal nanoparticles and during the dissolving as the carbon
diffuses upward. In this method, the growth is from the base of the catalyst particles. This
method is known as base-growth case [19]. Figure 2.1 represents the schematic growth
mechanism for both tip-growth and base-growth methods [2, 19, 20].
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Figure 2.1: CNT growth mechanisms: (a) tip-growth and (b) base-growth [19].
Typically, those nanotubes produced by CVD are considered to be single-wall nanotubes
when the size of the used catalyst particles is only a few nanometers, and multi-wall nanotubes
with the formation of larger-size particles. Synthesis of the nanotubes using CVD can be affected
by several parameters, such as deposition time, hydrocarbons, pressure, temperature, and the gasflow rate. It is important to maintain the controlled condition as consistent as possible.
2.2.1

Synthesis Challenges
Carbon nanotubes can be synthesized using several methods and with various outcomes.

Since nanomaterials have been introduced, there have been challenges in this field, including the
synthesis of nanotubes with a specific diameter. Controlling the chirality of the nanotubes has
also been challenging. Most of the nanotubes do not show the same chirality and diameter over
their entire length. The desired and selective properties of nanotubes are not achievable without
discovering the exact correlation between the grown nanotubes and the metal nanoparticles used
in their synthesis. The exact role of the catalyst, hydrocarbons, and different phases needs further
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investigation. The steps in growing nanotubes and the nucleation of the carbon nanotubes needs
more discussion. The synthesis of the carbon nanotubes at lower temperature or room
temperature is still under investigation. The mass production of carbon nanotubes with similar
physical and mechanical properties over their length is still challenging. A modification process
is required for synthesizing nanotubes using CVD since they result in lower crystallinity
compared to those created with other synthesizing methods. Because of the high expense
involved in carbon nanotube synthesis, the lack of quality control has been a main concern for
manufacturers and producers of these materials [2, 19].
2.3

Chemical Functionalization of Straight and Helical CNTs
Carbon nanotubes were introduced in 1991 with the aid of transmission electron

microscopy (TEM). They are made from rolled graphene sheets, which are arranged in a
hexagonal shape and distributed in a honeycomb lattice. Based on the layers of rolled sheets,
carbon nanotubes are mainly classified as single-walled, double-walled, and multi-walled.
However, they can be in different arrangements depending on their geometry. Several methods
have been developed to produce CNTs in large quantities, all having their advantages and
disadvantages. The most common method to synthesize CNTs is chemical vapor deposition with
different sub-techniques such as arc discharge and laser ablation [16, 21-23].
Carbon nanotubes show extraordinary properties, which makes them leading material to
fulfill the demands of many potential applications. The outer wall of neat CNTs is considered to
be chemically inert, which restricts their usage for different applications; however,
functionalization is one of the best methods to overcome this issue. Functionalization provides
CNTs with higher properties and greater purity, thus expanding their applications. Two main
approaches to the surface functionalization of CNTs involve covalent and noncovalent
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modifications. Some of the functionalization techniques include polymer wrapping, solid phase,
chemical and hydro mechanochemical, and metal ion binding [16, 24].
2.3.1

Non-Covalent Functionalization
The concept of non-covalent functionalization involves the exposure of carbon nanotubes

to a harsh oxidative process, whereby defects will be generated on the tip of the nanotubes as
well as on the side wall. The generated defects act as anchor groups and also provide a good site
for coordination chemistry. The harsh environment can cause many defects and result in the
reduction of properties such as corrosion resistance and electrical conductivity. Thus, it is very
important to use an efficient method to functionalize CNTs in order to have less of a destructive
impact on their surface [16, 18].
2.3.1.1 Polymer Functionalization
Polythiophene and polyaniline and their derivatives have widely been used in sensors and
supercapacitors because of their high electrical conductivity, and thermal and chemical stability.
The polymerization of CNTs using simple chemical methods involving a pyrrole monomer at
room temperature has been reported. The advantage of this method is using a low temperature,
and also impurity ions are formed by using the oxidants during the polymerization [25]. Another
method to increase the dispersion degree of CNTs into polymers is using amphiphilic molecules
as a functionalization technique. Anchoring the hydrophobic segments, which are orientated
toward the aqueous phase on the surface of CNTs, helps to increase their solubility. Several
studies have reported the functionalization of CNTs using amphiphilic building blocks to
functionalize the surface of CNTs. Here, the chains of polymers wrap around the carbon
nanotubes in polymer functionalization, thus becoming one of the most efficient methods in this
area of research. The interfacial interaction between the matrix and the carbon nanotubes is
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relatively weak in noncovalent functionalization technique because there is no reactive group in
the functionalized carbon nanotubes. Non-covalent functionalization of CNTs using
aminoethanol and sodium hydroxide was done by another research group and led to an increase
in the conductivity of the nanocomposites. The presence of an amine group in the functionalized
CNTs improves their reaction with the epoxide group from an epoxy polymer, which leads to
enhancement of the interaction between the epoxy and the CNTs. Similar studies have reported
noncovalent functionalization by using this nondestructive method to increase the interfacial
interaction [16, 26].
2.3.1.2 Aromatic Small-Molecule-Based Functionalization
Low loading and a long sonication process leading to an increase in temperature are the
main issues in traditional noncovalent functionalization methods. Using the aromatic moieties in
noncovalent functionalization improves the current methods for modifying the surface of
nanotubes. The noncovalent method is a relatively simple method and usually maintains the
structure of the nanotubes [27, 28]. Another study [29] used a series of aromatic dyes with
different molecular geometries and charge to functionalize the CNTs noncovalently. It was found
that the results varied for different molecular structures [29].
2.3.1.3 Bio-Molecule-Based Functionalization
The outstanding properties carbon nanotubes have attracted researchers to these materials
in order to expand their use in different applications. The most potential areas to use CNTs are
bio-related areas. The use of hydrophobic protein to control the process of the functionalization
has been reported. Here, the proteins can interact with CNTs to enhance their interaction [30].
The effect of biopolymers to purify CNTs has been studied by researchers, who found that the
single-strand DNA can be assembled individually on a helical structure of the CNTs but that
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highly depends on the properties of the CNTs structures. Small proteins, which are known as
hydrophobins are both hydrophilic and hydrophobic, thus making them easy to self-assemble and
developing the formation of polymeric amphipathic membranes and modify the surface of
nanotubes. Hydrophobins are primarily used in coating applications [16].
Nanotubes are composed of rolled sheets of graphite, and the incorporation of these
materials into polymers can modify their chain packing. Issues such as a high tendency to
agglomerate and low membrane selectivity due to the presence of strong hydrophobicity have
restricted the incorporation of nanotubes into polymers. Some studies reported using chitosan to
decrease the hydrophobicity, the issue was resolved successfully [31]. Biological applications of
nanotubes are other promising markets for these nanomaterials. Based on some studies, DNA
was successfully coated with nanotubes, and the solution was stably maintained for several
months at room temperature. This application could be expanded to electronic devices,
biosensors, etc. Using sonication is the most common method to stabilize the DNA and nanotube
functionalization [16, 17].
2.3.2

Covalent Functionalization
Covalent functionalization uses solvophilic molecules to coat the surface of nanotubes

non-covalently to functionalize the carbon nanotubes and reduce the risk of inter-tube
agglomeration. This method has disadvantages that are similar to other methods. In this case, the
exposure of nanotubes to the harsh environment may cause severe damage to the CNT structure,
which leads to a reduction in their properties. It has been proven that CNTs can transport useful
protein, cell membranes, and medical drugs into targeted cells. In order to utilize carbon
nanotubes for this use, bonding the biomolecules to the nanotubes is required. Protein molecule
attachment to functionalized nanotubes in an aqueous buffer solution has also been reported. The
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chemical reaction between the open end of the nanotubes and the biomolecules with the help of
carbodiimide is key in this process. In a similar study, the covalently modified carbon nanotube
with DNA was bounded successfully [32].
The attachment of DNA and nanotubes has been done by researchers to develop
biosensor applications [33]. Using covalent bonding and modification in this method provides
excellent stability and selectivity because of the ability to control the biomolecule location. Also
reported is the attachment of functionalized nanotubes with amino groups and biomolecules.
Similarly, a very safe method was developed to functionalize carbon nanotubes, following safety
rules and hazard cautions by using a mixture of organic solvents and strong acids. Carbon
nanotube functionalization can proceed by using hydroxyl groups, which begins with acidic
solutions and ends with organic solvents to esterificate the nanotubes [34]. In order to reduce the
defects, maintain the nanotube properties, and achieve a uniform solution, applying the chemical
functionalization is highly recommended. The presence of functional groups provides sites for
both covalent and non-covalent bounding with nanotubes. The functionalization method is a
time-consuming process involving a highly concentrated acidic solution under a reflux method
over certain hours. Rapid functionalization using a microwave and a high concentrated acidic
mixture was introduced by one research group [35]. Conjugated polymers are one of the most
common materials used in semiconductors, solar energy storage panels, and chemical sensors.
Combinations of these materials and nanotubes have attracted the attention of researchers.
Several studies have reported an effective method utilizing conjugated polymers and nanotubes
to develop fabricate solar cells [16, 36].
The main purpose of functionalization is to utilize the maximum properties of nanotubes,
when it comes to their incorporation into a polymer matrix to enhance the electrical, thermal, and
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mechanical properties of the nanocomposites. Several strategies have been proposed for
functionalization to improve the compatibility of matrix and nanotubes, such as wrapping the
polymer chains and using surfactant molecules to modify the surface of the nanotubes. Using
covalent functionalization may reduce the interfacial energy between the nanotube wall and the
polymer. In this way, the grafted functional groups on the surface of the nanotubes may act as
compatible materials with polymers, leading to enhanced interaction between the matrix and the
nanotubes. Moreover, the grafted functional groups can alternate the structure of the nanotube in
process of CNTs functionalization in higher levels [16].
2.3.3

Other Functionalization Methods
Using nitric acid is one of the common methods to functionalize carbon nanotubes, which

helps to reduce the van der Waals interactions between each individual tube and separate them
into single tubes. Based on studies, using nitric acid may lead to opening the end caps of the
tubes and retaining the mechanical and electrical properties. Defects occur only on the existing
opened caps and sidewall of the nanotubes. Modification of the nanotube surface using a
combination of nitric and sulfuric acid has been reported [37]. Based on this study, as a result of
the functionalization process, the acidic solution breaks the nanotubes into shorter lengths with
smaller diameters. One study also investigated the effect of the functionalization duration on the
nanotube structure. Using KOH and NaOH is another common method to functionalize carbon
nanotubes [38].
2.4

CNT Reinforced Nanocomposites
The twenty-first century has produced many advanced materials that show high

performance and properties. Composites are one the most popular materials among these
advanced materials. The presence of at least one phase in nanometer scale within the composite
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materials produces nanocomposites. One of the most common types of composites is polymeric
composites. Polymer materials have been used in many applications for the past two decades due
to their light weight and reasonable properties. According to statistics, there is a tremendous
demand for using polymers in different applications; however, low thermal properties have
restricted the use of these materials in several applications. This has provided a great opportunity
for engineers to investigate polymers further in order to improve their properties and to expand
their use for various applications. One of the methods to increase the properties of nanomaterials
is by adding nanoscale phases to the polymeric matrix in order to change the structure and
enhance the properties. Introducing nanoscale additives to polymers produces greater thermal,
electrical, and mechanical properties, and in this way the polymers can be used in a wider range
of applications. Reaching to nanoscale dimensions highly improves the interaction at the
interfacial interface, which leads to higher properties. Most polymers are classified as
elastomers, thermosets, and thermoplastics. All types of polymers have been used to produce
polymeric nanocomposites by using different reinforcements in shape and size. It is necessary to
note that the ratio of the surface area to volume of the reinforcement plays an important role in
the properties of polymeric nanocomposites. Two main types of reinforcement that have been
used more frequently in the polymer matrix are fibers and platelets [20].
The atoms of carbons are arranged in a hexagonal shape and rolled as tubes to produce
carbon nanotubes. CNTs have a cylindrical structure in nano-scale and are allotropes of carbon.
They have the largest length-to-diameter ratio, 132000000:1, in comparison with other materials.
In 1994, the very first carbon nanotube-reinforced polymeric nanocomposite with exceptional
properties was reported. Carbon nanotubes have shown excellent properties, which makes them
ideal candidates as reinforcement in the fabrication of polymeric composites to extend the use of
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polymers for a wider range of applications. According to experimental results, properties of the
single-wall CNT include excellent tensile modulus from 640 GPa up to 1 TPa, and high tensile
strength up to 180 GPa. Carbon nanotubes may act as either metallic or semiconducting,
depending on their structure. In order to maximize the properties of CNTs, chemical treatments
are recommended to improve their physical properties, which lead to a higher degree of
dispersion in the matrix [20]. Based on studies, the incorporation of fullerene and CNTs into
polymers led to new materials with different properties. They emphasized that the properties of
functional composites highly depends on the properties of the individual component.
Incorporating CNTs and fullerene into polymers makes the polymeric composites potential
candidates for many applications, such as optical devices, and medical operational tools, data
storage, supercapacitors, photosensitive drums for all types of printers, and many more [39].
Carbon nanotubes are made of rolled graphene sheets. The graphite structure is made of
grapheme layers with strong van der Waals forces between the layers. The crystallinity of
graphite is relatively high, which is a disadvantage when it comes to polymeric nanocomposites
because the high crystalline molecules are very large and cannot find space within the graphene
sheets. Some methods have been proposed to overcome this issue, such as using oxidizing
agents. Some studies reported that applying a high temperature on pretreated graphite increased
the effectiveness of the graphite while they were incorporated into polymer composites. Because
of the high surface-to-volume ratio of the graphite, there is a high chance of proper interaction
between the matrix and the reinforcement [20].
2.4.1

Carbon Nanotubes Incorporation
Three main techniques are used to produce polymeric nanocomposites: in-situ

polymerization, solution casting, and melt blending. Solvent casting is the most common method
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for producing nanocomposites. Here, a suitable solvent is employed to ease the dispersion
process into the matrix. A uniform solvent must meet the requirements of ability to dissolve the
matrix and disperse the reinforcement well. Using a solvent leads to greater mobility of the
polymer chain and the occurrence of more interfacial interaction with the layer of reinforcements
[20, 40].
In the melt bending method, a mixer or extruder is simply used to mix the matrix and
reinforcement to reach the desired dispersion. As with other techniques, the goal here is to
provide more mobility to the polymer chain. In this case, mobility comes from the thermal
energy from using a mixer or extruder. An in-situ method has been widely used for synthesizing
polymer-layered silicate nanocomposites; typically, the initial mixing of the monomer and
reinforcements is done prior to this process. The polymerization mostly occurs once the
monomer is intercalated between the layers of silicate and is the result of the surface treatment or
presence of the functional groups to catalyze the possible reactions [41].
2.4.2

Properties and Applications of Polymeric Nanocomposites
Polymer nanocomposites may be used in a wide range of applications due to their unique

properties. According to several studies, the addition of nanoclays improves the flame retardancy
of nylon-6 up to 63%. The addition of nanoscale materials could act as a barrier, and as a result,
a thin film will be created on the matrix in order to retard the process of the flame through the
matrix [1]. In a similar study, with the addition of nanoscale clay, talc, and graphene, the thermal
stability and flame retardancy of polyvinyl chloride nanocomposites noticeably increased [42].
Similarly, the addition of multiwall nanotubes in polypropylene has shown higher
thermal stability compared to a neat matrix. Another study reported the reduction of the heat
peak with the addition of nanotubes, and the char showed minimum cracking compared to those

42

samples with the nanoclay inclusion [20]. Using nanoscale materials has provided a new path for
higher degree of clarity into thin films. The addition of nanomaterials into polymers and
providing a uniform solution leads to products with clear and visible vision for optical
applications. No decrease in clarity was reported by adding nanomaterials; however, the loss of
intensity in the ultraviolet region was reported due to the scattering by nanomaterials. Improving
the mechanical properties of polymers has made them one of the most demanding materials for
various industries especially the automotive and aerospace industries. There is a high potential
for polymeric nanocomposites to be used as a mirror housing on different types of vehicles and
accessories, such as shiny door handles, engine covers, and buckles. They can also be used in
super capacitors, fuel and solar cells, vacuum cleaner blades, electronic devices such as smart
phones and tablets, packaging in the food industry, and plastic containers [20, 41].
Polymer-based nanocomposites have been widely used for barrier applications for gases
and chemicals. In most protection products, such as gloves, polymers are used because of their
excellent solvent barrier to prevent touching a harsh environment and minimizing the risk of
contamination. Some examples in the food industry are the packaging of dairy products and
processed food, as well as bottles for beverages such as water bottles. In the medical field,
polymer-based nanocomposites can be used as the container seal in tubes that store blood and
blood bags. They are also high-demand materials for those companies that produce toys because
of their light weight. They can be used in producing products related to kids and babies such as
toys and baby pacifiers. Polymeric nanocomposites have been using in producing plastic bottles
because of their longer shelf time and strength. There is also high demand for polymer
nanocomposites in sports and equipment, including tennis, soccer, water sports, etc. One of the
most famous products in the sports world is the Wilson tennis ball, which employs polymer
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nanocomposites. The polymeric nanocomposite coating of the Wilson balls helps to maintain the
internal pressure of the ball for a longer life span. The tire industry is another market for polymer
nanocomposites because of their high mechanical properties and barrier properties. They act as
air retention in tires, thus improving the mechanical properties, flame resistance, and higher
stability, which in turn provides more safety and better handling to drivers [1, 2, 20].
Fuel cells or electrochemical devices convert the chemical energy from gases to efficient
electrical energy. The efficiency of fuel cells has increased noticeably with the incorporation of
nanomaterials. According to several studies, the use of nanomaterials into the fuel cell membrane
has resulted in higher efficiency of these products due to the higher proton conductivity and
proton exchange capacity, in comparison with those membranes that are made of neat polymers
[43, 44]. Using polymeric nanocomposites in energy storage, such as solar cells, has made it a
leading technology in the conversion of sunlight to electricity. Solar cells are popular since they
are low maintenance and easy to manufacture in large quantities. Another advantage of using
polymeric nanocomposites in solar cells is their high durability and no damages when they are
exposed to ultraviolet and sun light [45, 46]. Many polymeric nanocomposites have been used
for various applications, such as the detection of leakage in water tanks and pipe lines in power
plants, and as sensors to detect gas and moisture [20].
2.4.3

Fabrication Methods
Two main factors make nanomaterials distinctly different from other materials: higher

surface area compared to the given value and the quantum effect. Some nanocomposites show
higher properties because of their higher surface area, and others show higher properties because
of the quantum effect, which relates to nanodimensional structures [47]. The proper fabrication
method to manufacture nanostructured composites for a wide range of applications would be a
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very first step. In the manufacturing world, materials with high properties are of considerable
interest. Many methods have been used to manufacture composites in large scale, such as wet
lay-up, autoclave, resin transfer molding (RTM), and vacuum-assisted resin transfer molding
(VARTM). Among all the methods of fabrication, the wet lay-up is the most common; however,
quality of the final product is not uniform and the presence of voids leads to poor performance.
Voids can be prevented by using a proper opening die to input the fiber volume. A constant cross
section causes more restriction to this method. Good alignment of the fibers, which plays an
important role in the composite’s properties, may be considered a strong point of this method,
[40, 48].
Resin transfer molding is a closed-mold operation. Several important factors in this
process are controlling the resin flow, fiber wet-out, and the fiber’s physical properties. The
RTM process is primarily suitable for fabricating and manufacturing primary, and in some cases
secondary, structures. With the help of advanced technology, the permeability and wettability of
fibers has been increased, and introducing novel methods such as stitching and 3D weaving have
also helped to increase the fiber volume fraction up to 60%, which helps to improve the quality
of the RTM process. The VARTM process is very similar to RTM, but the vacuum helps the
resin to flow through the fibers. This has made VARTM as an affordable technique for
producing high-quality with excellent surface finish products in large quantities at relatively low
expense, and there are no environmental concerns as occurs with the hand-layup process. With
both RTM and VARTM processes, the resin viscosity is very important since it may restrict its
flow. It is worth considering the effect of nanoinclusion on resin, which may affect its viscosity
and cause an uneven distribution of the resin in the entire product.
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Autoclave is a promising method for manufacturing complex composite parts with high
quality, steady thickness, and low porosity throughout. An autoclave can be used to process both
thermoset and thermoplastic composites. Compared to other available fabrication techniques, the
autoclave offers higher quality at a higher cost, but for producing large composite parts,
especially in the aerospace and automotive industries, this would be the best method [2, 40].
Resin film infusion (RFI), another common technique to fabricate composites, is similar
to RTM, but here, a very thin film of the resin is placed into the mold and a preform is placed on
top of the thin film, while applying high pressure and heat. This is a high-cost process but is one
of the acceptable methods to produce products with uniform resin distribution. Filament winding
is the proper method for fabricating complex cylindrical parts, liquid storage tanks, and pipes,
especially in the oil and gas industry. In this method, resin-impregnated fibers are used to wrap
around the mold at desired angles to produce the composite parts. Viscosity of the resin and resin
flow are not a concern in this technique; however, the programming of the wet winding is
challenging and must be done carefully. All of the above-mentioned methods can be used to
fabricate and manufacture nanocomposites for advanced structural purposes. Today, using
nanocomposites in the aerospace and automotive industries is being more common than ever
before; however, these are time consuming processes since so many checks and extensive testing
and development are required for these applications before they can reach the market [40, 49].
2.5

Testing and Characterization of CNT Reinforced Nanocomposites
In order to measure the properties of CNT-reinforced nanocomposites, many methods

have been proposed. The mechanical properties of tensile strength, tensile modulus, and strain at
break can be obtained by conducting tensile testing using proper standards. The three-point
bending test can be conducted to measure the fracture toughness of the nanocomposites.
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Rockwell hardness testing can be performed to measure the resistance of nanocomposites against
permanent deformation on the surface of the materials. The impact of carbon nanotube
incorporation can be examined by testing various loading percentages of these nanotubes in
polymeric systems. The basic intrinsic properties of polymeric nanocomposites can be analyzed
with the help of advanced characterization tools. Many characterization techniques have been
used to study the materials and their intrinsic properties. The most common technique to
characterize nanocomposites is scanning electron microscope, transmission electron microscopy,
atomic force microscopy, wide-angle X-ray diffraction (WAXD), and small-angle X-ray
scattering (SAXS). For the thermal analysis the most common analysis are differential
thermogravimetric analysis (TGA), differential scanning calorimeter (DSC), rheometry, Fouriertransform infrared spectroscopy, and dynamic modulus analysis (DMA). Surface features of the
samples can be provided by using SEM, which uses a very well-focused strong electron beam to
scan the surface of samples. The interaction between the sample’s atoms and electrons reflect the
signal, which contains information such as the composition of the sample and topography. Two
other specifically strong techniques used in nanotube studies are scanning tunneling microscopy
(STM) and scanning probe microscopy (SPM) [40, 50].
Scanning probe microscopy uses a very sharp tip to interact with the surface and produce
high-quality images. STM maintains the conducting tip as close as possible to the surface, and in
this way, electrons can find a path through the gap. This useful method provides information at
the atomic level. ATM uses a very similar concept; the only difference is that the sharp tip scans
the surface of the materials. Raman spectroscopy is mainly used for scanning carbon-based
materials. One of the most commonly used methods to characterize nanocomposites is wideangle X-ray diffraction. The patterns from WAXD reveal information about the formation
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mechanism of the nanocomposites as well as their structures. Transmission electron microscopy
reveals qualitative information about the samples, such as the presence or distribution of phases
and their internal structure. TEM results complement WAXD results. SAXS uses a principle
similar to that of WAXD but for those nanocomposites within the range of 10Aͦ or greater.
According to studies, X-rays have not been successful in composites containing carbon
nanotubes [1, 2, 40].
Carbon nanotubes can be characterized using different characterization techniques such
as SEM and TEM. TEM reveals structural information about nanotube walls, and SEM shows
the outside or surface of the nanotubes. Ultraviolet-visible spectroscopy (UV-vis) is a very useful
method for examining the stability of functional groups that are attached covalently to the
nanotubes. Using FTIR spectroscopy exhibits the introduced groups to the surface of the
nanotubes. X-ray diffraction (XRD) shows the pattern for neat and functionalized nanotubes in
order to examine if the treated nanotubes have a similar structure prior to applying treatment and
to see if the inter-planner spacing between the individual layers of nanotubes remains constant.
TGA shows the mass loss as temperature increases, and DSC can be used to measure the glass
transition temperature (Tg) of samples. X-ray photoelectron spectroscopy (XPS) can be used for
treated nanotubes to calculate the element content on the surface of the nanotubes [16, 51].
2.6

Challenges and Future Outlook

2.6.1

Challenges
Nanomaterials with extraordinary properties have modernized the world of traditional

composites and opened a new path in this field in terms of quality, performance, and the
potential for future improvement. Polymer nanocomposites have shown a great potential to be
either replaced with available composites in the market or producing noble and advanced
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composites. Several issues in commercializing nanocomposites include the ability to produce
them in large quantity, maintaining quality, and developing a manufacturing process. For
instance, having a homogenous solution with a high degree of dispersion and chemical
compatibility with matrix materials is very challenging because using traditional mixing methods
increases the tendency of nanoparticles to agglomerate. Agglomeration may be broken under
external forces and cause failure in the products. Another critical problem is degassing, which
usually occurs in the case of pouring a matrix with high viscosity into a mold whereby cracks
initiate and cause catastrophic failure even under low strain. In order to maximize the mechanical
properties, the orientation and alignment of the nanoparticles are important. Another concern is
the nature of nanoparticles. Based on studies, SWCNTs and HCNTs show fewer defects in their
structure compared to MWCNTs. Knowledge of the structure and topological information about
the nature of nanoparticles are essential. It is highly recommended to functionalize carbon
nanotubes to increase the interfacial interaction prior to their incorporation with a polymeric
matrix. However, many studies have reported both negative and positive effects of
functionalizing CNTs. It is important to obtain the optimum loading percentage of CNTs. Some
studies have shown the enhancement of properties by increasing the loading percentage of CNTs,
others have reported the opposite effect of functionalized CNTs by increasing above the certain
loading percentages [2, 5].
Scale up in the synthesis of nanomaterials is necessary to produce nanoparticles on a
large scale in order to satisfy manufacturing demands. However, the cost of the production,
characterization, and upgrading the current equipment prevents the expansion of nanotechnology
toward more applications. The close collaboration of engineers in industry and scientists in
universities and research centers to define their needs is definitely required to further facilitate
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the expansion of this technology. Most theories are based on assumptions that may not be
applicable when it comes to nanoscale and especially CNT-reinforced polymer composites.
Based on studies, the physical features and mechanical properties of nanotubes are involved in
improving the properties of polymeric nanocomposites. However, achieving the enhancement is
impossible without the presence of strong interaction between the matrix and nanotubes. Many
topics regarding CNT-reinforced polymer composites are under investigation, such as the
existence of chemical bonding between the matrix and nanotubes, and the effect of chemical
bonding on maintaining the nanotube properties after mixing them with a polymeric matrix [52,
53].
According to statistics, more than 42% of the workforce is in danger of dermal exposure
to hazardous materials, which increases the risk of disease for those people who work in those
conditions. Carbon products such as graphite can cause respiratory problems and skin diseases.
Since the introduction of nanomaterials, there have been many concerns regarding the negative
impacts of these materials on people’s health and the environment. Many nanomaterials have
been using in various medical techniques to detect disease; however, there are serious concerns
about their biocompatibility. Prior to entering nanotechnology laboratories, it is important to
follow safety rules, such as wearing an apron, safety glasses, proper gloves (based on the
standards), and a mask. Nanoparticles may enter the human body in different ways, such as
touching the materials, inhalation during working with the materials, and skin contact with the
materials. Thus, serious cautions must be considered depending on size and coating surface of
the nanoparticles. There have been several studies on the adverse effects of CNTs on the human
body. For example, overexposure of HaCaT cells to carbon nanotubes increases oxidative stress
and reduces vitamin E. Also, cultured skin cells have shown morphological changes as a result of
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exposure to CNTs. There is always a high risk of explosion in combustible nanoparticles due to
their increased surface area. Several studies have reported the toxicity effect of nanofillers, even
though automobile manufacturers have been using these materials in their products. According to
similar studies, the effect of nanoparticles in polymers that act as flame retardant materials is a
point of discussion among the researchers who believes in the toxicity of nanofillers in case of
fire, especially the usage of these common polymer nanocomposites in the automotive industry.
Introducing new materials from science into the world of industry is always challenging
since more safety evaluations are required for better understanding the effect and impact of these
materials on the environment as well as human health before commercializing them. Based on
studies, carbon nanotubes with a higher degree of purification shows less toxicity compared to
neat carbon nanotubes. In order to attain a green nanomaterial with high technology and
minimum destructive impact on the environment and human health, supporting the either
extreme viewpoint requires more research to expand the usage of these materials in more
applications with minimum harmful effects and maximum efficiency [1, 6, 49].
2.6.2

Future Outlook
There are many demands for using nanocomposites in various applications, from daily

life to high technology products in the aerospace and military industries. Many studies on critical
issues relative to carbon nanotube-based polymeric composites are required to improve the
processing techniques, such as mixing carbon nanotubes into polymers and reducing
agglomeration, interfacial interactions, etc., and efficiently enhance nanocomposite properties.
These materials can be used as biodegradable products in the medical field. Obviously, a wide
ranges of sectors can benefit from using nanocomposites, including the aerospace, automotive,
and food industries; the medical field; cosmetic markets; and electronic device companies. It is

51

certain that the use of nanocomposites will be expanded for more applications in the near future;
however, developing new standards to validate products is absolutely required [41, 52-54].
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CHAPTER 3
MOTIVATION, OBJECTIVES, AND METHODOLOGY
3.1

Problem Definition and Motivation
As mentioned previously, polymeric composites have been used in a wide range of

applications due to their exceptional properties. There is more demand for polymeric composites
where weight plays a crucial role, such as in the aerospace and automotive industries. However,
those high-technology industries require a high-performance material with great strength and
properties. Polymeric composites could be modified with the addition of the nanofillers to
exhibit better properties. One of the most commonly used nanofillers with great properties is
carbon nanotubes. Carbon nanotubes can be presented in different geometries and properties.
However, one of the greatest concerns in this area is the addition of nanofillers into the matrices.
Most thermoset polymers such as epoxy have a relatively high viscosity, which makes it difficult
to add nanofillers directly into the matrices. The final properties of polymeric nanocomposites
highly depend on the interfacial interaction between the matrix and the fillers. Nanofillers can be
added into the matrices using different methods. A commonly used method to increase the
interfacial interaction is functionalization, which changes the structure of the nanomaterials and
provides a greater degree of dispersion and reduces the risk of agglomeration. In fact, the surface
modification of carbon nanotubes can expand the use of these materials in various applications,
which would be more beneficial for those industries that require high-technology materials.
3.2

Objectives
Carbon nanotubes can be found with different geometries and properties. The initial goal

in this research was to evaluate the effect of the incorporation of different types of carbon
nanotubes into the epoxy matrix and measure the properties of the nanocomposites. Previously,
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the effect of multi-walled and helical-structured carbon nanotubes in epoxy was discussed in the
group performing this research. Based on this group’s previous study, different loading
percentages, from 0.02 wt% to 1 wt%, of straight multi-walled carbon nanotubes were
incorporated into the epoxy. Similarly, in a previous study, 0.15 wt% HCNTs were added into
the epoxy. Based on the results, those nanocomposite samples reinforced with 0.05 wt% HCNTs
offered higher tensile strength in comparison with those samples reinforced with 0.08 wt%
MWCNTs, and this strength was very close to that of samples reinforced with 0.1 wt%
MWCNTs. According to the fracture toughness results, reinforced samples with 0.05 wt%
HCNTs showed a similar value to nanocomposite samples reinforced with 0.1 wt% MWCNTs.
Moreover, the effect of the post-curing process was studied, which indicated that post-cured
samples showed higher properties compared to samples with no post-curing process.
According to this group’s previous study, it was decided to concentrate more on carbon
nanotubes with a helical geometry, and different methods for modifying/functionalizing the
CNTs by considering different parameters were proposed. In a different study, various submethods of characterization techniques considering different parameters in the modification of
carbon nanotubes were discussed in detail by this research group. Because there is currently not a
complete study that considers different parameters involved in functionalization, here, the
functionalized carbon nanotubes were incorporated into the epoxy, and the impact of these
functionalization techniques on properties of the nanocomposites was evaluated. Most of the
available studies have incorporated a high loading percentage of functionalized CNTs into the
epoxy. But the goal here was to achieve the minimum optimum loading percentages of
nanotubes incorporated into the epoxy, in order to achieve enhanced properties. All of the
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processes, from functionalization of the nanotubes, to fabrication and manufacturing of the
nanocomposites, to testing were performed in the laboratory on the WSU campus.
3.3

Methodology
In this dissertation, the effect of functionalized carbon nanotubes within the polymeric

matrix was investigated. The main goal here was to apply different acid treatment techniques on
different geometrical configurations of carbon nanotubes to change their structure and
incorporate them into the polymeric matrix. Dispersion of the CNTs into the matrix has been a
point of challenge in many studies and industries. The lack of a uniform solution causes
impurities and voids into the final products, which causes catastrophic failure of the final
product. There are many parameters that can affect the quality of nanocomposites, such as
viscosity of the matrix, geometry of the CNTs, method of fabrication, treatment method on the
CNTs, etc. In this study, the EPON 815C resin was used. This resin has a relatively high
viscosity for mixing the CNTs directly into it. All the CNTs were mixed with ethyl alcohol for
easing the dispersion process, and the solution was carefully monitored to reach the calculated
weight once the ethyl alcohol evaporated. Then, panels were fabricated and manufactured by
cutting them into the proper size for testing based on the American Society for Testing and
Materials (ASTM) standards.
In this study, Chapters 4, 5, and 6 discuss in detail the different types of functionalized
carbon nanotubes incorporated into epoxy and the effect of these modified nanotubes on the
properties of the final product. In Chapter 4, which is a pilot study, three functionalization
methods (A, B, and C) are proposed for straight MWCNTs and HCNTs incorporated into the
epoxy, and the properties are evaluated. In fact, in Chapter 4, the direction of this study is
identified by using different techniques, whereby two types of geometrical carbon nanotubes are
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treated with three types of functionalization with different parameters to investigate the
functionalized CNT behavior in the polymeric matrix.
In Chapter 5, HCNTs are functionalized by using a sonication method with different
parameters considered as sub-methods to study the effect of the various parameters during the
functionalization in the properties of the final product. This method is referred to as method 1.
In Chapter 6, HCNTs are functionalized by using a reflux process and considering
different parameters to determine the effect of various parameters on the properties of the
prepared samples. This method is referred to as method 2.
Chapter 7 presents the conclusions for all chapters relative to the impact of modified
nanotubes on the reinforced nanocomposites. Chapter 8 presents the potential further studies for
future work.
In summary, this dissertation provides an experimental framework to address the existing
challenges in this area of research:
1. How do the geometrical configurations of carbon nanotubes affect the properties and
performance of the CNT-reinforced nanocomposites?
2. Depending on the chemical functionalization method, what is the optimum CNT loading
percentage reinforcement to enhance the mechanical and thermal properties of the
nanocomposites?
3. What are the effects of the processing parameters (i.e., acid molarity, mixing ratio,
solution temperature) of chemical functionalization methods on the mechanical and
thermal properties of reinforced nanocomposites?
4. What method of functionalization (either sonication or reflux) provides higher mechanical
and thermal properties of nanocomposites at a low percentage of loading reinforcement?
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CHAPTER 4
EFFECTS OF FUNCTIONALIZATION METHODS AND GEOMETRICAL
CONFIGURATIONS OF CARBON NANOTUBES ON PROPERTIES OF POLYMERIC
NANOCOMPOSITES: A PILOT STUDY
4.1

Abstract
Polymeric nanocomposites have been widely used for a variety of engineering

applications. Carbon nanotubes are one of the most interesting nanostructured materials, which
have demonstrated superior properties such as mechanical, thermal, and electrical properties.
These extra ordinary properties have made them as an ideal candidate to be used as
reinforcements in structural composites. CNTs can be treated by employing different chemical
and physical techniques, in order to improve their interaction with the polymer matrix. The
quality of the final product can be affected by several factors: weight percentage, dispersion
technique, curing process, nanomaterials shape and size, and treatment. In this study, carbon
nanotubes with two different geometries were treated with three different functionalization
techniques and then used to fabricate nanocomposites panels. The main objectives of this work
were to investigate the effects of functionalized CNTs with different geometries, loading
percentages on properties of nanocomposites. The sample preparation processes was according
to the ASTM standards, and the samples were tested to determine their optimum loading
percentages.
4.2

Introduction
Epoxy resins are among the most widely used matrices for fabrication of high-

performance structural composite materials for various applications including those in the
aerospace and automotive industries. However, most epoxy matrix systems display brittle
behavior with very low fracture toughness, which restricts their applicability. Nanofillers are one
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option to improve the properties of epoxy matrices [1]. For the past 20 years, the introduction of
nanotechnology has provided new avenues for further development in many different fields [2].
The unique properties of nanomaterials have encouraged scientists in both academia and industry
to utilize nanomaterials for the fabrication of engineered polymeric nanocomposites that can
perform better than the traditional composites. The incorporation of nanomaterials into
polymeric resin systems could lead to property and performance improvements. CNTs are
among the most commonly used nanomaterials, which have attracted worldwide interests
because of their remarkable mechanical, thermal and electrical properties [3, 4]. Different factors
can affect their quality, structural performance, and characteristics including fabrication
technique, processing method, geometrical configuration, percentage loading of the
nanomaterials reinforcement, employed treatment/functionalization method, mixing techniques,
and purity of the nanomaterials. CTNs can be found in different forms and shapes resulting in an
alteration of the nanocomposite characteristics [5].
There are numerous related studies about the superior properties of CNTs, which make
them an excellent candidate for use as nanofillers for polymer composites [1, 6]. However, the
applications of CNTs as nanofillers have been challenged, and this needs to be addressed and
resolved in order to maximize the properties of polymer composites. The tendency of CNTs to
agglomerate is undeniable, due to the presence of van der Waals attractive forces that make it
difficult for them to reach uniform dispersion when they are mixed in epoxy resin systems.
Agglomeration leads to the formation of internal dry regions within the polymer matrix, where
the interaction between the nanotubes and polymer matrix is minimal. The weak bonding
between the polymer and nanotubes yields nanocomposites with internal discontinuities and
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defects that can result in property reductions. Poor adhesion to matrix is a difficulty that hinders
the application of CNTs as reinforcements in polymer composites [1, 7].
Many methods have been proposed to achieve uniform dispersion as well as optimum
adhesion for CNTs/polymer composites including different types of physical mixing and
chemical functionalization of the CNTs. Physical blending methods (e.g., mechanical mixing)
can certainly improve the dispersion, but is not effective enough to eliminate agglomerations and
improve the interfacial bonding between CNTs and the matrix. The poor interfacial bonding will
restrict the transfer load capability in the polymeric composites. Chemical functionalization,
plasma treatment and electro-chemical modification are the most common methods for
improving the dispersion of CNTs in polymer matrices. [1]
Kannola et al. [8] reported 11% improvement in tensile strength by adding 0.2 wt% of
multi-walled carbon nanotubes to epoxy resin. They also reported an increase of 16% in tensile
strength by adding 0.3 wt% of functionalized CNTs to epoxy resin. According to this study, the
mode I fracture toughness, KIC, was increased up to 82% with the addition of 0.2 wt% of
MWCNTs to the epoxy resin. Hameed et al. used two different functionalization methods and
reported an increase in tensile strength by adding 0.1 wt%, 0.5 wt% and 1 wt% of CNTs for both
methods [2]. Cui et al. reported an increase of 24.27%, 35.33% and 57.61% in the tensile
strength of samples by adding 0.2 wt%, 0.6 wt% and 1.0 wt% of MWCNTs, respectively, which
were functionalized using two different procedures [9]. In other report, the effects of
functionalized CNT reinforcement on hardness of the epoxy resin was investigated, and minimal
changes were observed [10].
Based on a previous study from our research group, the effect of two geometrical CNTs
including MWCNTs and helical CNTs in polymer composites was discussed in detail. No
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treatment was done on the CNTs prior to their addition to the matrix. A very similar
methodology was used to fabricate the nanocomposites panels. Based on our previous study, the
samples reinforced with 0.1 wt% MWCNTs and 0.05 wt% helical CNTs showed the highest
tensile strength with almost 13% enhancement compared to pristine epoxy. Similarly, a
noticeable fracture toughness enhancement was achieved for the same samples with more than
30% enhancement compared to that of neat epoxy. A higher hardness value was obtained by
applying 0.12 wt% of both MWCNTs and HCNTs. In our previous research, the reinforced
samples with the post-curing process showed higher properties compared to samples without the
post-curing process. In our current research, we decided to post-cure all reinforced samples since
they already showed higher properties. Also, lower loading percentages of the CNTs is
considered for the current research to be functionalized and thus have a better understanding of
the effect of very low percentages of functionalized CNTs on properties of the polymer
composites. The author of this research has participated in all processes from the previous study
as well as the functionalization process in order to follow the same methodology and minimize
errors since repeatability is the main key in the experimental studies. It is necessary to mention
that, this Chapter 4 was partially published as a paper in the 2016 SAMPE conference and is the
expanded version with more results.
4.3

Functionalization of Carbon Nanotubes
In this research, two types of geometrical carbon nanotubes were used: helical CNTs 1–

10 µm in length and 100–200 nm in diameter, and the multi-walled CNTs 10–40µm in length
and 20–30nm in outer diameter. Three different methods of functionalization employed for
functionalization of CNTs and were labeled as A, B, and C methods. Each was applied for both
straight and helical carbon nanotubes.
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In method A, the carbon nanotubes were added into 3 molar solutions of nitric and
sulfuric acids. The volume of sulfuric acid was three times that of nitric acid in the solution. The
mixing process was done under the reflux process at 60°C for 18 hours and the solution was stirmixed during the process. After cooling the solution to the room temperature, vacuum filtration
was applied. Later, the remaining CNTs were carefully washed with deionized water and dried at
120°C in furnace.
For the B method, only a strong 8 molar nitric acid was used. The weighted CNTs were
added into the acid container and sonicated for three hours. The temperature was maintained
around 40–50°C during the whole process and the solution was cooled down to room
temperature. In the next step, deionized water was added to dilute the solution and prepare the
solution for the filtration process. After filtration, the separated CNTs were washed several times
to ensure that the pH of the water was close to 7, and then these CNTs were securely transferred
to a glass container for drying.
In method C, a strong 8 molar solution of nitric and sulfuric acids was mixed at a volume
ratio of 1:1. The next step was adding the CNTs to the solution and mixing the solution with a
magnetic stirrer. The temperature was maintained at 60°C for 15 minutes, and the solution was
placed in the sonication bath for two hours. Vacuum filtration was applied after the solution was
cooled to room temperature. At the end, rinsing the powder and drying process were applied on
the CNTs. Other studies have used the ultrasonic technique to disperse the MWCNTs into the
matrix. [11-13]
The contact between the inner tube and bonding of the CNTs with the matrix is increased
by using chemical functionalization because of the free bonding available in the presence of the
high reactive functional groups. However, the surface treatment with covalent functionalization
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may damage the tubes structure such as shortening it in length or may cause an unzipping of the
CNTs [11, 14].
4.4

Fabrication of Nanocomposites Samples
Epoxy polymer and CNTs were purchased from Miller Stephenson and Cheap Tubes,

Inc., respectively. Epoxy resin was used as the matrix, and CNTs were used as the reinforcement.
Different weight percentages of functionalized MWCNTs and functionalized helical nanotubes
were dispersed within the polymer matrix to fabricate the nanocomposites with enhanced
properties. Five sets of panels were fabricated by using casting methods for testing based on the
American Society for Testing and Materials (ASTM). Nanocomposite samples were reinforced
with different types of CNTs with increments of 0.02 wt% from 0.00 wt% to 0.6 wt% loadings.
Pristine samples with no nanoinclusions reinforcement were also fabricated for comparison with
those samples with nanoinclusions. A total weight of 183 grams of epoxy containing 152 grams
of resin part A (EPON 815C) and 31 grams of part B (EPIKURE 3282), were used to fabricate
the composite panels with the desired thickness. To prepare the panels, first, CNTs were
weighted and added to a small beaker and then the required amount of ethyl alcohol was poured
into it. The solution amount may vary for different weight percentages to reduce the risk of
agglomeration. The beaker was covered with a layer of parafilm thin film to reduce the
contamination and evaporation, and then it was sonicated for 15 min. A break of a few minutes is
required to physically stir the solution to reduce the chance of agglomeration. Then, the
sonication process was repeated for 15 minutes again and then the solution of ethanol and carbon
nanotubes was added to a glass beaker containing the epoxy resin part A. The mixture of CNTs,
ethanol and epoxy was stirred and heated at 70°C for several hours. Here, by weighing the
container at different intervals, the time when all the ethyl alcohol was evaporated and removed
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from the mixture could be obtained. Weight monitoring is important to reduce the possibility of
epoxy and ethyl alcohol evaporation. After removal of the solvent from the epoxy, the beaker
was placed in a sonicator to remove the bubbles that were generated during the stirring process.
Then the solution was placed back on the magnetic stirrer without heat and stirred at a very low
speed to cool down the epoxy and CNT mixture to room temperature. Cooling the mixture is
important, since mixing the hardener and epoxy resin in high temperatures may lead to
premature polymerization/solidification of the resin system. A specific amount of this mixture of
CNTs and epoxy was poured into a bigger beaker and then the required amount of hardener was
added. This mixture was manually stirred very slowly with a small glass rod for 10 minutes and
then poured into a previously prepared aluminum mold. The curing cycle for this epoxy system
was nearly 24 hours at room temperature. All samples were post-cured by leaving them in a
furnace for 2 hours at 121 °C and then cooling them to room temperature. Lastly, the panels were
cut into desired dimensions according to the ASTM standards for testing. Also, a set of pristine
samples was prepared without post-curing for comparison purposes [5, 15].
4.5

Testing and Characterization of Nanocomposites

4.5.1

Tensile Testing
The pristine epoxy panel and the nanocomposite panels with different weight percentages

of CNT reinforcements were fabricated as mentioned in the section 4.4. Table 4.1 shows the
utilized CNTs including their specifications and weight percentages. After the panels were
fabricated, they were cut into proper dimensions and dog-bone geometries, as shown in Figure
4.1, using a CNC vertical milling machine. It is necessary to mention here that the dimensions of
all samples were proportional to the dimensions specified in ASTM 638 (see Figure 4.1). MTS
Criterion® 40 system was used, and the samples at grip ends were well wrapped with sandpaper
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to avoid the sample crushing and slipping at the grips. All tensile test coupons were tested at a
speed of 1 mm/min. An extensometer was used to measure the strain values, accurately. In order
to maximize the test accuracy, all samples were examined well before the test to discard any with
defects.
Table 4.1: Functionalized carbon nanotubes reinforcements and their specifications [15].
Particles
Functionalized MWCNTs - Method A

Functionalized MWCNTs - Method B

Functionalized MWCNTs - Method C

Functionalized HCNTs - Method A

Functionalized HCNTs - Method B

Functionalized HCNTs - Method C

Weight Percentages
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06

CNTs' Specifications
Outside Diameter: 20-30nm, Length : 10-30 µm

Outside Diameter: 20-30nm, Length : 10-30 µm

Outside Diameter: 20-30nm, Length : 10-30 µm

Outside Diameter: 100-200nm, Length : 10-30 µm

Outside Diameter: 100-200nm, Length : 10-30 µm

Outside Diameter: 100-200nm, Length : 10-30 µm

Figure 4.1: (Left) tensile test coupons, with all dimensions in mm; (Middle-top) pristine epoxy
with no nanoinclusion [5] and (Middle-bottom) with 0.6 wt% functionalized MWCNTs
reinforcement; (Right) test sample during the tensile testing [15].
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4.5.2

Fracture Toughness Testing
Single-edge notch bending (SENB) tests were performed according to ASTM 5045. All

dimensions of the nanocomposite samples were proportional to the required dimensions
specified in the ASTM standard. This method involves loading a pre-cracked sample on a threepoint bending fixture. Several factors determine the validity of mode I fracture toughness (i.e.,
KIC values) tensile properties, specimen dimensions, and geometry. The thickness of 3.4 mm was
considered for all samples. Notches were introduced on the samples using a wheel cutter on a
vertical milling machine, and sharp cracks were introduced using a sharp razor blade. Figure 4.2
shows a CNT-reinforced nanocomposite SENB test sample under loading on a three-point
bending test fixture.

Figure 4.2: (Left) a CNTs reinforced SENB test sample loaded on a 3-point bending fixture;
(Right) the geometry of the SENB test samples with dimensions in mm [5].
An MTS Criterion® system was used to perform the three-point bending tests. For the test
samples, KIC values were calculated based on the tensile strength values obtained from the
tensile tests. It should be mentioned here that the KIC values were recalculated based on the
crack-length measurements on the fractured samples (using an optical microscope to maximize
the accuracy of results) and corrected using compliance tests on every test sample. Finally, in
order to validate the KIC test results, required criteria specified by ASTM standard 5054 were
examined and satisfied [5, 15].
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4.5.3

Hardness Testing
The Rockwell hardness number is calculated based on the depth of the indentation of the

initial load, from the minor load to the major load and returning back to the normal load.
According to ASTM standard D785, the minimum required sample thickness is 6 mm and the
speed of the load is critical. In the automatic machines, travel time from the minor load to the
major load is about 5 seconds and the total testing duration is 15 seconds. It is very important to
ensure that the machine is calibrated and always on the stable level table. The ball indenter life
time should be considered. Measuring the hardness of the edges must be avoided to prevent
damage at that location as well as on the ball indenter.
4.5.4

Thermogravimetric Analysis Testing
Thermogravimetric analysis is the common test to examine the mass change of the

samples as a function of temperature elevation. ASTM E1131 standard was used to determine
the weight loss of the specimens as a result of increasing temperature. Since the samples were all
solid pieces, they were well cleaned before testing. No prior test or treatment was applied on the
samples. The maximum recommended temperature is 1000°C, but this could vary based on the
material properties. All testing was done at a heating rate of 10°C/min.
4.5.5

Differential Scanning Calorimetry Testing
DSC is a testing method to measure the thermal properties of the materials, such as heat

capacity and flow at the glass transition temperature and degradation. ASTM D3418 was used in
this research, and the machine was calibrated based on the periodic maintenance. This test
includes heating and cooling under the controlled condition in the presence of the purged gas.
According to ASTM D3418, a heating rate of 20°C/min was used in this study. Any type of
voids and impurities highly affects the testing results.
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4.5.6

Optical Microscopy Images
High-resolution optical microscopy was used to evaluate the fracture surface of the

samples.
4.6

Results and Discussion

4.6.1

Tensile Testing Results
A comparison of tensile strength values is presented in Figure 4.3. As shown, the tensile

strength for most samples with different weight percentage loadings of CNTs was increased,
except for the Method C 0.02 wt% functionalization for both MWCNTs and HCNTs. An
increase in tensile strength is observed because of the presence of CNTs and their strong
interaction with the epoxy resin. This strong interaction helps the load transfer during tensile
loading and as a result improves the strength of the nanocomposite samples.

Figure 4.3: Comparison chart for the tensile strength results for nanocomposite samples
reinforced with CNTs with different geometrical configurations, wt%, and functionalization
methods [15].
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Figure 4.4 compares the tensile modulus of nanocomposites reinforced with CNTs with
different geometrical configurations, weight percentages, and functionalization methods.
According to the presented results in Figure 4.4, the tensile modulus of all samples was
somewhat affected by the presence of CNTs and functionalization. The test results indicate that
the tensile modulus has dropped for most of the nanocomposite samples, except for the Method
A functionalized MWCNTs with 0.02 wt% loading, Method C functionalized MWCNTs with
0.02 wt% loading, Method A functionalized HCNTs with 0.04 wt% loading, Method B
functionalized HCNTs with 0.06 wt% loading, and Method C functionalized HCNTs with 0.06
wt% loading. However, the changes in Young’s modulus for nanocomposite samples were
minimal and in most cases negligible, compared to the pristine samples.

Figure 4.4: Comparison chart for tensile modulus results for nanocomposite samples reinforced
with CNTs with different geometrical configurations, wt%, and functionalization methods [15].
Figure 4.5 shows a comparison of strain at break for CNT-reinforced nanocomposite
samples with different geometrical configurations, weight percentages, and functionalization
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methods. As shown, ductility enhancement was observed by adding Method A and Method B
functionalized MWCNTs to the epoxy resin. The highest value of the strain at break belongs to
samples with Method B functionalized MWCNTs reinforced with 0.06 wt% loading.

Figure 4.5: Comparison chart for strain at break results for nanocomposite samples reinforced
with CNTs with different geometrical configurations, wt%, and functionalization methods [15].
A full comparison of test results obtained for all the nanocomposite samples reinforced
with CNTs with different geometrical configurations, weight percentages, and functionalization
methods are presented in Table 4.2. A comparison between the pristine and post cure version
indicates tensile strength improvement of 8% for pristine post cured samples. A negative 7%
decrease in tensile modulus and nearly 98% increase in strain at break was also observed. All
nanocomposite samples were post-cured to compare with the post-cured pristine samples. The
post-curing process may lead to more ductility in nanocomposites. According to Table 4.2,
Method A functionalized MWCNTs with 0.06 wt% loading showed the highest tensile strength
improvement among all nanocomposite samples. Among the three functionalization methods,
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Method A showed the highest tensile strength for both MWCNT and HCNT inclusions of 0.06
wt% loading. The highest value for tensile modulus belongs to Method A functionalized
MWCNT-reinforced nanocomposites at 0.02 wt% loading. In terms of strain at break, Method B
functionalized MWCNTs with 0.06 wt% loading showed the highest ductility [15].
Table 4.2: Tensile test results for nanocomposite samples reinforced with CNTs with different
geometrical configurations, weight percentages (wt%), and functionalization methods [15].
ASTM D638-10 Tensile Testing
Percentage Tensile
Percentage
Standard
Particles Strength
Changes
Deviation
(%)
(MPa)
(%)
Pristine
Pristine Post Cured
Functionalized MWCNTs - Method A

Functionalized MWCNTs - Method B

Functionalized MWCNTs - Method C

Functionalized HCNTs - Method A

Functionalized HCNTs - Method B

Functionalized HCNTs - Method C

0.00
0.00
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06
0.02
0.04
0.06

59.61
64.40
71.54
70.28
76.39
69.72
67.23
71.30
53.21
69.70
70.93
70.36
70.91
73.98
66.23
67.10
71.39
53.52
71.82
71.99

2.71
1.56
8.42
0.76
2.19
0.94
0.88
0.95
2.32
2.15
1.42
0.87
1.33
1.45
1.90
0.63
1.50
2.61
0.81
1.39

0.00
8.04
11.08
9.13
18.61
8.26
4.39
10.71
-17.38
8.22
10.13
9.25
10.10
14.87
2.84
4.19
10.85
-16.90
11.52
11.78

Tensile
Modulus
(MPa)

Standard
Deviation

2688.08
2488.21
2548.43
2465.78
2508.25
2463.08
2442.74
2467.80
2576.99
2483.48
2482.16
2429.10
2540.45
2481.16
2330.14
2374.82
2523.12
2446.72
2457.10
2502.76

63.30
42.69
40.00
12.03
37.33
123.10
47.59
0.95
114.98
33.68
41.11
51.32
55.74
69.87
35.25
18.74
61.03
33.74
46.75
35.41

Percentage Strain at
Percentage
Standard
Changes
Break
Changes
Deviation
(%)
(%)
(%)
0.00
-7.44
2.42
-0.90
0.81
-1.01
-1.83
-0.82
3.57
-0.19
-0.24
-2.38
2.10
-0.28
-6.35
-4.56
1.40
-1.67
-1.25
0.58

2.55
5.04
4.63
5.55
5.80
5.38
5.63
5.86
2.49
5.01
5.23
5.58
5.54
5.70
5.51
5.81
5.20
2.60
5.46
5.16

0.15
0.38
1.22
0.08
0.14
0.52
0.12
0.21
0.16
0.42
0.14
0.09
0.20
0.07
0.24
0.10
0.23
0.12
0.08
0.31

0.00
98.08
-8.19
10.05
15.09
6.64
11.56
16.20
-50.72
-0.65
3.71
10.69
9.82
13.03
9.26
15.21
3.11
-48.44
8.17
2.36

Paiva et al. [16] used polyvinyl alcohol (PVA) with functionalized CNTs by using the
weight casting method, and the Young’s modulus was increased up to 5.6 GPa and 6.2 GPa by
incorporating 2.5 wt% and 5 wt% of functionalized CNTs, respectively. They also reported that
by adding 2.5 wt% and 5 wt% of functionalized CNTs to PVA, the yield stress increased to
97 MPa and 128 Mpa, respectively [17]. The main goal of incorporating CNTs into the polymer
matrix is to achieve property enhancement, since CNTs have shown excellent mechanical
properties including high tensile strength and Young’s modulus, low density, etc. [11, 18]. Many
studies have been done on the properties of CNTs and their effect within polymers. Some studies
using 1 wt% of MWCNTs in polystyrene (PS) employing an ultrasonic technique resulted in an
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almost 42% increase in elastic modulus and 25% increase in break stress [11]. Kim and Park [19)
and Kim et al. [20] used different types of CNT treatments and reported that plasma-treated
CNTs showed 58 MPa, amine-treated CNTs showed 47 MPa, and acid-treated CNTs showed
42 MPa, all of which are higher than that of neat epoxy at 26 MPa. Also, Young’s modulus was
almost constant for both acid-treated and amine-treated CNTs, but only slight enhancement was
obtained for the plasma-treated CNTs composites. For elongation of the samples at break, the
highest value belonged to plasma-treated samples with 5.22%, acid-treated samples with 4.94%,
and amine-treated samples with 4.72%, which is significantly higher than that of neat epoxy with
2.33% [19, 20].
4.6.2 Fracture Toughness Testing Results
Figure 4.6 illustrates the fracture toughness results for all nanocomposite samples tested
in this work. As can be seen, a good trend is observed for nanocomposites with all weight
percentages of Method A functionalized MWCNTs. The highest value belongs to Method C
functionalized HCNTs with 0.06 wt% loading, which showed an increase of 38.76% with respect
to the pristine post-cured samples. The most degradation for fracture toughness occurred to those
samples with Method C functionalized MWCNTs with 0.02 wt% loading. Based on a previous
study, the untreated MWCNTs and HCNTs have enhanced the fracture toughness in comparison
to the pristine samples [5]. The degradation in fracture toughness could be related to the use of
very strong acids during the functionalization process, which has damaged the structure of the
nanotubes [15].
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Figure 4.6: Comparison chart for fracture toughness of nanocomposite samples reinforced with
CNTs with different geometrical configurations, wt%, and functionalization methods. [15]
Table 4.3 presents a full comparison of all CNT-reinforced specimens with different
geometrical configurations, weight percentages, and functionalization methods. As can be seen,
those samples with functionalized MWCNTs using method A showed an enhancement trend by
increasing the CNT loading content. Method B showed a remarkable increase when the CNT
loading content was increased up to 0.06 wt%. However, Method C showed a degradation; only
positive changes were obtained by increasing the loading content. Among the MWCNTs, the
0.06 wt% Method B showed the highest value of 78.47 MPa, which is 29.47% higher than that of
neat epoxy. Among the HCNTs, Method A showed a noticeable degradation by increasing the
loading content, and Method B showed higher values compared to that of neat epoxy; however
the values dropped by increasing the weight percentages of CNTs. Method C showed a
remarkable increase by introducing more loading content into the epoxy. The highest value for
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those samples with functionalized HCNTs belongs to the 0.06 wt% Method C with a 38.76%
increase compared to that of neat epoxy.
Table 4.3: Fracture toughness test results for the nanocomposite samples reinforced with CNTs
with different geometrical configurations, wt%, and functionalization. [15]
ASTM 5045 - Fracture Toughness Testing

Pristine
Pristine Postcure
Functionalized MWCNTs - Method A

Functionalized MWCNTs - Method B

Functionalized MWCNTs - Method C

Functionalized HCNTs - Method A

Functionalized HCNTs - Method B

Functionalized HCNTs - Method C

Percentage
Percentage
KIC
Standard
Particles
Changes
[MPa.√mm] Deviation
(%)
(%)
0.00
27.80
0.52
0.00
0.00
60.61
1.12
118.02
0.02
62.48
2.88
3.09
0.04
65.08
4.91
4.16
0.06
70.16
3.56
7.81
0.02
66.67
0.47
10.00
0.04
63.67
3.97
5.05
0.06
78.47
5.30
29.47
0.02
52.04
2.80
-14.14
0.04
54.97
0.65
-9.30
0.06
60.00
3.36
-1.00
0.02
70.82
4.06
16.85
0.04
54.97
0.65
-9.30
0.06
42.10
1.92
-30.54
0.02
70.62
3.29
16.52
0.04
67.71
2.27
11.72
0.06
66.00
1.90
8.90
0.02
53.30
0.10
-12.06
0.04
79.34
3.41
30.91
0.06
84.10
1.28
38.76

This study employed very low weight percentages of CNTs, whereas most other studies
are based on higher weight percentages of the nanoinclusion [4, 21]. According to the results
obtained in this work, using very low weight percentages of functionalized CNTs can improve
the fracture toughness up to 38.76%. Qiu et al. [22] reported higher tensile strength up to 14%,
higher Young’s modulus up to 20%, and noticeable enhancement in fracture toughness by
incorporating 1 wt% CNTs into the epoxy [22]. Ganguli et al. [23] reported an increase in Tg,
tensile strength, and strain to failure by adding CNTs into the epoxy. They also reported a
noticeable increase in fracture toughness of the epoxy by adding CNTs [23].
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4.6.3

Hardness Number Comparison Results
Hardness was measured with a Rockwell hardness machine to evaluate the effect of

functionalization on the sample’s hardness value. Based on these results, for the nanocomposite
samples with functionalized MWCNTs, all three functionalization methods showed enhancement
compared to that of neat epoxy. Nanocomposite samples with MWCNTs functionalized by
Method A showed a reduction by increasing the loading content of MWCNTs, but this was still
higher than that of neat epoxy. Nanocomposite samples reinforced with MWCNTs
functionalized with Method B showed a slight degradation by increasing the loading of
MWCNTs, but, again, this was still higher than that of neat epoxy. For nanocomposite samples
reinforced with Method C functionalized MWCNTs, a 4.04% enhancement and slight
degradation was recorded by increasing the loading of MWCNTs.

Figure 4.7: Hardness values for nanocomposite samples with 0.02, 0.04, and 0.06 wt% loading of
functionalized with methods A, B and C for both helical and multiwall CNTs.
The highest hardness value among nanocomposite samples reinforced with functionalized
MWCNTs belonged to samples reinforced with 0.02 wt% MWCNTs functionalized with Method
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A, with a value of 66.95, which is 9.24% higher than the post-cured neat epoxy at 61.29 (see
Figure 4.7).
Nanocomposite samples reinforced with HCNTs functionalized by Method A showed the
highest values and slight enhancements by increasing the loading content to 0.06 wt% HCNTs,
which is 8.21% higher than that of neat epoxy. Nanocomposite samples reinforced with HCNTs
functionalized by Method B showed degradation for loading percentages up to 0.04 wt%
HCNTs, and enhancement was obtained by applying 0.06 wt% HCNTs into the epoxy.
Nanocomposite samples reinforced with HCNTs functionalized by Method C showed
enhancements for all three loading contents; however, degradation was recorded for samples
reinforced with 0.04 wt% functionalized HCNTs, and enhancements were observed when the
loading percentage was increased to 0.06 wt% HCNTs. Based on previous studies, by
incorporating 2 wt% of SWCNTs into the resin, the hardness value was increased up to 3.5 [11,
24]. Zaidi et al. [25] incorporated 0.1 to 0.3 wt% CNTs into the epoxy, reporting that with this
addition, the surface hardness was gradually increased up to 84.3, while the value for the cured
epoxy was 70.5 [25]. Lau and co-workers investigated the hardness and flexural strength of a
modified CNT-reinforced matrix and reported that enhancement was obtained [26].
4.6.4

Thermogravimetric Analysis Results
Nanocomposite samples with the highest tensile strength and neat epoxy were selected

for thermogravimetric analysis to evaluate the effect of functionalized CNTs on epoxy thermal
stability. Thermal stability and decomposition of the materials was characterized by using TGA.
Figure 4.8 show the TGA results of epoxy-based polymeric nanocomposites reinforced
with different functionalized methods for both HCNTs and MWCNTs, based on weight loss as a
function of temperature. According to Figure 4.8(a), the weight is approximately constant up to
300˚C. The irreversible decomposition started at 343.46˚C. The decomposition process causes
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weight loss for that of neat epoxy. The neat epoxy sample lost 89.025 of its initial weight at
392.84˚C, while those samples reinforced with 0.06 wt% functionalized MWCNTs using Method
A lost 88.39% of their intial weight at 408.17˚C, as shown in Figure 4.8(b). Figure 4.8(c) shows
that for nanocomposite samples reinforced with 0.06 wt% MWCNTs functionalized with Method
B, the initial weight loss started at 330˚C, and 87.50% weight loss occurred at 408.47˚C, which
exhibited higher thermal stability. TGA of nanocomposite samples reinforced with 0.06 wt%
HCNTs functionalized by Method C can be seen in Figure 4.8(d). According to this graph, the
initial weight loss occurred similarly as in the previous sample, at 330.73˚C, and a drastic change
occurred at 404.60˚C with 87.51% weight loss. Higher thermal stability was observed for
nanocomposite samples reinforced with functionalized MWCNTs and HCNTs.

(a)
Figure 4.8: TGA analysis for (a) neat epoxy and nanocomposite samples reinforced with (b) 0.06
wt% MWCNT functionalized with method A, (c) 0.06 wt% MWCNTs functionalized with
method B, and (d) 0.06 wt% HCNTs functionalized with method C.
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(b)

(c)
Figure 4.8 (continued)

81

(d)
Figure 4.8 (continued)
Several studies report an increase in thermal stability and glass transition temperature [4,
27-34]. It has also been reported that silane functionalization as well as polymer grafting has
worked positively to increase the thermal stability of the CNTs/polymer [32, 35-40]. Gojny and
Schulte [29] incorporated functionalized CNTs into polymer, and in doing so, the Tg was
increased [29]. Barrau et al. [41] reported a 5˚C reduction of the Tg by introducing up to
0.04 wt% functionalized CNTs [41]. According to other studies, the glass transition temperature
was increased by adding amine-functionalized MWCNTs into the epoxy resin. The main reason
for the increase in Tg can be attributed to the mobility reduction of the epoxy because of the
interaction of the nanotubes with the matrix [4, 29].
4.6.5

Differential Scanning Calorimetry Results
Similar to TGA analysis, the same nanocomposite samples were selected for differential

scanning calorimetry test to measure the thermal properties of the nanocomposite samples.
According to the results shown in Figure 4.9, the glass transition temperature was 75.20˚C for
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the neat epoxy. By adding 0.06 wt% functionalized MWCNTs using Method A into the epoxy,
the Tg tended to shift toward a lower temperature of bout 68.95˚C, as can be seen in Figure
4.9(b). Similarly, nanocomposite samples reinforced with 0.06 wt% functionalized MWCNTs
using Method B also showed a reduction in Tg, as sh own in Figure 4.9(c). Based on Figure
4.9(d), for nanocomposite samples reinforced with 0.06 wt% HCNTs functionalized with
Method C, the Tg was lower compared to that of neat epoxy. The degradation can be attributed
to the presence of agglomeration that occurs with higher percentages of CNTs. The addition of
functionalized HCNTs affected the Tg of the reinforced nanocomposite samples. CNT geometry,
treatment processes, and orientation can all affect the glass transition temperature of the
nanocomposites samples.

(a)
Figure 4.9: DSC analysis for (a) neat epoxy and nanocomposite samples reinforced with (b) 0.06
wt% MWCNT functionalized with method A, (c) 0.06 wt% MWCNTs functionalized with
method B, and (d) 0.06 wt% HCNTs functionalized with method C.
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(b)

(c)
Figure 4.9 (continued)
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(d)
Figure 4.9 (continued)
Montazeri [42] investigated the effect of functionalized CNTs in polymers and reported a
noticeable influence on the glass transition temperature in comparison to the neat composite [42].
Based on another study, functionalization of CNTs had a negative effect on the Tg of epoxy. A
Tg reduction of 30˚C was reported for samples with 0.2 wt% functionalized CNTs. This can be
attributed to the presence of the fluorine groups on the outer layer of the CNTs [34, 43]. A
similar Tg reduction for samples incorporated with functionalized CNTn into the epoxy was also
reported by Liao and co-workers [44]. This could be caused by poor interfacial adhesion because
of the using solvent to disperse nanotubes into the matrix [34, 44].
4.6.6

Optical Microscopy Images
Figure 4.10, shows images of the fracture surfaces of nanocomposite samples with the

highest tensile strength values. CNT-reinforced nanocomposite samples showed a rough surface
fracture. Figure 4.10(c) and (d) shows the fracture in middle of the samples, while the other
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samples showed a corner fracture. All tensile samples fractures occurred within the gauge length,
which is in agreement with ASTM standards for tensile strength.

(a)

(b)

(c)

(d)

Figure 4.10: Optical microscopy images for (a) neat epoxy and nanocomposite samples
reinforced with (b) 0.06 wt% MWCNT functionalized with method A, (c) 0.06 wt% MWCNTs
functionalized with method B, and (d) 0.06 wt% HCNTs functionalized with method C.
4.7

Conclusion
In this study, the effect of carbon nanotube inclusions at various weight percentages,

geometrical configurations, and acid treatments (i.e., functionalization) were studied. Two types
of CNTs—MWCNTs and HCNTs—were used in these experiments. Due to the presence of van
der Waals attraction forces in nanoscale, there is a high tendency for CNTs to agglomerate,
causing them to act as stress concentration locations within the epoxy resin system. Therefore,
good interfacial bonding is necessary to achieve a uniform dispersion. Functionalization is one of
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the best methods to provide high-quality dispersion. To study the effect of functionalization
methods on the mechanical properties, three different techniques were investigated for two
geometrical structures of CNTs with three weight percentages. All test samples were prepared
very carefully and tested according to ASTM standards. Table 4.4, shows the three highest
values for tensile strength, fracture toughness, and Rockwell L hardness for reinforced samples
with functionalized CNTs.
Table 4.4: Three highest values of (a) tensile strength, (b) fracture toughness, and (c)
Rockwell L hardness for reinforced nanocomposites with CNTs functionalized with methods A,
B and C
Samples
Neat Epoxy
0.06 wt% MWCNT - Method A
0.06 wt% HCNT - Method A
0.06 wt% HCNT - Method C

Samples
Neat Epoxy
0.06 wt% HCNT - Method C
0.04 wt% HCNT - Method C
0.06 wt% MWCNT - Method B

Tensile Strength
(MPa)
64.40
76.39
73.98
71.99
(a)

Percentage
Changes(%)
N/A
18.61
14.87
11.78

Fracture Toughness
KIC [MPa.√mm]
60.61
84.10
79.34
78.47

Percentage
Changes (%)
N/A
38.76
30.91
29.47

(b)
Samples
Neat Epoxy
0.02 wt% MWCNT - Method A
0.06 wt% HCNT - Method A
0.04 wt% MWCNT - Method A

Rockwell L
Hardness
61.29
66.95
66.32
66.26

Percentage
Changes (%)
N/A
9.24
8.21
8.11

(c)
Tensile testing was performed to measure the tensile strength, tensile modulus, and strain
at break. The highest tensile strength values belonged to nanocomposite samples with Method A-

87

functionalized MWCNT reinforcement at 0.06 wt% loading, with an increase of 18.61%. The
nanocomposite samples with Method C functionalized MWCNT reinforcement at 0.02 wt%
loading resulted in the highest tensile modulus, with a 3.57% enhancement. Nanocomposite
samples with 0.06 wt% of Method B functionalized MWCNT reinforcement showed the most
ductility behavior.
Fracture toughness tests were performed on all samples to investigate the effects of the
three functionalization methods. The highest value for fracture toughness values belonged to
Method C functionalized HCNT reinforcement at 0.06 wt% loading. Further investigation is
required to optimize the functionalization processes and obtain the optimum weight percentage
loadings for CNTs with various geometries. Surface hardness was enhanced for most of the
reinforced nanocomposite samples, and the highest value belonged to those reinforced samples
with 0.02 wt% functionalized MWCNTs using Method A, with 9.24% improvement compared to
that of neat epoxy.
According to TGA results, higher thermal stability was achieved. Based on DSC results,
the glass transition temperature was slightly lower. Also, optical microscopy studies were done
on the surface fracture of those samples with the highest tensile strength.
The main goal of this study was to evaluate the effect of low percentages of different
functionalization techniques on different geometrical carbon nanotubes in an epoxy/CNT system.
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CHAPTER 5
EFFECTS OF METHOD 1 CHEMICAL FUNCTIONALIZATION PROCESSES
(SONICATION WITH MIXTURE OF NITRIC AND SULFURIC ACIDS) ON
PROPERTIES AND PERFORMANCE OF HELICAL CARBON NANOTUBE
REINFORCED POLYMERIC NANOCOMPOSITES
5.1

Abstract
Polymeric nanocomposites are among the most studied materials that have been under

investigation during the past two decades for high-performance structural applications in
automotive and aerospace industries. Polymeric nanocomposites have offered light weight,
durable life, and high quality, specifically in aerospace structures. Carbon nanotubes are one of
the best candidates to be considered as the nanoinclusion within a polymer matrix due to their
various sizes and geometries, and their remarkable mechanical, thermal, and electrical properties.
In this study, helical carbon nanotubes were treated in an acidic solution, commonly referred to
as functionalization, in order to change their properties. In this research, a solution of two acids
in various ratios, molarities, and process duration were applied to helical carbon nanotubes using
a sonication method to investigate the effect of different parameters on their properties within the
polymeric matrix. Several nanocomposites panels were fabricated with different weight
percentages of the HCNTs, and the samples were tested based on ASTM standards to obtain the
various properties.

5.2

Introduction
Nanomaterials have been playing an important role in almost every field of research as

well as the medical, automotive, and aerospace industries. When using new materials with higher
properties, there is always a need to satisfy the demands. In order to create new materials, it is
important to have knowledge of the existing material properties and structures. Based on the
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demands, the desired properties can be tailored by adding at least two different materials.
Polymers have been very popular because of their low cost, large production, and ease of
processing. The combination of a polymer matrix together with a nanofiller makes for a polymer
nanocomposite [1-5].
Carbon nanotubes have small dimension with strong van der Waals forces, which causes
a tendency for agglomeration, which results in an inefficiency of the transferred load from the
matrix to the nanofillers. To reduce this problem, some techniques have been widely used.
Functionalization is one of the most well-known methods to provide a higher degree of
dispersion of CNTs into the matrix. Incorporating treated CNTs into a polymer matrix results in
distinct changes in properties of the resulting polymeric composites [1, 6]. A homogeneous
dispersion of CNTs into the polymer matrix has been one of the biggest scientific challenges.
CNTs have shown low solubility and weak dispersibility in the matrix, which in turn restricts
their use as a filler. The surface modification of CNTs is the most effective way to increase their
solubility in a solution [7-11].
Polymeric nanocomposites have been shown to have a relatively easy processing with
respect to others composites such as metal and ceramic. Thus, this field has attracted more
interest. Carbon nanotubes have demonstrated advantageous properties such as great aspect ratio,
high conductivity, and mechanical qualities. The properties and development of polymeric
nanocomposites is a function of the dispersion of the nanofiller in the matrix, interaction of the
nanofiller and the matrix, nanofiller alignment, and properties of the nanofiller and the matrix [1,
12-14]. Overall, the properties of a polymer nanocomposite are the function of important factors
including proper dispersion while maintaining the structure and high interaction between the
CNTs and the matrix. In a reinforced polymer nanocomposite, the critical length is on the order
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of at least 500 nm; below this number, CNTs would not be able to transfer load to the matrix,
thereby resulting in catastrophic failure of the composite. Therefore, it is desirable to prevent the
length from shortening and maintaining the tube structure. Without a good interaction between
the polymer and the CNTs, well-dispersed CNTs may not be enough to guarantee a highperformance reinforced composite. In order to have better interactions, interfacial development is
required [1, 15, 16].

5.3

Chemical Functionalization of Helical Carbon Nanotubes Using Method 1:
Sonication with a Mixture of Nitric and Sulfuric Acids
In this study, the sonication was used for mixing the solution in all methods. Two main

acids were constant in all method: nitric acid and sulfuric acid. For methods 101, 102, and 103,
the mixture molarity was 3, the mixing ratio was 1:1, and the sonication durations were 3, 6, and
9 hours, respectively. In methods 104, 105, and 106, the same ratio and sonication hours were
used with a mixture molarity of 8. Methods 107, 108, and 109, involved a higher molarity of 16
with the same ratio and sonication hours. In methods 110 to 118, the same acids were used, but
the sulfuric acid was three times higher in the ratio, and the same process durations of 3, 6 and 9
for each morality mixture was applied. All methods investigated the effect of different
functionalizations on the polymeric nanocomposite.
For methods 101 to 109, 50 ml of 3, 8, and 16 molar sulfuric acid was mixed with 50 ml
of 3, 8, and 16 molar nitric acid and then added to HCNTs in a clean beaker. The mixtures were
sonicated for 3, 6, and 9 hours, respectively.
For methods 110 to 118, 150 ml of 3, 8, and 16 molar sulfuric acid was mixed with 50 ml
of 3, 8, and 16 molar nitric acid and then added to a beaker of HCNTs. Again, the sonication
duration was 3, 6, and 9 hours, respectively. Once the sonication process was finished, the
samples were cooled to room temperature. The next step involved rinsing the treated carbon
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nanotubes with deionized water to neutralize the HCNTs. In order to reach this goal, the vacuum
filtration technique was used multiple times and the filters were changed often. Due to the high
volume of HCNTs, several filters had to be replaced and additional deionized water was
employed while the vacuum was applied. After several repetitions of the rinsing process, a pHmeter was used to measure the acidity of the water that passed through the filter. Once the pH
reached 7, the filters were carefully collected, laid on a glass tray, and placed in an oven to dry.
The final step in this process was removing the functionalized HCNTs from the filter and
grinding them gentle to prevent them from sticking together, which helps to reduce the risk of
agglomeration in the solution for panel fabrication. Table 5.1 presents a summary of the
functionalization methods in detail.
Table 5.1: Detailed processing parameters of chemical functionalization sub-methods of method
1 used for covalent functionalization of HCNTs.
Method 1
M101
M102
M103
M104
M105
M106
M107
M108
M109
M110
M111
M112
M113
M114
M115
M116
M117
M118

5.4

Particle
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm

Solution
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3

Ratio
1:1
1:1
1:1
1:1
1:1
1:1
1:1
1:1
1:1
3:1
3:1
3:1
3:1
3:1
3:1
3:1
3:1
3:1

Molarity
3
3
3
8
8
8
16
16
16
3
3
3
8
8
8
16
16
16

Method Temperature Time (hrs)
Sonication
N/A
3
Sonication
N/A
6
Sonication
N/A
9
Sonication
N/A
3
Sonication
N/A
6
Sonication
N/A
9
Sonication
N/A
3
Sonication
N/A
6
Sonication
N/A
9
Sonication
N/A
3
Sonication
N/A
6
Sonication
N/A
9
Sonication
N/A
3
Sonication
N/A
6
Sonication
N/A
9
Sonication
N/A
3
Sonication
N/A
6
Sonication
N/A
9

Fabrication of Nanocomposites Samples
EPON resin 815C was used as the matrix and functionalized HCNTs were used as the

reinforcement. The epoxy resin and HCNTs were purchased from Miller Stephenson and Cheap
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Tubes, Inc., respectively. The casting method was chosen to fabricate the nanocomposite panels.
In this method, different types of functionalization techniques were used to fabricate the panels.
Functionalized CNTs with weight percentages of 0.02, 0.04, and 0.06 were used. In order to
maintain a uniform solution, a sonication technique was employed to improve the separation of
the carbon nanotubes. Because of the high viscosity of the epoxy resin, the physical mixing
method is not applicable for mixing the CNTs directly into the resin. Here, ethyl alcohol was the
suitable candidate to ease the mixing process.
The first step in the mixing process is measuring the various weight percentages of the
functionalized HCNTs. This must be done in a clean and labeled beaker. It is very important to
label the beakers in order to minimize error. The next step is adding the solvent to prepare the
HCNTs for the sonication process. This process greatly aids in the dispersion of the CNTs within
the solvent. A well-dispersed solution is required to minimize the risk of agglomeration. The
presence of the agglomeration causes more voids, and impurities in the final product, which
leads to catastrophic fracture. All labeled beakers were covered with a layer of parafilm to
prevent solution evaporation as well as contamination. Then the solution was sonicated for 30
minutes. Checking the solution every 10 minutes and manual mixing with a glass stirrer is
recommended. Meanwhile, and before the end of the sonication process, the resin (EPON 815C)
is heated up to 70°C for a few minutes on a magnetic hot plate to decrease the viscosity and
facilitate the mixing process. After the sonication process, the solution mixture was added to 152
grams of the resin and remained on the hot plate with the magnetic stirrer until the ethanol was
fully evaporated. The weight of the solution was measured in several intervals. Once, the
solution was ready, 31 grams of hardener (EPIKURE 3282) was added and the mixture manually
stirred for 10 minutes to ensure it was blended properly. The next step was pouring the solution
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in the silicon molds to fabricate the nanocomposite panels. After 24 hours of the curing process,
the panels were placed in a furnace oven for the post-curing process. In this step, samples were
placed in the furnace for few hours at 121°C to become dry, and were left to cool down to room
temperature after turning off the furnace.

5.5

Testing of Nanocomposites

5.5.1

Tensile Testing
As mentioned in the previous section, the nanocomposite panels were fabricated using

resin and hardener. All panels were cut into the coupon size according to the ASTM 638
standard. Each coupon was cut to the dog-bone geometry by using a tabletop milling machine.
This is the most common testing method to determine the tensile properties of the polymeric
composites. This method could be used for the materials with maximum thickness of 14 mm or
0.55 in. Tensile properties can be calculated by running this test method. Several factors such as
preparation method, speed test, and environmental factors could affect the accuracy of the
results. Prior to testing, all nanocomposite samples were carefully measured for thickness and
width using a caliper. The caliper grippers were aligned and tightened to be as even as possible,
and sandpaper was used to wrap the samples to avoid damaging them as they were placed in the
grippers. An extensometer was used during the tensile test to measure the elongation of the
samples. For each method in the sonication process, coupons with three nanoinclusion weight
percentages of 0.02, 0.04, and 0.06 were prepared for tensile testing. An MTS Criterion® 40
system with appropriate tensile fixtures was used to operate the test. The speed tests for all
samples were consistent at 1 mm/min.
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5.5.2

Fracture Toughness Testing
The resistance of specimens to fracture can be determined by using the ASTM 5045

standard. Depending on the geometry, this standard can be applied for the single-edge notchbending test and compact tension. In this study, the single-edge notching bending method is used
to measure the critical stress intensity, KIC. All fabricated panels were cut into the proper size for
this test. The next step was marking on the samples to create accurate notches. The final step was
creating a very sharp crack tip, which was done with the help of a very sharp razor blade. Several
factors such as environmental temperature, testing speed, sample preparation, and length of the
crack could affect the results. This test was conducted on all samples with a constant loading rate
of 10 mm/min. The width and thickness of all samples were carefully measured with a caliper.

5.5.3

Hardness Testing
In this study, ASTM D785 (Rockwell L hardness) was used to calculate the hardness of

the samples. This number, which is calculated by the hardness machine, is based on the depth of
the indentation tip. According to ASTM D785, the minimum required thickness for the samples
is 6 mm. The test was operated at room temperature, and the distance between the indentations
was carefully maintained in order to maximize the accuracy of the results. All nanocomposite
samples were cleaned prior to testing to minimize error. The hardness machine was calibrated
before testing, and the ball indenter was checked to ensure that it was in an acceptable condition.

5.5.4

Thermogravimetric Analysis Testing
Thermogravimetric analysis testing used to examine the weight loss of the specimens in

the controlled heating rate, and it is function of time and temperature. In this study, ASTM
E1131 was used to determine the thermal stability of the specimens at higher temperature. All
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the samples were cut from the fabricated nanocomposites panels. The heating rate and range are
highly depending on the material properties.

5.5.5

Differential Scanning Calorimetry Testing
In this study, ASTM D3418 was used to determine the transition temperature under a

specific test condition. In this method, all samples were compared with the same reference in the
presence of gas with the same flow as well as temperature elevation. A typical DSC unit includes
a test chamber, temperature controller, recording device, container, and balance. The heating rate
of 20°C/min is recommended for this method.

5.5.6

Optical Microscopy Images
High-resolution microscopy was used to evaluate the fracture surface of the

nanocomposite samples.

5.6

Results and Discussion

5.6.1

Tensile Testing Results
Tensile tests were conducted on all samples reinforced with functionalized CNTs, and

they were prepared based on ASTM 638. Figure 5.1 compares the tensile strength of
nanocomposite samples made from functionalized CNTs with method 101 to 118. Figure 5.2
shows the tensile modulus and Figure 5.3 shows the strain at break for nanocomposite samples
made with HCNTs functionalized with methods 101 to 118. As shown, for those functionalized
CNTs with molarity of 3 and mixing ratio of 1:1 of sulfuric acid and nitric acid (methods 101–
103), both nanocomposite sample with HCNTs functionalized with methods 101 and 102,
showed higher tensile strength compared to that of neat epoxy. Nanocomposite samples that
were reinforced with HCNTs functionalized with method 102 showed degradation in tensile
strength after 0.04 wt% loading, but this was still higher than that of neat epoxy.
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(a)

(b)
Figure 5.1: Tensile strength results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 101-109, and (b) methods 110-118.
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(a)

(b)
Figure 5.2: Tensile modulus results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 101-109, and (b) methods 110-118.
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(a)

(b)
Figure 5.3: Strain at break results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 101-109, and (b) methods 110-118.
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An increasing trend was observed for nanocomposite samples with HCNTs
functionalized by method 102 by increasing the loading of CNTs into the epoxy. However, by
increasing the duration of the sonication process to 9 hours, a noticeable reduction in tensile
strength was observed. As shown, higher tensile modulus was obtained for all loading
percentages of functionalized CNTs.
As shown, brittleness occurred to all nanocomposite samples with HCNTs functionalized
by methods 101 to 103. Among the nanocomposite samples with functionalized HCNTs with
low molarity of 3 and a ratio of 1:1, the highest value belonged to those nanocomposite samples
with 0.04 wt% functionalized HCNTs with 70.96 MPa compared to neat epoxy with 64.40 MPa,
and the highest tensile modulus belonged to those samples with 0.02 wt% HCNTs with 2652.91
MPa, which was enhanced by 6.62% compared to neat epoxy with 2488.21 MPa.
Methods 104–106 used an acidic solution with molarity of 8 and a mixing ratio of 1:1.
Nanocomposite samples with HCNTs functionalized by methods 104 and 105 showed higher
tensile strength compared to that of neat epoxy. The highest value belonged to those samples
with 0.02 wt% HCNTs functionalized with 71.50 MPa, which was 11.02% higher than neat
epoxy. However, nanocomposite samples that were reinforced with HCNTs functionalized with
method 104 showed that by increasing the loading percentages of HCNTs, the tensile strength
value was reduced but was still higher than that of neat epoxy. Nanocomposite samples with
HCNTs functionalized by method 105 showed enhancements in tensile strength by increasing the
loading of CNTs into the epoxy, and samples with 0.04 wt% HCNTs showed the highest value.
Similar to samples with HCNTs functionalized with method 103, HCNTs functionalized with
method 106 showed a reduction in tensile strength for those functionalized HCNTs with longer
treatment durations; however, nanocomposite sets with HCNTs functionalized with method 106
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showed the highest tensile modulus values among nanocomposite samples reinforced with
methods 104–106. Nanocomposite samples reinforced with 0.04 wt% HCNTs functionalized
with method 104 and 0.04 wt% HCNTs functionalized with method 105 showed more ductile
behavior compared to neat epoxy, since the strain at break was 5.12 for 0.04 wt% HCNTs
functionalized with method 104 and 5.39 for 0.04 wt% HCNTs functionalized with method 105,
compared to that of neat epoxy with 5.04.
In methods 107–109, the molarity of the acidic solution was 16 while maintaining the
same ratio. Nanocomposite samples reinforced with methods 107 and 108 showed higher tensile
strength values compared to neat epoxy, while a remarkable reduction was observed for
nanocomposite sets with HCNTs functionalized with method 109 for three more hours,
compared to methods 107 and 108. Nanocomposite samples reinforced with HCNTs
functionalized by methods 107 and 108 showed an increasing trend, and the highest tensile
strength value belonged to samples with 0.06 wt% functionalized HCNTs with 70.71 MPa,
which is 9.79% higher than that of neat epoxy. All nanocomposite samples with HCNTs
functionalized with methods 107–109 showed higher tensile modulus compared to neat epoxy.
The highest tensile modulus belonged to samples with 0.06 wt% functionalized CNTs for
samples reinforced with HCNTs functionalized by method 107. However, all nanocomposite
samples reinforced with HCNTs functionalized with methods 107–109 showed more brittle
behavior since the strain at break was drastically reduced compared to that of neat epoxy.
In methods 110–112, HCNTs were functionalized by using sulfuric acid and nitric acid at
a ratio of 3:1 and molarity of 3. According to the results, nanocomposite samples that were
reinforced with HCNTs functionalized with method 110 showed an improvement in the tensile
strength by increasing the loading of CNTs. However, nanocomposite samples that were
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reinforced with HCNTs functionalized with method 111 showed a decrease in tensile strength
values for 0.04 wt% and 0.06 wt% functionalized HCNTs samples, which was still higher
compared to that of neat epoxy. Nanocomposite samples functionalized with method 112 showed
a noticeable enhancement in tensile strength values up to 0.04 wt% loading, and a noticeable
reduction was observed by increasing the loading of functionalized HCNTs to 0.06 wt%. Among
the nanocomposite samples functionalized with the methods 110–112, samples with HCNTs
functionalized with method 110 showed the most promising tensile strength enhancements
compared to that of neat epoxy; however, the highest value for tensile strength values belonged
to samples with 0.04 wt% functionalized HCNTs with 2746.03 MPa, which is 9.16% higher than
that of neat epoxy. All nanocomposite samples showed higher tensile strength values, and
nanocomposite samples reinforced with method 112 showed enhancements of 10.75%, 10.36%,
and 13.44% for 0.02 wt%, 0.04 wt%, and 0.06 wt%, respectively, compared to that of neat
epoxy. Based on the results, the addition of functionalized HCNTs caused the samples to become
more brittle, as seen by the noticeable decrease in the strain at break.
In methods 113–115, CNTs were functionalized using sulfuric acid and nitric acid in a
mixing ratio of 3:1 and molarity of 8. According to the results, the tensile strength of all samples
reinforced with HCNTs functionalized with methods 113–115 was drastically reduced, and
tensile modulus values were slightly enhanced. Similar to most of the other methods,
functionalization made the samples more brittle compared to neat epoxy. In methods 116–118,
CNTs were functionalized using sulfuric acid and nitric acid in a mixing ratio of 3:1 and molarity
of 16. Based on the results, all nanocomposite samples exhibited an enhancement trend by
increasing the loading content of fillers into the epoxy. Nanocomposites reinforced with HCNTs
functionalized with method 118 showed a more noticeable increase compared to nanocomposite
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samples functionalized with methods 116 and 117. The highest value was 69.43 MPa, which
belongs to samples with 0.06 wt% functionalized HCNTs using method 118, which is 7.81%
higher than neat epoxy. All nanocomposite samples showed higher tensile modulus compared to
neat epoxy, and the highest tensile modulus belongs to the samples with 0.02 wt% HCNTs
functionalized by method 116, with 12.78% enhancement. All nanocomposite samples showed
brittle behavior except for samples reinforced with 0.06 wt% HCNTs functionalized with method
116, which showed a noticeable ductile behavior.
Based on these studies, the addition of 1 wt% of CNTs to polyurethane (PU) by using an
in-situ polymerization preparation method, the modulus of elasticity was improved by 54% and
the tensile strength was improved by 25% [17]. A similar study reported 40% and 7%
improvement of modulus and tensile strength, respectively [9]. By adding 20 wt% of
functionalized CNTs into the PU, 180% increase for tensile strength and 740% increase for
modulus was reported as well [18]. According to a similar study, the solution mixing was used as
a preparation method and by adding 1 wt% of functionalized CNTs into the epoxy, 12%
enhancement in modulus and 6% improvement in tensile strength was obtained [19]. Some
studies also reported a moderate enhancement in properties of polyamide (PI) CNTs. Here, 33%
increase in modulus and 7% enhancement in tensile strength by adding 5 wt% functionalized
MWCNTs into the PI was reported [20]. Zaidi et al. [21] reported that by adding 0.1 wt% up to
0.3 wt% treated nanotubes into the epoxy, and Young’s modulus and tensile strength showed a
gradual increase by increasing the loading content of the modified CNTs [21].
Qian et al. [22] used the hierarchical CNTs and grafted them onto fibers to develop highperformance composites by incorporating the functionalized CNT-grafted carbon fibers into the
epoxy. They used nitric acid and sodium hydroxide to modify the surface of the CNTS. The
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functionalized CNT-grafted carbon fibers were incorporated with HexPly® 8552 epoxy resin and
different samples with a three-gauge length were fabricated to evaluate the mechanical
properties. According to their results, those samples with CNTs on the fibers showed that the
tensile strength was drastically decreased; however a noticeable change for tensile modulus was
not reported [22].

5.6.2

Fracture Toughness Testing Results
Figure 5.4 compares the fracture toughness for nanocomposite samples reinforced with

HCNTs functionalized with methods 101–118. These results are based on the ASTM 5045
fracture toughness testing for polymeric nanocomposites. According to the results, for samples
reinforced with HCNTs functionalized with methods 101–103 with molarity of 3 and a sulfuricnitric acid mixing ratio of 1:1, the highest value belonged to samples reinforced with method
101-functionalized HCNTs with a 23.13% increase in fracture toughness for 0.02 wt% HCNTs.
The fracture toughness value for pure pristine was 60.61 MPa.√mm. Based on the results
obtained by increasing the loading percentage of the HCNTs into the epoxy, degradation of
fracture toughness was observed. Nanocomposite samples that were functionalized with method
102 showed a trend of increasing value of the fracture toughness by increasing the loading
content of the CNTs. Nanocomposites reinforced with method 103-functionalized HCNTs
showed a fracture toughness value lower than that of neat epoxy; however, by increasing the
loading content of HCNTs, enhancement was observed. The highest value of fracture toughness
for samples reinforced with HCNTs functionalized with methods 101–103 belonged to samples
with 0.06 wt% HCNTs functionalized by method 102.
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(a)

(b)
Figure 5.4: Fracture toughness results for nanocomposite samples reinforced with 0.02,
0.04, and 0.06 wt% loading of HCNTs functionalized with (a) methods 101-109, and (b)
methods 110-118.
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In nanocomposite samples that were reinforced with method 104-functionalized HCNTs,
degradation was observed by increasing the loading content of CNTs; however, nanocomposite
sets with HCNTs functionalized with method 104 with 0.02 wt% CNTs showed the highest value
of fracture toughness for HCNT samples functionalized with methods 104-106, with a 12.54%
increase compared to that of neat epoxy. Nanocomposites samples reinforced with method 105functionalized HCNTs showed degradation with the addition of 0.02 wt% HCNTs
functionalized, and by increasing the loading content to 0.04 wt% of functionalized HCNTs, the
fracture toughness increased, and by increasing the loading content to 0.06 wt% of
functionalized HCNTs, degradation occurred, but it was still higher than that of neat epoxy.
Nanocomposite samples reinforced with method 106 showed degradation with the addition of
0.04 wt% HCNTs, and enhancement was observed with 0.02 wt% and 0.06 wt% HCNTs. In
methods 107–109, CNTs were functionalized with a strong acidic solution. Nanocomposite
samples that were reinforced with method 107 showed the highest fracture toughness values with
a noticeable enhancement and trend. The highest fracture toughness value belonged to
nanocomposite samples with HCNTs functionalized with method 107 with 0.06 wt% HCNTs
and a value of 75.90 MPa.√mm, which is 25.23% higher than that of neat epoxy. Nanocomposite
samples that were reinforced with method 108 showed improvement by adding 0.02 wt%
HCNTs, and by increasing the loading content, degradation was observed. All loading
percentages of the nanocomposite sets with HCNTs functionalized with method 109 showed a
noticeable degradation by adding CNTs into the epoxy.
Nanocomposite samples reinforced with method 110 showed remarkable increases in
fracture toughness compared to that of neat epoxy. In nanocomposites reinforced with method
111-functionalized HCNTs, a degradation trend was observed with the addition of more HCNTs
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loaded into the epoxy; however, the results were still higher than that of neat epoxy. By adding
0.02 wt% and 0.04 wt% HCNTs functionalized with method 112, a remarkable increase in
fracture toughness was observed. Nanocomposites reinforced with method 113-functionalized
HCNTs showed degradation with the incorporation of 0.02 wt% HCNTs into the epoxy;
however, an increase was observed by increasing the weight percentage of the CNTs into the
epoxy.
Nanocomposite samples that were reinforced with method 114 showed enhancement of
the fracture toughness by adding CNTs into the epoxy for 0.02 wt% and 0.04 wt% HCNTs, and a
noticeable reduction was observed by applying 0.06 wt% functionalized HCNTs into the epoxy.
With the addition of 0.06 wt% CNTs functionalized with method 115 into the epoxy, sudden
degradation was observed. The highest fracture toughness value for nanocomposite samples with
HCNTs functionalized with methods 113–116 belonged to samples with 0.02 wt% functionalized
CNTs, showing 4.03% enhancement compared to that of neat epoxy.
Methods 116–118 used a very strong acidic solution with molarity of 16 to functionalize
the CNTs. For nanocomposites samples reinforced with method 116-functionalized HCNTs, all
three loading percentages showed higher fracture toughness values compared to that of neat
epoxy. Nanocomposite samples that were reinforced with method 117, showed a degradation by
adding 0.02 wt% functionalized HCNTs into the epoxy, and a noticeable enhancement was
obtained by increasing the loading content of the functionalized HCNTs. Similarly,
nanocomposite samples that were reinforced with method 118 showed an increase in fracture
toughness with the addition of the CNTs at higher loading percentages. The highest value
belonged to those samples with 0.06 wt% functionalized CNTs and a value of 76.36 MPa.√mm,
which is 25.99% higher than pure epoxy.
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Based on one study, Seyhan et al. [23] reported the influence of amine-functionalized
MWCNTs with 0.3 wt% of MWCNT and a vinyl ester polyester hybrid matrix, which resulted in
a higher fracture toughness and modulus. It is also reported the highest fracture toughness
belonging to samples with 0.5 wt% functionalized carbon nanotubes in the epoxy [24].
Chen et al. [25] reported higher fracture toughness with the addition of 0.1%, 0.3% and
0.5% treated nanotubes to the epoxy [25]. Park et al. [26] examined the effect of functionalized
MWCNTs into the epoxy, and reported an increase in fracture toughness and stress intensity
factor [26]. Chen et al. [27] used a plasma treatment to functionalize MWCNTs. Here, the
loading percentage of 0.1 wt% functionalized and untreated MWCNTs was incorporated into the
epoxy, and the effect of functionalization was investigated by measuring the mechanical
properties. Based on their report, the addition of 0.1 wt% functionalized CNTs into the epoxy
offered 38% enhancement in toughness compared to that of neat epoxy [27].

5.6.3

Hardness Number Comparison Results
Figure 5.5 shows the hardness values (Rockwell L) for nanocomposite samples

reinforced with methods 101–118. Based on the results, nanocomposite samples that were
reinforced with functionalization methods 101–103 showed improvement, compared to that of
neat epoxy, with a hardness value of 61.29. For CNT samples functionalized with method 101,
0.04 wt% loading of HCNTs showed the highest value of hardness, with 12.33% improvement
compared to that of neat epoxy. Nanocomposite samples reinforced with method 102functionalized HCNTs, showed a slight decline by adding 0.04 wt% HCNTs, and a noticeable
increase was observed with the addition of loading content. Nanocomposite samples with
HCNTs functionalized by method 103 showed an overall improvement; however, the
enhancement trend declined by increasing the weight percentages of the fillers.
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(a)

(b)
Figure 5.5: Hardness results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 101-109, and (b) methods 110-118.
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For those samples with HCNTs functionalized with methods 104–106, all hardness
values were improved. In nanocomposite HCNTs functionalized with method 104, the addition
of 0.02 wt% and 0.06 wt% showed the highest enhancements with very similar values, up to
9.89% enhancement compared to neat epoxy. The highest values of hardness for samples
functionalized with both methods 105 and 106 belonged to the 0.04 wt% loading samples, with
an average of 69.10 and 71.20, respectively. The highest number among the samples with
HCNTs functionalized with methods 104–106 belonged to the 0.04 wt% samples, with 16.17%
enhancement.
In nanocomposites reinforced with HCNTs functionalized with methods 107–109, all
samples represent higher hardness values compared to that of neat epoxy. In HCNT samples
functionalized with method 107, those with 0.04 wt% loading displayed the highest hardness
value, with 9.81% enhancement compared to neat epoxy. Nanocomposite samples reinforced
with HCNTs functionalized by method 108 showed an increase trend with the addition of fillers
into the epoxy. Nanocomposite samples that were reinforced with 0.02 wt% HCNTs
functionalized by method 109 displayed the highest value among all three methods, with 20.25%
enhancement compared to that of neat epoxy.
Similarly, all nanocomposites samples reinforced with HCNTs functionalized with
methods 110–112 displayed higher hardness values in comparison with neat epoxy. Among the
nanocomposite samples reinforced with HCNTs functionalized by methods 110–112, samples
with 0.02 wt% CNTs functionalized with method 111 showed the highest hardness value of
68.90, which is 12.42% higher than that of neat epoxy.
Nanocomposite samples that were reinforced with HCNTs functionalized by methods
110–112 showed enhancement in the hardness number; however, the enhancement trend
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decreased with increasing weight percentages of CNTs. For samples functionalized with methods
113–115, both methods 113 and 115 with 0.04 wt% CNTs showed the highest hardness values of
67.85 and 66.95, respectively. The highest hardness value belonged to 0.02 wt% functionalized
CNTs, with 14.21% enhancement compared to neat epoxy.
Among the samples using functionalized HCNTs with method 115–118, method 118
showed a hardness enhancement trend up to 9.23% for 0.06 wt%. Samples with 0.04 wt%
reinforcement of HCNTs functionalized with method 116 and samples with 0.06 wt%
reinforcement of HCNTs functionalized with method 117 showed a similar highest value
averaging 68.35, which is 11.52% higher than that of pristine epoxy.
Armstrong et al. [28] used 1 wt% functionalized CNTs into the three types of
epoxy/methylenedianiline

(MDA),

epoxy/diethylenetriamine

(DETA),

and

epoxy/triethylenetetramine (TETA) and reported the effect of fillers into the epoxy properties.
According to their hardness results, all epoxy/MDA samples were too soft and did not qualify for
the Rockwell hardness test. The epoxy/DETA sample hardness was 45.9 and with the addition of
functionalized CNTs improved up to 65.3. Similarly, for epoxy/TETA, the addition of
functionalized CNTs noticeably improved the hardness value [28].
Cadek et al. [29] also obtained higher surface hardness with the addition of 1 wt% CNTs
into the PVA matrix. This enhancement could be attributed to the homogeneous dispersion of
CNTs into the epoxy [29]. Chen et al. [27] reported that by introducing 0.1 wt% functionalized
MWCNTs into the epoxy using plasma treatment, a higher elastic modulus and hardness was
obtained, up to 19% and 40%, respectively, compared to that of neat epoxy [27]. Wang et al. [30]
used phenolic resin with modified CNTs and measured the properties of the nanocomposites.
They found that the incorporation of functionalized CNTs enhanced the hardness of the phenolic
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resin. The highest surface hardness was achieved with the incorporation of 2 wt% modified
CNTs into the matrix. They also reported that for a nanocomposite with a higher CNT loading
content, lower hardness was obtained, leading to the assumption that the higher percentage of
CNTs may cause poor dispersion in the matrix, and as a result, the agglomeration affects the
properties of the nanocomposites [30].

5.6.4

Thermogravimetric Analysis Results
Samples with the highest tensile strength were selected for TGA analysis to evaluate the

effect of the addition of functionalized CNTs on the epoxy thermal stability. TGA is a common
method to characterize the thermal stability of materials.
Figure 5.6 shows the results of the TGA analysis for the following: (a) neat epoxy and
nanocomposite samples reinforced with (b) 0.04 wt% HCNTs functionalized with method 101,
(c) 0.02 wt% HCNTs functionalized with method 104, (d) 0.06 wt% HCNTs functionalized with
method 107. Based on the results, neat epoxy showed a noticeable reduction in weight at
392.84˚C, with the decomposition temperature starting at 343.46˚C. The addition of 0.04 wt%
HCNTs functionalized by method 101 into the epoxy provided more thermal stability, since the
weight loss of 88.21% occurred at 408.09˚C, as shown in Figure 5.6 (b).
According to Figure 5.6 (c), the decomposition temperature slightly shifted to a lower
temperature, and the weight loss occurred at 405.13˚C, up to a 87.78% decrease for samples with
0.02 wt% HCNTs functionalized by method 104, which was enhanced compared to that of neat
epoxy. The addition of 0.06 wt% HCNTs functionalized by method 107 showed that a weight
loss of 87.06% was obtained at higher temperature, in comparison to that of neat epoxy.
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(a)

(b)
Figure 5.6: TGA analysis for (a) neat epoxy and nanocomposite samples reinforced with (b) 0.04
wt% HCNTs functionalized with method 101, (c) 0.02 wt% HCNTs functionalized with method
104, and (d) 0.06 wt% HCNTs functionalized with method 107.
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(c)

(d)
Figure 5.6 (continued)
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Based on on study, adding 0.1 wt% and 1 wt% functionalized MWCNTs to polystyrene
showed a higher degradation temperature compared to that of pure PS. The pure PS maximum
degradation temperature was reported at 400˚C, while this value was 415˚C and 420˚C by adding
0.1 wt% and 1 wt% treated MWCNTs, respectively [31]. Chen et al. [25] reported a lower
decomposition temperature for samples with modified nanotubes [25]. Kim et al. [32] used both
MWCNTs and modified MWCNTs with the same loading percentages and incorporated them
into the epoxy. The following loading percentages were used to fabricate the nanocomposites:
0.1, 0.2, 0.3, 0.4, and 0.5 wt%. All samples were postcured prior to testing.
According to TGA results, the samples with modified nanotubes showed higher thermal
stability compared to samples with unmodified nanotubes. However, no significant enhancement
was obtained for samples with modified MWCNTs above the 0.3 wt% functionalization.
Similarly, a higher glass transition temperature was obtained for samples with modified
MWCNTs up to 0.3 wt%, and at higher loading percentages, degradation of the Tg was obtained,
which could be contributed to agglomeration at the higher loading percentages [32].
Sulong et al. [35] reported the effect of the various volumetric polymer concentrations
and functionalization of the CNTs on the properties of the composites. According to their TGA
results, the glass transition temperature was improved for those samples when functionalized
CNTs were included. The decomposition temperature for pure epoxy and epoxy-reinforced
functionalized CNTs was reported at 440˚C and 480˚C, respectively. This can be attributed to the
high thermal conductivity of CNTs, thus allowing those samples with functionalized CNTs to
absorb more heat and shift the glass transition temperature [33-35].
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5.6.5

Differential Scanning Calorimetry Results
DSC analysis is the typical method to measure the thermal properties of nanocomposites.

Figure 5.7 illustrates DSC analysis for the following: (a) neat epoxy and nanocomposite samples
reinforced with (b) 0.04 wt% HCNTs functionalized with method 101, (c) 0.02 wt% HCNTs
functionalized with method 104, and (d) 0.06 wt% HCNTs functionalized with method 107.

(a)
Figure 5.7: DSC analysis for (a) neat epoxy and nanocomposite samples reinforced with (b) 0.04
wt% HCNTs functionalized with method 101, (c) 0.02 wt% HCNTs functionalized with method
104, and (d) 0.06 wt% HCNTs functionalized with method 107.

120

(b)

(c)
Figure 5.7 (continued)
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(d)
Figure 5.7 (continued)
Figure 5.7 (a) shows a Tg of 75.20˚C for the pristine samples. Based on Figure 5.7 (b),
the Tg was slightly shifted to a lower temperature compared to the pristine samples. Adding 0.02
wt% functionalized CNTs into the epoxy revealed a very similar trend, as shown in Figure 5.7
(c). By adding 0.06 wt% functionalized HCNTs using method 107 into the epoxy, a remarkable
enhancement was obtained, with a Tg of 80.20˚C, which is higher than that of neat epoxy. The
decrease in Tg can be attributed to the fact that the addition of the fillers may increase the
molecular weight between the entanglements with increasing the concentration of the filler. The
enhancement can be attributed to a strong covalent bonding between the functionalized CNTs
and the matrix in the higher filler concentrations. A research group investigated the effect of
functionalized MWCNTs on the glass transition temperature. By adding 1 wt% of functionalized
MWCNTs, the Tg was decreased from 106.26˚C for pure PS to 104.3˚C. Also, a very similar
result was reported for 0.1 wt%. This slight decrease can be attributed to the reduction of the
polymer molecular weight during the polymerization process in the presence of the filler [31].
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Several studies reported the addition of CNTs to the polymers affect the thermal stability
as well. However, the enhancement is not appreciable, as compared to the pristine epoxy [24, 32,
36-46]. Guadagno and co-workers loaded different CNT concentrations into the epoxy, and
evaluated the mechanical and thermal properties of the samples. Based on their results, by adding
1 wt% and 2 wt% CNTs into the epoxy, up to 25% enhancement in the glass transition
temperature was obtained [47].
Several studies have been done on the effect of CNTs on the glass transition temperature
of nanocomposites [47-49]. One study reported a noticeable degradation peak in the
decomposition temperature with the addition of treated carbon nanotubes into the epoxy [25].
Degradation in the Tg by adding more weight percentage CNTs was reported, although the fillers
were homogeneously dispersed in the matrix [50]. Armstrong et al. [28] applied 1 wt%
functionalized CNTs into the epoxy with three different hardener. Based on their report, the glass
transition temperature for all samples was decreased. Typically strong covalent bonding between
functionalized CNTs and epoxy is expected to reduce the mobility of the epoxy in order to shift
the Tg. Therefore, it could be explained that a strong covalent bonding was not formed between
the matrix and the functionalized CNTs, and that fillers act as plasticizer and impurities during
the curing process, thereby resulting in Tg degradation. Also, the network of the epoxy would
not be a three-dimensional network when CNTs are added, which leads to Tg degradation.

5.6.6

Optical Microscopy Images
Figure 5.8 shows optical microscopy images of the fracture surface of the nanocomposite

samples with the highest tensile strength. Samples with CNTs incorporated had rough surfaces
compared to that of neat epoxy.
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(a)

(b)

(c)

(d)

Figure 5.8: Optical microscopy images for (a) neat epoxy and nanocomposite samples reinforced
with (b) 0.04 wt% HCNTs functionalized with method 101, (c) 0.02 wt% HCNTs functionalized
with method 104, and (d) 0.06 wt% HCNTs functionalized with method 107.
All samples showed a similar trend in the fracture of their surfaces compared to that of
neat epoxy. The fracture for all samples occurred in the gauge length of the coupon during the
tensile test.

5.7

Conclusion
In this study, sonication was used to functionalize helical carbon nanotubes with various

parameters. Functionalization is an ideal method to provide a higher degree of dispersion,
resulting in a strong interfacial bonding between the nanotubes and the matrix. Several panels
were fabricated by dispersing the CNT solution into the epoxy, and later on the hardener was
added. Table 5.2 shows the three highest values for tensile strength, fracture toughness, and
Rockwell L hardness for reinforced samples with HCNTs functionalized with methods 101–118.
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Table 5.2: Three highest values of (a) tensile strength, (b) fracture toughness, and (c) Rockwell L
hardness for reinforced nanocomposites with HCNTs functionalized with methods101–118
Samples
Neat Epoxy
0.02 wt% HCNT - Method 104
0.04 wt% HCNT - Method 101
0.06 wt% HCNT - Method 107

Tensile Strength
(MPa)
64.40
71.50
70.96
70.71

Percentage
Changes(%)
N/A
11.02
10.18
9.79

(a)
Samples
Neat Epoxy
0.04 wt% HCNT - Method 112
0.06 wt% HCNT - Method 102
0.06 wt% HCNT - Method 110

Fracture Toughness
KIC [MPa.√mm]
60.61
79.44
78.67
78.10

Percentage
Changes (%)
N/A
31.07
29.81
28.86

(b)
Rockwell L
Hardness
61.29
73.70
71.20
70.40

Samples
Neat Epoxy
0.02 wt% HCNT - Method 109
0.04 wt% HCNT - Method 106
0.06 wt% HCNT - Method 108

Percentage
Changes (%)
N/A
20.25
16.17
14.86

(c)
In this research, functionalization was done by using sulfuric and nitric acids with
different molarities, ratios, and process durations. Several testing procedures were carried out to
evaluate the effect of functionalization CNT on the epoxy. All testing was conducted based on
ASTM standards. Among the nanocomposite samples reinforced with HCNTs functionalized
with methods 101–119, only those samples reinforced HCNTs functionalized with methods 103,
106, 109, 113, 114, and 115 showed degradation in tensile strength. This could be attributed to
the severe damage to the HCNT structure as a result of the functionalization with a strong acidic
solution, resulting in their shortening, which causes to lower tensile strength. All other samples
that were reinforced with functionalized HCNTs, exhibited enhancements because of the strong
adhesion between the functionalized HCNTs and the matrix. Tensile modulus increased for all
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samples reinforced with functionalized HCNTs. Most of the nanocomposite samples showed
more brittle behavior compared to that of neat epoxy. The highest fracture toughness values
belonged to samples reinforced with HCNTs functionalized with method 112 and 31%
enhancement. All samples showed higher surface Rockwell L hardness values with the addition
of functionalized HCNTs. Thermal stability of the samples with highest tensile strength was
evaluated using TGA, and based on these results, all reinforced nanocomposite samples
exhibited higher thermal stability compared to that of neat epoxy. The glass transition
temperature was measured using DSC analysis, and the nanocomposite samples showed
degradation. Last, the surface fracture of those nanocomposites with highest tensile strength
value was studied using high optical microscopy. This study mainly focused on the evaluation of
the effect of HCNTs functionalized with different methods and their incorporation into the epoxy
system at low percentages on the mechanical and thermal properties of reinforced polymeric
nanocomposites. However, most available studies used higher percentages of functionalized
carbon nanotubes in the epoxy system.
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CHAPTER 6
EFFECTS OF METHOD 2 CHEMICAL FUNCTIONALIZATION PROCESSES
(REFLUX WITH MIXTURE OF NITRIC AND SULFURIC ACIDS) ON PROPERTIES
AND PERFORMANCE OF HELICAL CARBON NANOTUBE REINFORCED
POLYMERIC NANOCOMPOSITES
6.1

Abstract
One of the most widely researched materials for various high-technology applications are

polymeric nanocomposites. The properties of polymeric materials can be highly affected by
employing nanomaterials as an inclusion within the matrix system. Carbon nanotubes have
attracted attention because of their exceptional properties. One of the most common methods to
modify the structure of CNTs is covalent functionalization, which leads to better dispersion of
the carbon nanotubes within the polymeric matrix and improved interfacial bonding with the
polymeric molecules. In this study, helical carbon nanotubes were chemically functionalized
using a reflux method, and different process parameters such as acidic molarity, mixture ratio,
temperature, and duration of the reflux process were considered. Then different weight
percentages of functionalized helical carbon nanotubes were mixed within the polymeric system
to investigate the effects of the functionalized HCNTs on the material properties of the polymeric
nanocomposites. Several tests including tensile testing, fracture toughness testing, hardness
testing, thermogravimetric analysis, and differential scanning calorimetry testing were carried
out to evaluate the effects of the functionalized HCNTs on various properties of the polymeric
nanocomposites.

6.2

Introduction
The unique properties of nanomaterials have made them leading materials to be used in

high-technology industries as well as daily life applications. Carbon nanotubes are most in
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demand of the various types of nanomaterials because of their outstanding physical and
mechanical properties. Their combinations of a one-dimensional structure and excellent
properties have made them attractive for reinforcing polymeric matrices. The demand for highperformance materials in the aerospace, automotive, medical, sporting goods, and wind turbine
industries is considerable. Polymers materials are in high demand because of their light weight,
low cost, and ease of manufacturing. It has been widely demonstrated that improved properties
are achievable by adding carbon nanotubes into the polymer to create a new material system,
which is known as carbon nanotube-reinforced polymer nanocomposites. In order to fabricate
nanocomposites, typically carbon nanotubes are dispersed into the polymer matrix by employing
different techniques. Because of the presence of van der Waals forces between the carbon
nanotubes, they have a tendency to agglomerate during the dispersion process. Noble materials
are achievable by mixing CNTs as multifunctional reinforcements into the polymer. The quality
and performance of the CNT-reinforced polymer nanocomposites depend on several
characteristics of the CNTs, including their geometry, uniformity, purity, alignment, length,
diameter, number of shells, weight percentage, dispersion, and interaction interface properties
with polymer molecules [1-3].
One of the effective ways to achieve uniform dispersion of nanotubes within the matrix is
functionalization. In this process, functional groups attach to the surface or on the end caps of the
nanotubes. The functionalization process can be performed with different processing techniques
using various acidic solutions. The end caps of nanotubes are more vulnerable to react with the
acidic solution due to the presence of a high degree of curvature, which is usually in heptagonal
or pentagons arrangements. Functionalization is a proper process to bring a higher degree of
dispersibility as well as keeping the dispersion of CNTs as stable as possible to prevent their re-
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agglomeration. Typically, there is higher risk of agglomeration when a higher concentration of
CNTs is applied into the matrix. Based on prior experiments, the inclusion of higher percentages
of CNTs in the matrix is preferred in order to increase certain properties (e.g., Young’s modulus,
and thermal and electrical conductivities) of the polymeric nanocomposites. However, it has
been reported that there is a greater tendency for agglomeration of CNTS in those
nanocomposites with more than 1 wt% CNTs, which leads to lower mechanical properties. The
ultimate goal would be to develop methods to increase the incorporation of uniformly dispersed
CNTs without decreasing the mechanical properties [4, 5].
In fact, there are numerous factors that influence the properties of CNT-reinforced
polymeric nanocomposites, such as strength of the bonding between CNTs and the matrix, CNT
geometry, aspect ratio, etc. To understand the effect of these factors on nanocomposite properties
and to reach to optimum results, it is necessary to evaluate the effects of each factor separately,
which requires a large number of experiments. In addition to the characteristics and properties of
CNT reinforcements, the properties of the epoxy play a key role in the overall properties and
performance of the nanocomposite, such as the chemical nature of the polymer matrix, hardener,
and curing process. In general, the addition of high-modulus and high-strength nanotubes in a
low-strength and low-modulus resin system results in polymeric nanocomposites with an
improved Young’s modulus since the load would be effectively transferred to the superior
nanotubes [1, 6-10].

6.3

Chemical Functionalization of Heclical Carbon Nanotubes Using method 2 (Reflux
with a mixture of Nitric and Sulfuric Acids)
The refluxing process is one of the most common procedures used to functionalize

straight carbon nanotubes. This research employed a reflux setup attached to the top of a boiling
flask that was located on a magnetic stirrer hot plate. A mixture of sulfuric and nitric acids was
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used as the main solution. Helical CNTs were purchased from Cheap Tubes, Inc. with a 100–
200 nm outside diameter and 1–10 µm length. Table 6.1 shows the detailed processing
parameters of the various chemical functionalization methods that were used in this study.
Table 6.1: Detailed processing parameters of chemical functionalization sub-methods of method
2 used for covalent functionalization of HCNTs.
Method2
M201
M202
M203
M204
M205
M206
M207
M208
M209
M210
M211
M212
M213
M214
M215
M216

Particle
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10μm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm
HCNTs D:100‐200nm, L:1‐10µm

Solution
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3
H2SO4/HNO3

Ratio
1:1
1:1
1:1
1:1
1:1
1:1
1:1
1:1
3:1
3:1
3:1
3:1
3:1
3:1
3:1
3:1

Molarity Method Temperature Time (hrs)
3
Reflux
60
3
3
Reflux
100
3
3
Reflux
60
6
3
Reflux
100
6
8
Reflux
60
3
8
Reflux
100
3
8
Reflux
60
6
8
Reflux
100
6
3
Reflux
60
3
3
Reflux
100
3
3
Reflux
60
6
3
Reflux
100
6
8
Reflux
60
3
8
Reflux
100
3
8
Reflux
60
6
8
Reflux
100
6

Overall, the goal here was to investigate the effects of the acidic mixture ratio, acidic
molarity, reflux temperature, and reflux time on the chemical functionalization of HCNTs and
the properties of HCNT-reinforced polymeric nanocomposites. In methods 201–204, a 1:1
mixture of nitric and sulfuric acids with molarity of 3 was refluxed for 3 and 6 hours at 60°C and
100°C, respectively. In methods 205–208, 8 molar acidic solutions in a 1:1 mixing ratio were
used for 3 hours and 6 hours at 60°C and 100°C temperature. For methods 209–212, the ratio of
the sulfuric acid was three times that of the nitric acid, but the molarity was 3 and temperatures
of 60°C and 100°C were applied for 3 and 6 hours. In methods 213–216, an 8 molar acidic
solution of sulfuric and nitric acids in a mixture ratio of 3:1 was used at 60°C and 100°C for
reflux durations of 3 and 6 hours.
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The mixed solution was poured into the boiling flask with a magnetic bar inside, and the
reflux was installed on top of it, while the boiling flask was placed on the magnetic stirrer hot
plate. The next step after refluxing was filtration of the solution. A proper coarse filter paper was
selected and placed over a porous ceramic medium that was installed at the bottom of a glass
funnel sitting on top of a glass beaker. Then the solution was poured into the funnel, while
vacuum pressure was applied in the beaker. To wash off the acidic solution, deionized water was
poured over the functionalized HCNTs inside the funnel multiple times. The pH was frequently
monitored to assure the passing water through the filter was showing a pH of around 7. The pH
of the water was checked after every few cycles. Once the desired pH was reached, the filters
were carefully removed from the ceramic surface and placed on a glass slide to be set in an oven
for drying. After the drying process, the functionalized HCNTs were separated from the filters
and stored in closed-cap glass containers to secure them from contamination and possible
moisture.

6.4

Fabrication of Nanocomposite Samples
In order to fabricate nanocomposite panels, silicone molds were prepared with

dimensions of 200 mm by 200 mm. The use of a silicone mold is very beneficial in terms of their
lifetime and ease of panel removal. The first step in the fabrication of the composite panels was
accurate calculation of the resin parts based on the weight percentages. EPON 815C was used as
the resin and EPIKURE 3282 was used as the hardener, both of which were purchased from
Miller Stephenson. Functionalized HCNTs were weighed using a high-precision balance to
obtain 0.02 wt%, 0.04 wt%, and 0.06 wt% reinforcements. Due to the high viscosity of resin, it is
very effective to dilute it with a solvent before the addition of HCNTs. In this study, ethanol was
used because of the ease of its evaporation. A sufficient amount of ethanol was added to the
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beakers with functionalized HCNTs, and the beakers were covered with parafilm to reduce the
risk of contamination. To have a well-dispersed solution, sonication of the mixture of ethanol
and functionalized HCNTs was required, which took about 30 minutes. It is recommended to
check the solution every 10 minutes and use a glass bar stirrer to avoid agglomeration.
In the meantime, 152 grams of resin were measured in a clean labeled beaker. A
magnetic bead was added to the beaker and then placed on a magnetic hot plate and heated up to
70°C. Once the sonication of ethanol/HCNTs was completed, the mixture was added to the resin,
and the entire solution was stirred on a hot plate until the evaporation process was completed. It
is very important to continuously monitor the weight to avoid extra evaporation of the solution.
The next step involved adding 31 grams of hardener to the solution and using the glass stirrer bar
to make a uniform and well-mixed solution, which took about 10 minutes. Once the mixing was
completed, the mixture was ready to pour into the silicone molds. The room temperature curing
process took about 24 hours. The post-curing process was done in a furnace at 121°C for 2 hours,
and the molds were left in the furnace to cool down to room temperature. Finally, the
nanocomposites panels were removed from the oven and were ready for the sample preparation.

6.5

Testing of Nanocomposites

6.5.1

Tensile Testing
The tensile properties of materials are sensitive to strain rate, method of sample

preparation, and the testing environment. The method of sample preparation plays an important
role in tensile testing. It is critical to prepare all samples as accurately as possible. In order to
obtain precise results, consistency of the testing conditions is highly recommended. According to
ASTM 638 (standard for tensile testing), the fracture must occur at the gauge length of the
samples. Testing speed depends on the size of the specimens and could be varied for different
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materials. The same temperature and humidity must be maintained during the testing process.
Using calipers, all samples must be measured for thickness and width within 5 mm of both ends
of the gauge length, before the start of testing. The specimens must be carefully placed and
aligned in the grippers, to minimize error. Grippers must be tightened evenly to secure the
sample from slippage, and this step must be done carefully to prevent the coupons from crushing.
The elongation of the sample within the gauge length could be calculated by using an
extensometer. After running the tests, the data were recorded by the software, which acts as the
controller of the machine, and the exported data were accessible on the proper directory.

6.5.2

Fracture Toughness Testing
Using ASTM D5045 (standard for testing polymeric nanocomposite), the critical stress

intensity KIC, which shows the resistance of specimens to fracture, is determined. The ASTM
D5045 standard covers two types of testing in terms of geometry: compact tension and singleedge notch bending. In this method, pre-cracked specimens are loaded until the fracture occurs.
The critical stress intensity factor will be determined by the material’s resistance to fracture at
the presence of a sharp crack cut at the bottom of the V-notched specimens. The KIC value is a
function of several factors, including temperature and testing speed. The crack tip extension
could be affected due to the presence of an aggressive environment. It is important to maintain
the accuracy of the specimen dimensions to satisfy the requirement of the specimen size. Once
the specimens are manufactured into the proper shape, an exact measurement must be made at
three points on the specimens in terms of width and thickness. According to ASTM D 5045, at
least three specimens must be prepared for testing, and testing must be performed at room
temperature with a loading rate of 10 mm/min.
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6.5.3

Hardness Testing
ASTM D785 is the standard for testing hardness, also known as indentation hardness, of

polymeric materials. The hardness number is based on the depth of the ball indentation. In this
test (Rockwell L hardness), first, a minor load of 10 kg was applied, and then a major load of 100
kg was applied right after the minor load. It is very important to keep the surface clean and
without any contamination to reduce errors. None of the indentations was duplicated in the same
place, and a minimum distance from the edges of the samples was considered.

6.5.4

Thermogravimetric Analysis Testing (TGA)
Thermal stability of the specimens was measured by thermogravimetric analysis.

According to ASTM E1131 (standard for measuring thermal stability), by applying a controlled
heating rate, specimen decomposition could be examined by measuring weight loss of the
samples at higher temperatures. All samples were cut from the plain nanocomposite panels.

6.5.5

Differential Scanning Calorimetry Testing (DSC)
ASTM D3418 is the standard method for measuring the glass transition temperature in

polymeric-based materials due to chemical changes under specific condition. All samples were
prepared carefully without any impurity according to the D3418, and the DSC unit was under
regular maintenance. The temperature elevation was done based on 20°C/min. All samples were
tested and compared to the reference sample with same temperature elevation and flow rate.

6.5.6

Optical Microscopy Images
The evaluation of the fractured surfaces of those samples with highest tensile strength

was performed by using a very high resolution microscope.
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6.6.

Results and Discussions

6.6.1

Tensile Testing Results
All samples were tested according to ASTM 638 to measure the mechanical properties of

tensile strength, strain at break, and tensile modulus. Figures 6.1(a) and 6.1(b) represent the
tensile strength results for nanocomposite samples with different types of functionalized HCNTs.
All nanocomposite samples were reinforced with functionalized helical carbon nanotubes
treated with sulfuric and nitric acids and using the reflux process under 60˚C and 100˚C.
Methods 201–208 used an acid mixture ratio of 1:1, and methods 209-216 used an acid mixture
ratio of 3:1. In methods 201–204, a mixture ratio of 1:1 and molarity of 3 were used for
functionalizing the helical nanotubes. For methods 201 and 202, the duration of the
funtionalization process was 3 hours but under 60˚C and 100˚C, respectively, on the hot plate.
All nanocomposite samples were made functionalized with weight percentages of 0.02, 0.04, and
0.06 HCNTs. Based on the results for tensile strength, all samples for methods 201 and 202
showed a reduction in tensile strength compared to that of neat epoxy. Method 201 showed a
slight reduction with the addition of 0.02 wt% HCNTs, and a sudden reduction was observed by
adding more loading percentages. However, method 202 showed a sudden reduction by adding
0.02 wt% HCNTs, and a trending increase was observed by increasing the loading percentage,
which was still lower than that of neat epoxy.
Figure 6.2 represents the tensile modulus results for the nanocomposite-reinforced
samples using functionalized HCNTs. Samples using method 202 showed an increasing trend
after the initial reduction by increasing the loading percentages of the functionalized HCNTs.
According to the results, all nanocomposite samples, except samples with 0.06 wt% HCNTs
functionalized with method 201, showed higher tensile modulus compared to that of neat epoxy.
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(a)

(b)
Figure 6.1: Tensile strength results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 201-209, and (b) methods 210-216.
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(a)

(b)
Figure 6.2: Tensile modulus results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 201-209, and (b) methods 210-216.
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Figure 6.3 shows the strain at break for all samples with various loading percentages.
These results represents more brittleness for all samples that were reinforced with method 201functionalized HCNTs and less reduction in strain at break for samples that were reinforced with
method 202 HCNTs. However, method 202 shows similar values for strain at break by
increasing the weight percentages.
Methods 203 and 204 used the same criteria for functionalization except the temperature
and duration of the functionalization. Similar to method 201, method 203 shows a severe
reduction by adding functionalized HCNTs into the epoxy. According to Figure 6.1, by
providing a harsh environment, the tensile strength of the nanocomposites was reduced. The
highest value for method 203 was 57.15 MPa, which is a decrease of 11.26% compared to that of
neat epoxy. Method 204 shows a reduction with the addition of 0.02 wt% HCNTs into the epoxy.
The tensile strength of nanocomposite samples with 0.06 wt% HCNTs was the highest among
the samples that were reinforced with method 204-functionalized HCNTs. According to Figure
6.2, all samples reinforced with HCNTs functionalized with methods 203 and 204 showed higher
tensile modulus compared to that of neat epoxy. Based on Figure 6.3, all samples showed lower
strain at break compared to that of neat epoxy. Among the samples reinforced with HCNTs
functionalized with methods 203 and 204, samples with 0.06 wt% HCNTs showed the most
brittleness behavior compared to other samples.
For methods 205–208, the molarity was increased up to 8 and the ratio was maintained at
1:1 ratio of acid and nitric acids. The effect of temperature and duration of the process were
considered for these methods. Based on the results from tensile testing, method 205 with 0.04
wt% functionalized HCNTs showed the highest value with a 4.27% increase up to 67.15 MPa,
compared to that of neat epoxy.
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(a)

(b)
Figure 6.3: Strain at break results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 201-209, and (b) methods 210-216.
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By increasing the loading percentage to 0.06 wt% HCNTs, the tensile strength dropped,
thus showing the optimum loading percentage at 0.04 wt%. For the nanocomposite reinforced
with method 206 functionalized HCNTs, the highest tensile value belonged to samples with 0.02
wt% HCNTs, with an almost 4% increase compared to that of neat epoxy. In nanocomposite
samples using method 206-functionalized HCNTs, by increasing the loading percentages, a
reduction trend was observed. Among the samples reinforced with methods 205 and 206
functionalized HCNTs, all nanocomposite samples showed a higher tensile modulus except
samples with 0.06 wt% HCNTs using method 205, which was slightly decreased. Based on the
results from Figure 6.3, all nanocomposite samples displayed lower strain at break compared to
that of neat epoxy. According to results for samples reinforced with functionalized HCNTs by
method 207, a severe reduction in tensile strength of the samples occurred. By increasing the
loading percentages, no improvement was achieved. However, the tensile modulus for samples
with 0.04 wt% and 0.06 wt% was slightly improved compared to that of neat epoxy, and all
samples displayed more brittleness by increasing the loading percentages of the functionalized
nanotubes.
In samples with 0.02 wt% HCNTs functionalized using method 208, the tensile strength
was slightly improved, but the reduction occurred by increasing the loading percentage. Among
the nanocomposite samples that were reinforced with methods 207 and 208 functionalized
HCNTs, the sample with 0.02 wt% functionalized HCNTs using method 208 showed the highest
tensile strength. Samples in method 208 offered higher tensile modulus compared to that of neat
epoxy, and based on the results, the strain at break decreased by increasing the loading
percentages of the functionalized nanotubes.
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In the functionalization of HCNTs using method 209–216, the ratio of sulfuric and nitric
acids was changed to 3:1. Based on the results, all nanocomposite samples that were
functionalized with methods 209 and 210 displayed lower tensile strength compared to that of
neat epoxy. For samples using HCNTs functionalized by method 209, by increasing the loading
percentage, the tensile strength decreased even more. However, in the nancomposite sample with
HCNTs functionalized by method 210, a severe reduction was observed with the addition of 0.02
wt% functionalized HCNTs. By increasing the loading percentage, this was slighty improved but
still lower than that of neat epoxy. For nanocomposite samples reinforced with HCNTs
functionalized by both methods 209 and 210, all samples offered higher tensile modulus, with
the highest value of 2683.4 MPa belonging to nanocomposite samples with 0.06 wt%
functionalized HCNTs, which was almost 5% higher than that of neat epoxy. Based on the
results presented in Figure 6.3, the reduction in strain at break was calculated with respect to that
of neat epoxy.
All nanocomposites samples reinforced with HCNTs functionalized using methods 211
and 212 showed lower strains at break compared to that of neat epoxy. In nanocomposite
samples reinforced with HCNTs functionalized by method 211, a severe reduction was observed
with the addition of 0.06 wt% functionalized HCNTs. Tensile strength decreased for all
nanocomposite samples using HCNTs functionalized using method 212, and the addition of
higher loading percentages did not make any difference. For both methods 211 and 212, all
samples except those with 0.06 wt% HCNTs functionalized using method 212 showed higher
tensile modulus. The highest tensile modulus belonged to nanocomposite samples using method
211 with 0.04 wt% functionalized HCNTs, with a 10.24% increase compared to that of neat
epoxy. In general, all nanocomposite samples showed lower strains at break than neat epoxy.
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In methods 213 and 214, higher molarity was employed to functionalize the HCNTs.
Based on the results for nanocomposite samples with HCNTs functionalized using method 213,
it was observed that with the addition of 0.02 wt% functionalized HCNTs, the tensile strength
improved up to 3.10%, and the tensile strength decreased smoothly as the loading percentages
were increased. In nanocomposite samples with 0.02 wt% HCNTs functionalized using method
214, the tensile strength was slightly decreased, and by increasing the loading percentages,
severe reductions were observed. The highest value for tensile strength in these two
nanocomposite sets belong to samples with 0.02 wt% HCMTs functinoalized using method 213,
and this was 66.40 MPa. In both nanocomposite sets, all samples recorded higher tensile
modulus compared to that of neat epoxy, and the highest value belonged to samples with 0.04
wt% HCNTs functionalized using method 213. All nanocomposite samples with functionalized
HCNTs showed more brittleness behavior in comparison with that of neat epoxy samples.
Methods 215 and 216 used the same processing paramteres but a different temperature
for HCNT functionalization. Based on the results, the addition of 0.02 wt% HCNTs
functionalized with method 215 offered the highest tensile strength value of 69.20 MPa, which
was 7.45% higher than that of neat epoxy, and by increasing the loading percentages, a
decreasing trend was observed. In nanocomposites reinforced with functionalized HCNTs using
method 216, all samples displayed lower tensile strength values, and increasing the HCNTs
loading percentages was not effective. Samples with 0.02 wt% HCNTs functionalized using
method 215 offered the highest value for tensile modulus, with 14.56% enhancement. All
nanocomposite samples functionalized using methods 215 and 216, except the one with 0.04
wt% HCNT loading, showed an improvement in tensile modulus. Based on the strain at break
results, all nanocomposite samples showed more brittle behavior than that of neat epoxy.
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Chen et al. [11] reported that with the addition of 1 wt% MWCNTs into polycarbonate
resin, the tensile strength was increased by 4.5%, and by increasing the weight percentages of the
CNTs, the mechanical properties, such as elongation at break and tensile strength, decreased
[11]. Several research studies have reported that there is a significant decrease in nanocomposite
properties after passing the threshold amount of nanotube loading percentages. The higher
percentages of filler material increases the risk of agglomeration and results in poor load transfer
between the filler and the matrix. Nanocomposites can be used for a wide range of applications;
however, there is a crucial need for optimization of these high-performance materials [12]. Some
studies have reported 140% modulus improvement and 20% tensile strength improvement with
the loading of 1 wt% CNTs [3]. Carboxylated MWCNT-polyurethane composites have shown
higher modulus and tensile strength improvement [13, 14].
The acid treatment process plays a crucial role in the properties of carbon-reinforced
composites. According to prior studies [3], the mechanical properties of CNT polymers have
shown higher enhancement when CNTs were functionalized at lower temperature. Higher
modulus was reported for those nanocomposite samples with CNTs reinforcements
functionalized at 90°C, compared to those functionalized at 140°C [3, 15]. Kuan et al. [16]
reported an increase of 70% in modulus by adding functionalized CNTs into polyurethane [16].
According to Wang et al. [17], adding 1 wt% to 10 wt% of functionalized CNTs into PU, the
tensile strength was increased by 63% to 210%, respectively [17]. Another study, investigated
the effect of adding 0.1 wt% to 1 wt% of functionalized MWCNTs into PU, and an increase of
97% for 0.1 wt% loading and 561% for 1 wt% loading was reported in the modulus. Also, a
noticeable increase in tensile strength was reported for a similar loading of CNTs [18]. This
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enhancement in the properties can be attributed to good dispersion of the solution, which
provides better interfacial interaction between the functionalized CNTs and the matrix.
Another study revealed an increase in tensile strength with the addition of modified
CNTs into polyimide up to 5 wt%, and a decrease was reported by adding more MWCNTs [19].
A similar result was reported by another research group who found an enhancement with the
addition of 1.89 in volume percentage of MWCNTs, and a further decrease was observed by
increasing the modified MWCNTs content [3]. Another research group studied the
functionalization of MWCNTs by using nitric acid and a reflux method for 48 hours at 130˚C on
a hot plate. The functionalized MWCNTs were added to polystyrene in four different loadings of
0.1 wt%, 0.5 wt%, 1.0 wt%, and 2.0 wt%. The addition of 0.1 wt% and 0.5 wt% functionalized
MWCNTs showed the highest Young’s modulus, and by increasing the loading of the filler,
those values decreased. The highest values were 1077 MPa and 1126 MPa for 0.1 wt% and 0.5
wt% loadings, respectively. The Young’s modulus value for pure PS was reported to be up to
922.2 MPa.
It was also reported that the tensile strength for pure polystyrene is 18.62 MPa, and this
value slightly increased with the addition of 0.1 wt% and 0.5 wt%, up to 18.94 MPa and 20.27
MPa, respectively. Amr et al. reported more brittleness with the increasing loading of fillers. The
elongation at break was reported at about 2.8 %, while the elongation at break for 0.1 wt%, 0.5
wt%, 1.0 wt%, and 2.0 wt% reinforced samples was reported as 2.49%, 1.94%, 1.77%, and
1.68%. The reduction in Young’s modulus was due to the fact that the decrease in molecular
weight of the polymer during the polymerization is expected with the addition of more fillers.
Also, there is greater risk of agglomeration by adding more weight percentages of MWCNTs,
and as a result, the interaction between the matrix and filler decreases. Based on their results, the
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addition of the 0.5 wt% of functionalized MWCNTs showed the best improvement in mechanical
properties [20].

6.6.2

Fracture Toughness Testing Results
Figures 6.4 (a) and 6.4 (b) show the results for fracture toughness values for

nanocomposite samples with different loading percentages of HCNTs functionalized with
different methods. All nanocomposite samples were fabricated and prepared based on the ASTM
5045 standard to measure their fracture toughness values. Methods 201 and 202 used similar
functionalization procedures, but different temperatures. Based on the results, for samples using
method 201, fracture toughness values were degraded for all loading percentages of the
functionalized HCNTs into the epoxy. Similarly, for samples with functionalized HCNTs using
method 202, the reduction in fracture toughness was observed for all nanocomposites. However,
in nanocomposite samples using HCNTs functionalized with method 202, the fracture toughness
increased gradually with the addition of more nanofillers into the epoxy, but this was still lower
than that of neat epoxy. In the method 203 nanocomposite sets, fracture toughness decreased
with the addition of more loading percentage of functionalized HCNTs. Samples adding 0.02
wt% HCNTs functionalized with method 204 showed reductions, and by increasing this to 0.04
wt% HCNTs, enhancement was obtained. After adding 0.06 wt% HCNTs, degradation occurred
again. Samples made of functionalized HCNTs using method 205 showed higher fracture
toughness values in comparison with that of neat epoxy by adding 0.02 wt% and 0.04 wt%
HCNTs to the epoxy. The addition of 0.06 wt% HCNT functionalized using method 205
decreased the fracture toughness of the nanocomposite samples. The optimum loading
percentage was for samples using 0.04 wt% functionalized HCNTs, and the fracture toughness of
67.97 MPa.√mm was obtained, an increase up to 12.15% higher than that of neat epoxy.
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(a)

(b)
Figure 6.4: Fracture toughness results for nanocomposite samples reinforced with 0.02, 0.04, and
0.06 wt% loading of HCNTs functionalized with (a) methods 201-209, and (b) methods 210-216.
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Samples using HCNTs functionalized by method 206 showed higher values for all
loading percentages of functionalized HCNTs, compared to that of neat epoxy. The addition of
0.02 wt% of functionalized HCNTs using method 206 offered the highest value of 74.32
MPa.√mm, which was 22.63% higher than that of neat epoxy. By increasing the loading
percentages, a slight degradation was recorded; however, the values were still higher than that of
neat epoxy. With method 207 nanocomposite sets, all samples showed lower fracture toughness
values with respect to that of neat epoxy, and increasing the loading percentage was not
effective. However, by adding 0.06 wt% of functionalized HCNTs to the epoxy; the fracture
toughness was increased, compared to samples reinforced with 0.04 wt% HCNTs functionalized
with the same method 207.
Nanocomposite samples reinforced with HCNTs functionalized by method 208, the
addition of 0.02 wt% functionalized HCNTs provided higher fracture toughness compared to that
of neat epoxy. The enhancement was up to 8% higher, and a value of 65.48 MPa.√mm was
recorded. By increasing the loading percentages, the fracture toughness was degraded; however,
a higher value was obtained by adding 0.06 wt% of nanofillers with respect to samples
reinforced with of 0.04 wt% HCNTs functionalized using the same method 208. For method 209
nanocomposite sets, the fracture toughness values were lower than that of neat epoxy; however,
the nanocomposite samples with 0.06 wt% functionalized HCNTs showed enhancement
compared to a lower loading percentage functionalized by the same method.
With the addition of 0.02 wt% HCNTs functionalized with method 210, severe
degradation of the toughness property occurred; however, an increasing trend was recorded by
increasing the loading percentages of the HCNTs; however, this was still lower than that of neat
epoxy. Samples reinforced with 0.02 wt% and 0.04 wt% HCNTs functionalized with method 211
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showed fracture toughness enhancements up to the 6.26% and 3.56%, respectively, compared to
that of neat epoxy. A sudden reduction was observed by increasing the loading percentage to
0.06 wt%.
For the method 212 nanocomposite sample set, fracture toughness was decreased by
adding 0.02 wt% functionalized HCNTs. The addition of 0.04 wt% HCNTs offered similar
values close to that of neat epoxy, and by increasing the loading to 0.06 wt% HCNTs, the
fracture toughness was slightly decreased again. For the method 213 nanocomposite sample set,
higher fracture toughness values were recorded for all loading percentages, compared to that of
neat epoxy. The optimum results belonged to those samples with 0.02 wt% functionalized
HCNTs. By increasing the loading percentage to 0.04 wt% HCNTs, the values were slightly
decreased, and the addition of 0.06 wt% HCNTs improved the fracture toughness again. The
highest fracture toughness value belonged to samples with 0.02 wt% functionalized HCNTs,
which was 72.01 MPa.√mm, an 18.81% enhancement with respect to that of neat epoxy.
Nanocomposite samples reinforced with 0.02 wt% HCNTs functionalized with method
214 provided one of the highest fracture toughness values among the samples with various
loading percentages. A fracture toughness of 76.58 MPa.√mm was obtained, which was 26.36%
higher than that of neat epoxy. By increasing the loading percentage, the fracture toughness was
decreased; however, samples with 0.04 wt% HCNTs loading showed higher fracture toughness
compared to that of neat epoxy. Sudden degradation occurred by increasing the loading
percentage to 0.06 wt%.
Nanocomposites samples reinforced with method 215 functionalized HCNTs offered
higher fracture toughness values compared to that of neat epoxy. The incorporation of 0.02 wt%
functionalized HCNTs into the epoxy offered the highest value of 79.87 MPa.√mm, which was a
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31.78% enhancement compared to that of neat epoxy. By increasing the loading percentage of
HCNTs, the fracture toughness was decreased; however, the values for samples using 0.04 wt%
and 0.06 wt% HCNTs were still higher than that of neat epoxy. For nanocomposite samples
reinforced with 0.02 wt% HCNTs functionalized with method 216, fracture toughness values
were enhanced by almost 5% and reached a value of 63.62 MPa.√mm. Increasing the loading
percentages to 0.04 wt% and 0.06 wt% degraded the fracture toughness.
Eskizeybek et al. [21] used potassium permanganate (KMnOH) to functionalize CNTs
using a reflux process. Then a centrifuge was used to facilitate the process of neutralizing the
CNTs, the CNTs were washed, and finally they were dried in an oven. They investigated the
effect of the functionalized CNTs on grafted plain-weave glass fabric as reinforcement in the
epoxy matrix and measured the mechanical properties of the composite. They reported that
functionalized CNTs grafted onto plain-weave glass fabric absorbed more energy during the
crack propagation and fracture toughness test compared to the modified CNTs into that of neat
epoxy and remarkable improvement was reported [21]. Kim et al. [22] investigated the effect of
functionalized CNTs grown on fibers processed with a matrix, and the fracture toughness values
were measured. According to their results, due to the better adhesion between the matrix and the
filler, the mode 1 fracture toughness of hierarchical composites was improved by 51% compared
to the baseline composites and also improved by 89% compared to those samples with no
functionalization [22]. Similar studies involved CNTs using functionalized nitric and sulfuric
acids through a reflux process, and also post-functionalization was performed on the CNTs.
Based on the fracture toughness results, the highest fracture toughness value belonged to the 0.1
wt% post-functionalized MWCNTs, and the lowest fracture toughness value belonged to the 0.1
wt% acid-treated MWCNTs, which can be explained by the fact that the post-functionalized
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MWCNTs have more branches which need more absorbed energy to grow the cracks [23]. Li et
al. [24] functionalized CNTs and then grafted them onto carbon fibers and embedded them in
epoxy. No remarkable degradation and improvement was reported after the grafting of CNTs to
the carbon fibers [24].

6.6.3

Hardness Number Comparison Results
Figures 6.5 (a) and 6.5 (b) represents the hardness values for nanocomposite samples that

were reinforced with HCNTs functionalized with methods 201–209. Hardness values are
obtained using ASTM 785 standard, based on the Rockwell L hardness scale. Increasing the
loading percentages of HCNTs resulted in a reduction of the hardness values. Nanocomposites
using reinforced 0.02 wt% HCNTs functionalized with method 201 showed the highest value of
60.61 and 9.56% improvement, compared to that of neat epoxy. In nanocomposite samples using
HCNTs functionalized with method 202, all samples showed higher hardness values, and the
highest value of 64.90 belonged to samples with 0.04 wt% nanofillers. In the Rockwell L
hardness test for nanocomposite sample sets using functionalization method 203, all sample
hardness were improved by adding higher loading percentages. For method 203, the optimum
loading percentage to obtain a higher hardness value belonged to 0.06 wt% HCNTs, with
10.55% enhancement compared to neat epoxy.
Nanocomposites reinforced with 0.02 wt% HCNTs functionalized by method 204 offered
a higher hardness value, and the addition of the higher loading percentages offered a similar
hardness value. For all nanocomposite samples reinforced with functionalized HCNTs, the
Rockwell L hardness value was higher than that of neat epoxy. Samples reinforced with HCNTs
functionalized using method 205 showed enhancements for all loading percentages, and the
highest value of 66.90 belonged to samples with 0.04 wt% functionalized HCNT loading.
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(a)

(b)
Figure 6.5: Hardness results for nanocomposite samples reinforced with 0.02, 0.04, and 0.06
wt% loading of HCNTs functionalized with (a) methods 201-209, and (b) methods 210-216.
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The Rockwell L hardness for nanocomposite samples reinforced with 0.02 wt% HCNTs
functionalized by method 206 showed higher hardness value, and by increasing the loading
percentages, similar values were obtained.

Samples with 0.04% HCNTs functionalized by

method 207 offered the highest hardness, and by increasing the HCNTs to 0.06 wt%, the
hardness value decreased; however, all samples offered higher hardness with respect to neat
epoxy. In nanocomposites sets functionalized by method 208, samples with 0.04 wt%
nanoinclusion offered the highest hardness value among all HCNT-reinforced nanocomposites.
A value of 68.25 was recorded, which was 12.61% higher than neat epoxy. Nanocomposite
samples reinforced with 0.02 wt% HCNTs functionalized by method 209, showed the highest
value compared to the higher loading percentages as well as neat epoxy. The addition of 0.04
wt% nanofillers reduced the hardness, and by increasing this to 0.06 wt%, the hardness value
was enhanced again. Among the samples with HCNTs functionalized by method 210, samples
with 0.04 wt% nanofiller offered the highest hardness value; however, the samples with other
loading percentages of functionalized HCNTs showed enhancement as well.
For nanocomposites reinforced with HCNTs functionalized by method 211, all samples
showed improvement by adding functionalized HCNTs into the epoxy. Those samples with 0.06
wt% nanoinclusion provided the value of 68.70 Rockwell L, which was 13.35% higher than neat
epoxy. For nanocomposites samples reinforced with HCNTs functionalized by method 212, a
uniform enhancement trend was observed by applying higher loading percentages of the
functionalized HCNTs, and samples with 0.06 wt% showed the highest value. All
nanocomposites reinforced with functionalized HCNTs by method 213 showed higher hardness
value with respect to that of neat epoxy. However, the hardness values decreased as loading
percentages increased. Nanocomposites samples reinforced with HCNTs functionalized by
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method 214 showed an increasing trend for hardness by increasing the loading percentage of
HCNTs. The highest value belonged to the highest loading percentage, with 12.45%
improvement compared to that of neat epoxy. In method 215, the highest hardness value
belonged to samples with 0.04 wt% functionalized HCNT reinforcement, and the hardness was
slightly decreased by adding more nanofillers. Nanocomposite samples with 0.02 wt% HCNTs
functionalized by method 216 provided the highest hardness value. A degradation of hardness
value was recorded by increasing the loading percentages. However, all samples recorded higher
hardness values than that of neat epoxy.
Sulong et al. [25] reported a significant improvement in hardness values of those
composites with functionalized CNTs. However, they found that by increasing the volumetric
percentages of the CNTs, the hardness values were reduced. In general, using functionalized
CNTs provides better adhesion between the filler and the matrix, which resulted in property
enhancement. In reinforced nanocomposites, the applied load is absorbed by the fillers before
transferring to the matrix [25]. Chen and co-workers [26] reported higher mechanical properties
with the addition of CNTs into the epoxy [26]. Ganguli et al. [27] used different types of surface
modification on CNTs and reported higher mechanical properties for those epoxy samples with
0.1 wt% functionalized CNT reinforcement. They also reported that with the addition of 0.15
wt% functionalized CNTs into the epoxy, the fracture toughness increased up to 80% [27].

6.6.4

Thermogravimetric Analysis Results
One of the most common methods to evaluate the thermal stability of materials is using

thermogravimetric analysis. In this study, samples with the highest tensile strength were selected
for TGA analysis. Figure 6.6 shows the results of TGA analysis for the following samples: (a)
neat epoxy and nanocomposite samples reinforced with (b) 0.04 wt% HCNTs functionalized
with method 205, (c) 0.02 wt% HCNTs functionalized with method 206, and (d) 0.06 wt%
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HCNTs functionalized with method 215 to evaluate the effect of functionalized HCNTs on the
thermal stability of these samples.

(a)

(b)
Figure 6.6: TGA analysis for (a) neat epoxy and nanocomposite samples reinforced with (b) 0.04
wt% HCNTs functionalized with method 205, (c) 0.02 wt% HCNTs functionalized with method
206, and (d) 0.06 wt% HCNTs functionalized with method 215.
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(c)

(d)
Figure 6.6 (continued)
Results of the TGA analysis shown in Figure 6.6 (a) indicate that the decomposition
temperature for neat epoxy is 343.46˚C, and a noticeable weight loss of 89.02% occurred at
392.84˚C. According to Figure 6.6(b), the addition of 0.04 wt% HCNTs functionalized with
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method 205, decomposition started at 331.55, and an 87.74% weight loss occurred at 405.38˚C,
which indicates that the addition of functionalized HCNTs offered higher thermal stability
compared to that of neat epoxy. Based on Figure 6.6(c), higher thermal stability was achieved
with the addition of 0.02 wt% HCNTs functionalized with method 206. The weight loss of
87.27% was obtained at 402.66˚C, which was higher in comparison to that of neat epoxy. The
addition of 0.06 wt% HCNTs functionalized with method 215 offered higher thermal stability
compared to that of neat epoxy, since 87.70% of the weight loss occurred in 402.37˚C.
Most studies have reported that there is an optimal loading of the filler for all nanocomposite
systems. Above the optimal loading of CNTs, there is a high chance of agglomeration, which
results in decreasing thermal stability [28]. It has also been reported that with the addition of
functionalized CNTs into the epoxy, the thermal stability of samples deteriorated, which may be
caused by a low crosslink density [29]. It is desirable for crosslinking to be eliminated or reduced
by the mixture reaction; however, the reaction between several nanotubes and one hardener may
create the crosslinks [30]. Shen and co-workers [28] investigated the effects of aminefunctionalized CNTs in epoxy and reported a higher thermal decomposition temperature
compared to that of pure resin. They also reported that the decomposition temperature and Tg
were decreased by increasing the CNT content [28, 31]. It has also been reported that the
addition of 0.5 wt% amino-functionalization to the epoxy improves the thermal stability of
nanocomposites, which may be attributed to the strong bonding between the CNTs and the
polymer [32].

6.6.5

Differential Scanning Calorimetry Results
DSC was used to measure the thermal properties of the nanocomposite samples with the

highest tensile strength. DSC analysis is illustrated in Figure 6.7 for the following samples: (a)
neat epoxy, (b) nanocomposites samples reinforced with 0.04 wt% HCNTs functionalized with
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method 205, (c) nanocomposites samples reinforced with 0.02 wt% HCNTs functionalized with
method 206, and (d) 0.06 wt% HCNTs functionalized with method 215. Based on the recorded
data show in Figure 6.7 (a), neat epoxy shows a glass transition temperature of 75.20˚C. With the
addition of 0.04 wt% HCNTs functionalized by method 205, the Tg was shifted to a higher
temperature than that of neat epoxy and the obtained value was 76.78˚C. According to
Figure 6.7(c), the addition of 0.02 wt% HCNTs functionalized with method 206, the Tg value
was slightly decreased to a lower temperature, or 73.75˚C. Based on the recorded data, the
addition of 0.02 wt% functionalized HCNTs into the epoxy enhanced the Tg to 76.43˚C, which
was slightly higher than that of neat epoxy. By increasing the concentration of functionalized
HCNTs, the molecular weight increased between the entanglements and caused degradation of
the Tg. The enhancement in Tg can be attributed to the presence of the strong covalent bonding
at the interfacial interaction of the filler and the matrix.

(a)
Figure 6.7: DSC analysis for (a) neat epoxy and nanocomposite samples reinforced with (b) 0.04
wt% HCNTs functionalized with method 205, (c) 0.02 wt% HCNTs functionalized with method
206, and (d) 0.06 wt% HCNTs functionalized with method 215.
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(b)

(c)
Figure 6.7 (continued)
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(d)
Figure 6.7 (continued)
Based on a study, it has been reported a higher Tg for samples with 0.8 wt%
functionalized CNTs compared to that of neat epoxy and samples with non-functionalized CNTs.
It was mentioned that enhancement is due to the strong interfacial interaction between the treated
fillers and the epoxy [33]. Miyagawa et al. [34] reported the decrease in Tg with the addition of
0.2 wt% functionalized CNTs into the epoxy [34]. Abdalla and colleagues [35] used two types of
functionalization and reported positive results due to the inclusion influence of functionalized
CNTs into the epoxy. Based on their report, the highest Tg value belonged to those samples with
1 wt% CNTs [35]. Wang et al. [36] reported a reduction in glass transition temperature with the
addition of functionalized CNTs into the epoxy, compared to that of neat epoxy [36]. According
to Shen et al. [37], when 1 wt% of functionalized CNTs was added to epoxy, the Tg decreased
[37]. Other studies have reported the degradation of Tg by increasing the CNT weight
percentages [30, 34]. This might occur because treated CNTs act as a plasticizer or second curing
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agent. Acting as a second curing agent affects the initial curing rate, which leads to incomplete
crosslinking. It is recommended to add the functionalized CNTs into the epoxy prior to adding
hardener in order to form better adhesion between the matrix and the filler [38]. In this way, the
chemical equivalent would be decreased between the curing agent and the epoxide group, which
in turn would lead to lower crosslinking density [30, 34, 38].
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6.6.6

Optical Microscopy Images
Figure 6.8 shows optical microscopy images of the fractured surface for nanocomposite

samples with the highest tensile strength for the following: (a) neat epoxy and nanocomposite
samples reinforced with (b) 0.04 wt% HCNTs functionalized with method 205, (c) 0.02 wt%
HCNTs functionalized with method 206, and (d) 0.06 wt% HCNTs functionalized with method
215. Fractures occurred at the gauge length, as required in ASTM standards. The fracture
surfaces of those nanocomposite samples with functionalized HCNTs have relatively rough
surfaces in comparison with that of neat epoxy.

(a)

(b)

(c)

(d)

Figure 6.8: Optical microscopy images for (a) neat epoxy and nanocomposite samples reinforced
with (b) 0.04 wt% HCNTs functionalized with method 205, (c) 0.02 wt% HCNTs functionalized
with method 206, and (d) 0.06 wt% HCNTs functionalized with method 215.
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6.7

Conclusion
In this study, the incorporation of functionalized helical carbon nanotubes into epoxy

matrix was investigated. The reflux method was used to functionalize the HCNTs considering
different processing parameters such as acidic solution mixture ratio, molarity, temperature, and
duration of the process. Table 6.2 shows the three highest values for tensile strength, fracture
toughness and Rockwell L hardness for reinforced samples with HCNTs functionalized with
method 201–216.
Table 6.2: Three highest values of (a) tensile strength, (b) fracture toughness, and (c) Rockwell L
hardness for reinforced nanocomposites with HCNTs functionalized with methods 201-216
Samples
Neat Epoxy
0.02 wt% HCNT - Method 215
0.04 wt% HCNT - Method 205
0.02 wt% HCNT - Method 206

Samples
Neat Epoxy
0.02 wt% HCNT - Method 215
0.02 wt% HCNT - Method 214
0.02 wt% HCNT - Method 206

Tensile Strength
(MPa)
64.40
69.29
67.15
66.93
(a)

Percentage
Changes(%)
N/A
7.45
4.27
3.93

Fracture Toughness
KIC [MPa.√mm]
60.61
79.87
76.58
74.32

Percentage
Changes (%)
N/A
31.78
26.36
22.63

(b)
Samples
Neat Epoxy
0.02 wt% HCNT - Method 216
0.06 wt% HCNT - Method 211
0.06 wt% HCNT - Method 212

Rockwell L
Hardness
61.29
71.70
68.70
68.65

Percentage
Changes (%)
N/A
18.30
13.35
13.27

(c)
Based on ASTM standards, nanocomposite test samples were prepared and tested to
evaluate their tensile strength, strain to failure, fracture toughness, hardness, thermal stability,
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and glass transition temperature. Three different loading percentages of the modified nanotubes
were used to fabricate nanocomposite panels.
Based on the obtained results from tensile testing, those samples with 0.04 wt% HCNTs
functionalized with method 205, and those samples with 0.02 wt% HCNTs functionalized with
methods 206, 208, 213, and 215 offered the highest tensile strength, with a maximum of 8%
enhancement compared to that of neat epoxy.
Based on the fracture toughness results, samples with 0.02 wt% and 0.04 wt% HCNTs
functionalized with methods 205, 211, and 214; those samples with 0.02 wt% HCNTs
functionalized with methods 208 and 216; and those samples with all loading HCNTs
functionalized with methods 206, 213, and 215 showed the highest fracture toughness values,
with 32% enhancement compared to that of neat epoxy.
All nanocomposite samples showed higher hardness values compared to that of neat
epoxy. The addition of 0.02 wt% HCNTs functionalized using method 216 enhanced the
hardness values up to 18.30%, in comparison with neat epoxy. Higher thermal stability was
obtained by incorporating the functionalized helical nanotubes for tested samples. Except one of
the tested samples, which was slightly shifted to a lower temperature, all other nanocomposite
samples showed higher Tg, due to the incorporation of functionalized HCNTs into the neat
epoxy. Typically, functionalization provides better dispersion, which leads to uniform mixing.
However, the chemical functionalization may cause severe defects such as shortening of the
nanotubes and a reduction in their aspect ratio, which causes a poor load transfer from nanotubes
to the matrix, resulting in degradation of the mechanical properties. In general, the addition of
CNTs into the matrix increases the mechanical properties of the nanocomposites up to a certain
point, and then beyond a certain concentration, the properties start decreasing to lower values.
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This is because of increasing of the polymer’s viscosity and agglomeration of the CNTs, reduces
their interaction with polymer molecules.
The effects of low loading percentages of the chemically functionalized helical carbon
nanotubes on mechanical and thermal properties of polymeric nanocomposites were investigated
in this chapter. This study mainly focused on finding the most effective functionalization process
and the optimal lowest percentages of functionalized HCNTs to improve the mechanical and
thermal properties of epoxy-based polymeric nanocomposites.
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CHAPTER 7
CONCLUSION
Polymer composites have been used widely for different applications because of their
good mechanical, thermal, and electrical properties. Polymer composites are more demanding
because they are light weight, relatively easy to manufacture, and affordable. However, their
brittle behavior, especially in thermoset polymers, has restricted the application of these popular
materials. Today, nanomaterials have paved a new path in the science world.
Introducing one of the most commonly used nanomaterials, carbon nanotubes with
extraordinary mechanical properties, has attracted considerable attention in this field. CNTs can
be used as the ideal filler in epoxy to produce polymeric nanocomposites. Most of the thermoset
polymers such as epoxy posses high viscosity, which makes the dispersion process of carbon
nanotubes into the epoxy challenging. There is high risk of agglomeration during dispersion of
the CNTs in the epoxy. Agglomeration results in poor interaction between the matrix and the
filler, and results in catastrophic failure in the nanocomposites. One of the most common
methods to enhance this interaction is by modifying CNTs, which is also known as
functionalization.
Functionalization provides a greater degree of dispersion into the mixture of the fillers
and epoxy. Uniformity of the mixture affects the quality of the product. The effect of straight
MWCNTs and HCNTs was previously studied by one of the team members in this research
group. In this previous study, two geometrical types of CNTs were dispersed into the epoxy, and
the test results were compared with pristine epoxy. There was no treatment or modification on
the CNTs prior to their addition into the epoxy. A very similar methodology was employed to
fabricate the panels by dispersing the CNTs into the epoxy, by using a proper solvent and
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hardener that were added directly into the mixture. The last step in this process was that the
mixture was poured into a silicone mold.
Chapters 1 and 2 of this report provide a very general information and literature review
on topics such as carbon nanotubes, polymeric composites, polymeric nanocomposites, synthesis
methods of CNTs, functionalization, and characterization methods. Chapter 3 presents the
framework, research objective, and motivation for this study.
In Chapter 4, two types of multi-walled carbon nanotubes and helical carbon nanotubes
are introduced. Three functionalization methods were applied to evaluate the effects of the
functionalization on the dispersion of CNTs in an epoxy resin and their influence on mechanical
properties of the resulting nanocomposites. All the functionalized CNTs were washed carefully
to reach the neutralized pH level. Later on, they were dried in an oven to prepare them for the
next step, which was their addition into the epoxy. Each method was applied using different
weight percentages into the epoxy. Solution mixing was used to incorporate the CNTs into the
epoxy. In order to ease the dispersion process, all functionalized CNTs were first dispersed into
ethyl alcohol as the solvent. Later on, the solvent was added into the matrices and their weight
loss monitored until the desired weight was reached. The last step was the addition of the
hardener and mixing for a certain time duration. Nanocomposite panels were fabricated in
silicone made molds and post-cured in an oven under controlled conditions. All nanocomposite
panels were cut into test coupons, according to the ASTM standards. Finally, all samples were
tested following ASTM standards and procedures.
In Chapter 5, helical carbon nanotubes that were functionalized using a sonication
process with 18 sub-methods. Sulfuric and nitric acids were used to modify the CNTs. Various
ratios, molarity, and process duration were applied on the HCNTs. All functionalized HCNTs
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were washed, dried, and dispersed into the epoxy using ethanol. Similar to the previous method,
since the epoxy used was too viscous for direct addition of the HCNTs, ethanol was used to ease
the dispersion process. After the addition of HCNTs into the epoxy, the solution was placed on a
magnetic hot plate to evaporate the ethanol. Then, the hardener was added, mixed well into the
mixture, and poured into the molds. All samples were prepared based on ASTM standards.
In Chapter 6, reflux method was used to functionalize carbon nanotubes, considering
various parameters including acids ratio, solution molarity, and duration process. The
functionalized HCNTs were incorporated into epoxy, and the mechanical properties of the
samples were measured using different testing methods.
Based on the results obtained from experiments, enhancement of 11% of the tensile
strength of the nanocomposite was achieved with the addition of 0.06 wt% MWCNTs
functionalized with method A. Similar result was obtained with addition of 0.02 wt% HCNTs
functionalized with method 104 into the epoxy. The maximum tensile strength enhancement for
samples with 0.02 wt% HCNTs functionalized using method 215 was up to 8%. The highest
fracture toughness was obtained for samples with 0.06 wt% HCNTs that were functionalized
using method C, with 39% enhancement. The fracture toughness noticeably improved up to 31%
with the addition of 0.04 wt% HCNTs functionalized using method 112. Remarkable
enhancement was achieved for fracture toughness values with the addition of 0.02 wt% HCNTs
functionalized with method 215 into the epoxy that was up to 32% improvement.
Regarding the hardness property, the highest results were obtained for nanocomposite
samples with 0.02 wt% MWCNTs functionalized with method A. All samples with
functionalized HCNTs using method 1 offered higher hardness values in comparison with neat
epoxy. The highest value belonged to samples using 0.02 wt% HCNTs functionalized with
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method 209, a 20% enhancement compared to that of neat epoxy. Similarly, all samples offered
higher hardness values by incorporating functionalized HCNTs with method 2. The highest
hardness value belonged to samples with 0.02 wt% HCNTs functionalized with method 216, an
18.30% enhancement compared to that of neat epoxy. Remarkable thermal stability was obtained
for all the tested samples. Also, lower weight loss was obtained in higher temperature compared
to that of neat epoxy; however, the glass transition temperature was slightly shifted to lower
temperature for some of the samples. The main goal of current research was adding very low
percentages of the CNTs into the epoxy composites system to enhance the mechanical and
thermal properties. Further investigation is required to reach to the optimal loading percentage of
the CNT for more enhancements in properties of nanocomposites. Table 7.1 shows the
enhancements for tensile strength, fracture toughness and hardness values for epoxy resin
reinforced with functionalized CNTs, using various methods.
Table 7.1: Enhancements in tensile strength, fracture toughness, and Rockwell L hardness
values for samples reinforced with CNTs functionalized with (a) methods A, B, and C;
(b) methods 101–118; and (c) methods 201–216
Percenta
Percenta
Percenta
Percenta
Tensile
KIC
ge
ge
ge
ge
Hardness
Samples
Strength
[MPa.√m
Particles
Changes
Changes Value Changes
m]
(MPa)
(%)
(%)
(%)
(%)
Neat Epoxy
0.00
64.40
N/A
60.61
N/A
61.29
N/A
0.02
71.54
11.08
62.48
3.09
66.95
9.24
Functionalized MWCNTs - Method A 0.04
70.28
9.13
65.08
7.38
66.26
8.11
0.06
76.39
18.61
70.16
15.76
65.15
6.30
0.02
69.72
8.26
66.67
10.00
62.42
1.85
Functionalized MWCNTs - Method B
0.04
67.23
4.39
63.67
5.05
62.13
1.38
0.06
71.30
10.71
78.47
29.47
62.10
1.33
Functionalized HCNTs - Method A

0.02

70.36

9.25

70.82

16.85

66.18

7.98

Functionalized HCNTs - Method B

0.06

71.39

10.85

66.00

8.90

62.72

2.34

Functionalized HCNTs - Method C

0.04
0.06

71.82
71.99

11.52
11.78

79.34
84.10

30.91
38.76

62.57
63.37

2.09
3.40

(a)
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Table 7.1 (continued)

Percenta
Percenta
Percenta
Percenta
Tensile
KIC
ge
ge
ge
ge
Hardness
Samples
Strength
[MPa.√m
Particles
Changes
Changes Value Changes
(MPa)
m]
(%)
(%)
(%)
(%)
Neat Epoxy 0.00
64.40
N/A
60.61
N/A
61.29
N/A
0.02
67.33
4.55
74.63
23.13
66.35
8.26
101
0.04
70.96
10.18
65.60
8.24
68.85
12.33
0.06
68.97
7.09
63.91
5.45
68.30
11.44
0.02
65.20
1.24
70.10
15.66
65.35
6.62
102
0.04
67.17
4.29
70.50
16.32
64.65
5.48
0.06
68.35
6.13
78.67
29.81
66.70
8.83
0.02
71.50
11.02
68.21
12.54
67.35
9.89
104
0.04
70.23
9.05
66.05
8.98
65.00
6.05
0.04
68.73
6.72
68.20
12.53
69.10
12.74
105
0.06
68.63
6.57
66.24
9.29
66.10
7.85
0.02
65.60
1.86
71.07
17.27
65.65
7.11
107
0.04
66.85
3.80
72.20
19.12
67.30
9.81
0.06
70.71
9.79
75.90
25.23
66.25
8.09
0.02
65.38
1.52
65.62
8.27
68.25
11.36
108
0.04
65.40
1.55
51.05
-15.77
69.45
13.31
0.06
68.63
6.56
53.54
-11.67
70.40
14.86
0.02
67.57
4.91
69.50
14.67
65.95
7.60
110
0.04
69.15
7.37
67.53
11.42
68.70
12.09
0.06
69.45
7.84
78.10
28.86
66.75
8.91
0.02
69.83
8.43
73.20
20.78
68.90
12.42
111
0.04
66.43
3.15
66.43
9.61
65.35
6.62
0.06
66.75
3.64
61.30
1.15
66.20
8.01
0.02
64.54
0.21
73.54
21.34
68.35
11.52
112
0.04
70.30
9.16
79.44
31.07
67.95
10.87
0.02
65.60
1.86
67.88
12.00
65.45
6.79
116
0.04
65.83
2.22
61.04
0.71
68.35
11.52
0.06
66.45
3.18
65.74
8.47
67.05
9.40
0.04
68.47
6.31
64.41
6.27
64.85
5.81
117
0.06
68.84
6.89
67.01
10.57
68.35
11.52
118
0.06
69.43
7.81
76.36
25.99
66.95
9.23

(b)
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Table 7.1 (continued)
Percenta
Percenta
Percenta
Percenta
Tensile
KIC
ge
ge
ge
ge
Hardness
Samples
Strength
[MPa.√m
Particles
Changes
Changes Value Changes
(MPa)
m]
(%)
(%)
(%)
(%)
Neat Epoxy 0.00
64.40
N/A
60.61
N/A
61.29
N/A
205
0.04
67.15
4.27
67.97
12.15
66.90
10.38
206
0.02
66.93
3.93
74.32
22.63
66.95
10.47
208
0.02
64.90
0.77
65.48
8.03
66.00
8.90
213
0.02
66.40
3.10
72.01
18.81
67.95
12.12
215
0.02
69.20
7.45
79.87
31.78
67.75
11.79

(c)
Based on the enhancements shown in Table 7.1, among the samples that were reinforced
with CNTs functionalized with method A, B, and C, those nanocomposite samples reinforced
with 0.06 wt% MWCNTs functionalized with method B, and those samples reinforced with 0.04
and 0.06 wt% HCNTs functionalized with method C showed the highest enhancements in tensile
strength, fracture toughness, and surface hardness values. According to Table 7.1, among the
samples that were reinforced with CNTs functionalized with methods 101–118, those that
showed the highest enhancements for all tensile strength, fracture toughness, and harness values
are the following: nanocomposite samples reinforced with 0.04 wt% HCNTs functionalized with
method 101, samples reinforced with 0.06 wt% HCNTs functionalized with method 107,
samples reinforced with 0.04 wt% and 0.06 wt% functionalized with method 110, samples
reinforced with 0.02 wt% HCNTs functionalized with method 111, samples reinforced with 0.04
wt% HCNTs functionalized with method 112, and samples reinforced with 0.06 wt% HCNTs
functionalized with method 118.
According to Table 7.1, among the samples that were reinforced with CNTs
functionalized with method 201–216, nanocomposite samples reinforced with 0.02 wt% HCNTs

177

functionalized with method 215 showed the highest enhancements for all tensile strength,
fracture toughness and hardness values.
Overall, the main goal of this study was to investigate the effects of functionalized CNTs
with low weight percentages on mechanical properties of polymer nanocomposites. Three
different loading percentages were applied for each method. All samples were tested based on
ASTM standards. The mechanical properties were obtained from the result of tensile testing,
fracture toughness testing, and hardness testing. The thermal properties were measured using
thermogravimetric analysis, and the surface fracture was examined by using optical microscopy.
Some methods have shown considerable enhancement by only applying very low loading
percentages of the functionalized CNTs. Most samples showed higher thermal stability compared
to the pristine epoxy. The enhancement here could be attributed to the strong interfacial
interaction between the matrix and the fillers due to the functionalization process. The idea
behind functionalization is to modify the surface of the nanotubes to provide higher properties
once they are incorporated into the polymer matrix. However, many studies has shown that the
functionalization process may not have a positive impact on the properties, but rather may cause
adverse results, as discussed in this study. Further studies are required to have a better
understanding of the demands and to expand the research area in order to recognize an optimal
solution to achieving the desired results.
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CHAPTER 8
FUTURE WORK
Functionalization can be applied on carbon nanotubes using different techniques and
considering various parameters. In this study, the functionalization methods using sonication and
reflux and the incorporation of functionalized nanotubes into the polymer matrix were discussed
in detail. Also, several tests were conducted to measure the mechanical and thermal properties of
the nanocomposites. These functionalization methods could be customized by considering more
parameters, such as adding hydrochloric acid (HCL) to the acidic solution used in this study,
changing the molarity, and adjusting the process duration of the functionalization, under either a
sonication or a reflux method. Similar fabrication and manufacturing processes could be
conducted to prepare the samples for testing in order to evaluate the effect of HCNTs
functionalization on properties of the nanocomposites.
In this study, carbon nanotubes were purchased from the vendors in the market. The
author of this dissertation would recommend to synthesize the HCNTs in-house to assure of the
quality and characteristics of the HCNTs used for reinforcement. Later on, the functionalization
could be applied, and the modified nanotubes could be incorporated into the matrix to evaluate
the effects of the modifications.
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