CHAPTER 1

INTRODUCTION

1.1 Overview

The chapter begins with the introduction of various types of composite beams, with a
focus on carbon nanotube (CNT) reinforced composite beams, and examines their mechanical
behavior. It covers detailed modeling approaches and fabrication techniques, used to create
these advanced materials, and explores methods for predicting the behavior of CNT-
reinforced beams under various conditions. This chapter also provides an overview of the
structural applications of CNT beams in the aerospace, civil engineering, and automotive
industries, emphasizing their interaction with elastic mediums. Specifics of CNT modeling,
including the selection of elements for analysis and the accurate determination of material
properties, are also discussed here. This chapter addresses challenges such as CNT
orientation and interfacial bonding, which significantly influence the mechanical properties

and structural integrity of the composites.

1.2 Composite beams

A composite is a structural material made primarily of two components:
reinforcement and matrix. The reinforcement, typically in fiber form, includes materials such
as graphite, boron, cellulose, carbon nanotubes (CNTs), and glass. The matrix is a continuous
material, commonly epoxies, polyimides, titanium, PMMA, PmVA, and aluminium. These
two components are combined at a macroscopic level, maintaining their individual properties
and creating a new material with enhanced characteristics that surpass those of the original

constituents.
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In modern science and technology, composite materials are extensively utilized due to
their superior properties. These include being lightweight, having high flexural stiffness, and
exhibiting excellent fatigue, thermal, and damping resistance. The combination of
reinforcement and matrix results in materials that are ideal for various advanced applications,
offering significant performance improvements over traditional materials.

The composite material is classified as follows:
e Natural composite materials
e Manmade composite materials

Natural composite materials exist in nature and develop over time. Examples include
human bones and teeth, wood, pearls, mother-of-pearl, and related shell structures. These
materials form through natural processes and possess unique structural properties. On the
other hand, manmade composite materials are created by humans to meet specific needs.
Examples include sporting goods, wind turbine blades, aircraft structures, and automobile
structures. These composites are engineered to leverage the benefits of their constituent
materials, resulting in enhanced performance and functionality for various applications. The
deliberate design and fabrication of manmade composites allow for tailored properties that
are not achievable with natural materials alone.

The composite materials are formed in the following ways:
e Fibrous composites

e Particulate composites

e [Laminated composites

Fibrous composites are constructed using a reinforced material selected for its
lightweight and high modulus characteristics. This reinforced material is integrated into a
matrix to form the composite. Typical examples of fibrous composites include materials like

fiberglass and wood. These composites exhibit highly anisotropic properties, i.e. their
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characteristics can be adjusted based on the direction of the reinforcement. When aligned, the
longitudinal tensile strength of these composites is high, whereas the transverse tensile
strength can be considerably lower, sometimes even less than the tensile strength of the
matrix alone.

Due to their exceptional stiffness and strength, fibrous composite materials are
extensively utilized in various industries, including mechanical, aerospace, and naval sectors.
Their ability to provide high performance in specific directions makes them ideal for
applications where directional strength and rigidity are crucial. This anisotropy allows
engineers to design components that take full advantage of the strengths of the material by
aligning the fibers in the direction of the greatest load or stress.

Particulate composites, like concrete, consist of particles dispersed in a matrix,
varying in shape, size, and configuration. These composites are cost-effective and simpler to
produce than fiber-reinforced types, excelling in applications requiring high wear resistance,
such as durable road surfaces. The dispersed particles enhance strength and wear resistance,
making them ideal for demanding, high-use environments.

Laminated composites are formed by stacking fibrous layers, with fibers arranged in
unidirectional, bi-directional, or woven patterns. Continuous fibers offer high longitudinal
strength with a preferred orientation, while discontinuous fibers have random orientations.
These composites exhibit anisotropic properties, with high tensile strength longitudinally but
lower strength transversely. By varying fiber type, orientation, and stacking, engineers can
tailor mechanical properties to meet specific industrial requirements.

A sandwich structure is a composite material with a lightweight core, offering low
strength but high bending stiffness, placed between stiff, strong face sheets. Common core
materials include foams like PVC, polystyrene, polyurethane, balsa wood, and syntactic

foams, valued for their high stiffness and low density. The face sheets of sandwich structures,
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often made from carbon or glass fiber-reinforced composites, provide strength and stiffness,
effectively bearing bending stresses. The core supports shear loads, making sandwich
composites highly valued in aerospace, automotive, marine, and wind turbine applications for

their lightweight nature, high bending stiffness, and excellent strength-to-weight ratio.

1.3 Carbon nanotubes

Over the last few decades, carbon nanotubes (CNTs) have garnered significant
attention due to their outstanding mechanical and electrical properties, making them suitable
for numerous applications such as nanoelectronics, energy storage devices, and reinforced
composites. Recent advancements in the synthesis and functionalization of CNTs have
further expanded their potential uses. Functionalization of CNTs, which involves modifying
their surface properties to improve compatibility with other materials, has seen considerable
progress. This process is crucial for integrating CNTs into composites and electronic devices,
where they can significantly enhance performance. In the realm of CNT-reinforced
composites, recent efforts have focused on optimizing fabrication techniques to achieve
uniform dispersion of CNTs within the matrix material. This uniform dispersion is essential
for maximizing the mechanical properties of the composites.

As highlighted in section 1.3, carbon nanotubes (CNTs) are renowned for their high
strength-to-weight ratio, exceptional thermal conductivity, and excellent electrical
conductivity. These attributes have led to their integration into polymer matrices, creating
CNT-reinforced polymer composites that surpass conventional composites in mechanical,
thermal, and electrical performance. The mechanical behavior of CNTs has been extensively
studied both experimentally and theoretically, demonstrating that their inherent high stiffness
and strength are effectively transferred to the composite matrix, thereby enhancing the overall
mechanical properties. The interaction between CNTs and the polymer matrix is crucial in

defining the mechanical behavior of the composite. This interaction can be improved through
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the functionalization or surface modification of CNTs, which strengthens the bond between
the CNTs and the matrix. However, a significant challenge in designing CNT-reinforced
composites is achieving an optimal distribution of CNTs within the matrix. The distribution
critically impacts the mechanical properties of the composite. Consequently, various
techniques have been developed to enhance the dispersion of CNTs in the matrix, including
sonication, shear mixing, and electrospinning, each contributing to a more uniform
distribution and better overall performance of the composite.

The synthesis of carbon nanotubes (CNTs) is challenging due to their small size and
high aspect ratio. Methods like chemical vapor deposition (CVD), arc discharge, laser
ablation, and the high-pressure carbon monoxide (HiPCO) method are used, with CVD being
the most common for high-quality CNTs. Recent advancements focus on controlling growth
conditions, using catalysts like nickel, iron, and cobalt, and selecting carbon sources like
methane and ethylene to optimize yield and CNT morphology.

Functionalization of CNTs, which modifies their surface chemistry, improves
dispersibility in solvents and matrices, enhancing their mechanical and electrical properties.
Methods include covalent functionalization (attaching functional groups like carboxylic acids
or amines), non-covalent functionalization (adsorbing molecules via van der Waals
interactions), and electrostatic assembly (depositing charged molecules through electrostatic
interactions). Incorporating CNTs into polymer matrices results in CNT-reinforced
composites with superior mechanical, thermal, and electrical properties compared to
conventional composites. The synthesis of nanoparticles with specific properties involves
both chemical and physical processes. Various forms of carbon allotropes, including
fullerenes (e.g., C60, C20, C240), graphene, carbon nanotorus, carbon nanobud, peapod, cup-
stacked carbon nanotubes, nanodiamond, amorphous carbon, diamond, graphite, lonsdaleite,

and carbon nano-onions, highlight the versatility of carbon. Carbon, a tetravalent element
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with atomic number 6, has four electrons available for covalent bonding, arranged in
1s%2s?2p? atomic orbitals, with hybridization states of sp, sp?, or sp’. The pioneering work by
Iijima (1991) introduced the arc-discharge method for creating needle-like tube structures
known as CNTs. These allotropes of carbon, characterized by their high aspect ratio, consist
of single layers of carbon atoms referred to as graphene sheets. When these graphene sheets
are rolled into cylindrical shapes, they form CNTs. CNTs are noted for being the strongest
known materials, often regarded as virtually weightless and possessing remarkable flexibility,
which continues to attract significant interest in various fields of research and application.
Methods employed in the production of CNTs

e Arc discharge method

e Laser ablation method

e Chemical vapour deposition method

The arc discharge method, one of the oldest techniques for synthesizing carbon
nanotubes (CNTs), involves high temperatures (~1700°C) in a low-pressure noble gas
environment (helium or argon). Carbon atoms vaporize into plasma, reorganizing to form
CNTs under controlled temperature, pressure, and gas conditions.

The laser ablation method synthesizes single-walled carbon nanotubes (SWCNTSs) by
using a high-powered laser to vaporize a graphite-catalyst target in a quartz tube under noble
gases. Operating at 800—1400°C and 200400 Torr, this process generates plasma, facilitating
nanotube formation.

Chemical vapor deposition (CVD) methods for CNT synthesis include plasma-
enhanced (PECVD), microwave plasma (MPECVD), radiofrequency (RF-CVD), hot-
filament (HFCVD), oxygen-assisted, water-assisted, and floating catalyst (FCCVD)
techniques. Each variant offers unique advantages to optimize CNT quality and yield under

specific conditions.
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Categories of carbon nanotubes

Carbon nanotubes (CNTs) can be categorized as either single-walled (SWCNTSs) or
multi-walled (MWCNTSs), depending on the number of graphene sheets rolled into cylindrical
shapes. SWCNTs are essentially one-dimensional structures formed by rolling a single sheet
of graphene into a cylinder. They are characterized by a high strength-to-weight ratio, high
stiffness, and excellent electrical and thermal conductivity, making them ideal for reinforcing
polymer matrices.

SWCNTs can adopt various forms, such as chiral, achiral, armchair, and zig-zag
configurations. Chiral SWCNTs lack mirror symmetry, resulting in handedness, whereas
achiral SWCNTs are non-handed and possess mirror symmetry. Armchair and zig-zag
SWCNTs are specific cases of achiral SWCNTSs. The distinction among these types can be
explained using the concept of a chiral vector, which defines the way the graphene sheet is
rolled. This vector helps in understanding the structural variations and properties of different
SWCNTs. The unique structure of CNTs allows them to impart significant mechanical,
electrical, and thermal enhancements to the materials they reinforce, broadening their

applicability in various advanced engineering fields.

—

C =na, + ma,

For Chiral SWCNT (n# m# 0), for armchair SWCNT (n=m# 0), and for zig-zag SWCNT

(n=0).

The characteristics of single-walled carbon nanotubes include:

e Single-walled Carbon nanotubes (SWCNTs) have a diameter of approximately 2
nanometers.

e The length of Single-walled Carbon nanotubes is around 2 micrometres.

e SWCNTs cylindrical structure classifies them as one-dimensional, often referred to as

nanowires.
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o SWCNTs possess unique characteristics that enable miniaturization in electronics.
o SWCNTs exhibit a band gap ranging from 0 to 2 electron volts (eV).
e SWCNTs conduct electricity like semiconductors.

Multi-walled Carbon nanotubes (MWCNTSs) consist of multiple concentric layers of
carbon nanotubes. These layers have two distinct diameters: the outer diameter and the inner
diameter. Russian doll and parchment are two common structural forms of MWCNTs. In
Russian doll MWCNTs, multiple layers of graphene sheets are rolled together with an inter-
layer separation of approximately 3.4 angstroms (A°) forming a cylindrical structure. On the
other hand, parchment MWCNTs consist of a single layer of graphene rolled into a
cylindrical shape resembling parchment paper.

The characteristics of multi-walled carbon nanotubes include:

o Multi-walled carbon nanotubes (MWCNTs) typically range in outer diameter from 2 to 20
nanometers, with inner diameters varying between 1 and 3 nanometers.

e The length of multi-walled Carbon nanotubes generally falls within the range of 5 to 6
micrometers.

e Carbon nanotubes are stiff. They are as stiff as a diamond (the hardest natural material in
nature).

e (Carbon nanotubes are exceptionally lightweight, with a density one-fourth that of steel.

e They are about ten times stronger than steel and have a high thermal capacity, roughly
twenty times greater.

e Their hexagonal lattice structure is formed by covalent bonds between carbon atoms,
contributing to their strength and elasticity.

o The crystalline structure of carbon nanotubes consists of regular hexagons.

e Carbon nanotubes are elastic, allowing them to deform under stress and return to their

original shape.
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e They efficiently conduct heat and electricity, have a high Young's modulus (1 TPa), and

are chemically stable and corrosion-resistant.

The Table 1.1 shows the representative strength and stiffness values of laminated

composites with and without carbon nanotubes to show the advantages of the present

materials and Table 1.2 shows some idea of the market price of different composites.

Table 1.1 Comparative table for strength, stiffness, and advantages of laminated composites

with and without CNT
Tensile Young's Densit
Material Type Strength Modulus ( /cm%l Advantages
(MPa) (GPa) &
Traditional . . .
Laminated 600800  30-50  1.520 Cightweight, costeffective, and
. easy to fabricate.
Composite
CNT-Reinforced Improved strength, stiffness,
Laminated 800-1200 50-80 1.5-1.8 and wear resistance with
Composite (1%) minimal CNT loading.
CNT-Reinforced High performance for advanced
Laminated 1200-1500 80-120 1.6-1.8 applications; significant
Composite (5%) improvement in stiffness.
Glass Fiber- Excellent corrosion resistance,
Reinforced 300-500 20-30 1.8-2.5 and moderate strength; suitable
Composite for general use.
Carbon Fiber- High tensile strength and
Reinforced 1500-1800 150-300 1.4-1.6 stiffness; lightweight; widely
Composite used in aerospace.

. Superior mechanical properties
CNT-Reinforced 54 1350 6090  1.5-1.6 with tailored thermal and
Epoxy Composite . ..

electrical conductivity.
Table 1.2 Market prices of different composites
. Traditional .CNT- Glass Fiber- C:?rbon .CNT-
Material . Reinforced . Fiber- Reinforced
Laminated . Reinforced .
Type Composite Laminated Composite Reinforced Epoxy
P Composite P Composite | Composite
Market
Price 20-40 200-500 10-30 50-150 250-800
(USD/kg)
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Carbon nanotube uses and applications

Carbon nanotube (CNT) reinforced composites have garnered attention in structural
applications due to their outstanding mechanical properties. These composites, created by
embedding CNTs within a polymer matrix, offer enhanced strength, stiffness, and toughness
compared to conventional materials. This improvement makes them highly suitable for
diverse structural uses, particularly in industries like aerospace, automotive, and marine
where reducing weight without compromising strength is crucial. One promising application
of CNT-reinforced composites is in lightweight structural components such as beams. These
materials enable significant weight reduction while maintaining or enhancing structural
integrity. This capability addresses the demand for lighter yet robust components in various
engineering fields. Researchers have been actively exploring different fabrication methods
and composite configurations to optimize these materials for specific performance criteria.
The focus on CNT-reinforced composite beams has led to advancements in load-bearing
structures, vibration-damping solutions, and impact-resistant panels. These applications
highlight the versatility of CNT composites in improving structural efficiency and durability,
paving the way for their integration into next-generation engineering designs.

The foundation of structural beams plays a crucial role in determining their
mechanical behavior and performance characteristics. Structural beams are utilized in
applications ranging from bridges to aircraft, where they must endure substantial loads and
environmental stresses. The foundation, or base on which these beams are supported,
influences their stability, load distribution, and overall structural integrity. A stable and well-
designed foundation ensures that the structural beams can efficiently transfer loads to the
underlying structure or ground without excessive deformation or failure. It provides the
necessary support to maintain the structural beams in their intended position and orientation

under varying conditions of load and environmental factors. Moreover, the foundation helps
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to distribute loads evenly across the beam surface, preventing localized stress concentrations
that could lead to premature failure. In applications such as bridges and buildings, the
foundation is designed to withstand dynamic loads, vibrations, and environmental effects like
temperature variations and soil movements. The type of foundation whether it's solid ground,
pilings, or special supports dictates how effectively the structural beams can resist these
forces over time. Engineers consider factors such as soil conditions, geological
characteristics, and structural requirements when designing the foundation for structural
beams.

Overall, the interaction between the foundation and structural beams is critical for
ensuring the long-term performance and durability of the composite materials. Properly
designed foundations contribute to the overall stability and reliability of structures
incorporating CNT-reinforced composite beams, enhancing their suitability for demanding
structural applications. CNTs find application in a wide array of fields due to their
exceptional properties. These applications span across industries such as electronics, where
CNTs are used for nanoelectronics and sensors due to their high electrical conductivity and
small size. In energy storage, their high surface area and electrical conductivity make them
ideal for supercapacitors and batteries. In materials science, CNTs reinforce polymers,
enhancing mechanical strength in composites used in aerospace, automotive, and structural
applications. Biomedically, CNTs are explored for drug delivery systems and biosensors due
to their biocompatibility and ability to transport molecules. The various applications of CNTs
are mentioned below:

e Breast cancer tumor destruction: Carbon nanotubes, paired with antibodies, target
proteins on cancer cells. Upon laser exposure, nanotubes convert light to heat, effectively

destroying tumor cells with precision while sparing healthy tissue.
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e Windmill blades: Lightweight hollow tubes improve wind turbine efficiency, enabling
faster and more effective electricity generation.

e Filtration: Carbon nanotubes can filter particles larger than their diameter and capture
smaller ions from solutions.

e Carbon nanotubes as Nano cylinders: Carbon nanotubes can safely store gases like H2 for
energy use and absorb infrared light, offering potential applications in IR optics.

e Aircraft stress reduction: Nanotubes find applications in aerospace and space industries to
minimize the weight and strain on different components.

e Other uses of carbon nanotubes: They serve as catalysts in certain reactions and are also
employed in drug delivery systems and electronics for their conductivity properties.

e Carbon nanotube composites are used in sporting goods, ballistic-resistant jackets, and
aircraft/spacecraft fuselages.

e Carbon nanotubes have the potential to be utilized in developing high-performance
nanoscale thin-film transistors, offering an alternative to silicon-based transistors due to
their semiconductor.

e (Carbon Carbon nanotubes are used in biosensors, electrochemical sensors, and electrode
fabrication for electrochemical reactions due to their excellent electrical properties.
Carbon nanofibers, commonly referred to as CNFs, are distinct from carbon nanotubes in

several key aspects. CNFs typically have a diameter of around 200 nanometers and are not

hollow inside. The lattice structure of CNFs differs significantly from that of carbon
nanotubes, contributing to their unique properties and applications. On the other hand, Multi-
walled carbon nanotubes (MWCNTs), consist of multiple concentric nanotubes nested within
each other, forming a hollow structure. This hollow nature distinguishes MWCNTs from
CNFs. In MWCNTs, the nanotubes are arranged concentrically, creating a cylindrical

structure with a hollow core. This arrangement is different from the solid structure of CNFs.
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CNFs have been used for several decades to reinforce various compounds, leveraging their
strength and structural properties. The application of CNFs in strengthening materials
highlights their utility in various industries, including composites and construction.

In the case of carbon nanotubes, particularly those that are hollow, they are often
capped at both ends with fullerene-like structures. Fullerenes, or buckyballs, are spherical
arrangements of carbon atoms that can act as caps for the open ends of nanotubes. This
capping can enhance the stability and functionality of carbon nanotubes, making them useful

in a range of applications, including nanotechnology and materials science.

1.3.1 Carbon nanotube reinforced composite beam

Carbon nanotube reinforced composite beams are a novel class of structural materials
with immense potential across diverse applications. Carbon nanotubes (CNTs) are cylindrical
structures formed from graphene sheets rolled into seamless tubes. Their exceptional
mechanical, electrical, and thermal properties distinguish them as highly promising materials
for various industrial uses, particularly in structural applications. CNTs exhibit remarkable
mechanical characteristics, including tensile strengths reaching up to 130 GPa and Young's
moduli up to 1 TPa. These values significantly surpass those of traditional materials such as
steel and aluminium, establishing CNTs as among the strongest and stiffest materials
currently known. In composite beams, CNTs are embedded within a matrix material,
typically a polymer, to enhance overall performance. This integration leverages the high
aspect ratio of CNTs, which allows them to efficiently reinforce the matrix. The resulting
composite materials demonstrate improved strength, stiffness, and toughness compared to the
base polymer matrix alone.

CNT-reinforced composite beams are advanced materials where carbon nanotubes
(CNTs) are integrated into a polymer matrix. The inclusion of CNTs significantly enhances

the mechanical properties of the composite, such as strength, stiffness, and toughness. These

13



CHAPTER 1: INTRODUCTION

improvements are influenced by various factors, including the orientation of the CNTs, their
volume fraction within the matrix, and the specific fabrication techniques used. CNTs are
cylindrical molecules composed of carbon atoms arranged in a hexagonal lattice, and they
possess unique mechanical, electrical, and thermal properties. These attributes make them
particularly suitable for reinforcing composite materials. Research has increasingly focused
on leveraging CNTs to enhance the mechanical performance of composite materials due to
their high aspect ratio, which enables them to provide effective reinforcement in ways that
other materials cannot. The structural application of CNT-reinforced composite beams is an
emerging and promising field. These composites exhibit a high strength-to-weight ratio and
excellent mechanical properties, making them ideal for various applications. The mechanical
properties of carbon nanotubes (CNTs), coupled with their small size, render them
exceptionally suitable for use in composite materials. CNT-reinforced composite beams have
found applications in a variety of fields, such as aerospace, automotive, and biomedical
industries. These beams have the capability to significantly reduce the weight of structures
while simultaneously enhancing their strength and stiffness. Additionally, they offer
improved resistance to fatigue, impact, and corrosion. This combination of lightweight
characteristics and robust mechanical properties makes CNT-reinforced composites an
attractive choice for high-performance structural applications.

Carbon nanotube reinforced composite beams hold significant potential for various
applications due to their exceptional ability to absorb energy, making them particularly
suitable for environments where high-impact collisions are frequent. CNTs are among the
strongest and stiffest materials known, with tensile strengths up to 100 times greater than
steel and Young's moduli up to five times higher. These extraordinary mechanical properties
make CNTs ideal reinforcing agents in composites, leading to enhanced strength, stiffness,

and toughness compared to traditional materials. The effectiveness of CNTs in reinforcing
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composites depends heavily on factors such as their orientation, volume fraction, and the
fabrication techniques employed. Proper alignment and distribution of CNTs within the
polymer matrix are crucial for maximizing the mechanical benefits. As a result, CNT-
reinforced composites offer significant advantages in applications requiring high-
performance materials. For instance, composites with aligned CNTs exhibit greater stiffness
and strength in the direction of alignment, while those with randomly oriented CNTs offer
isotropic mechanical properties. The fabrication methods used to create CNT-reinforced
composites significantly influence their mechanical properties. Common techniques include
chemical vapor deposition, vacuum filtration, and solution mixing, each with distinct
advantages and disadvantages that impact the final composite properties. Carbon nanotube
reinforced composite beams consist of a matrix material, such as epoxy or polymer,
strengthened with CNTs. The mechanical properties of the composite are influenced by both
the matrix material and the CNTs, particularly their alignment and concentration within the
matrix. When CNTs are aligned in the direction of applied stress, the composite demonstrates
enhanced strength and stiffness. The precise control over CNT orientation and distribution is
crucial for optimizing the performance of these advanced materials, making them suitable for
high-demand applications in various engineering fields.

The concentration of CNTs significantly impacts the mechanical properties of the
composite, with higher concentrations enhancing strength and stiffness. Additionally, the
electrical and thermal properties of CNT-reinforced composites are notable. CNTs possess
high electrical conductivity, enabling the creation of conductive composites, and their high
thermal conductivity makes them suitable for thermal management applications. Current
structural designs of CNT-reinforced composites are evaluated through bending, free
vibration, and buckling analyses. In a finite element case study, a carbon nanotube reinforced

composite beam subjected to a shaker load was modeled using standard electromagnetic
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software to predict its mechanical behavior. This type of composite beam, referred to as a
CNTRC beam, is a structural material where CNTs act as fibers, contributing to the strength
and stiffness of the beam. The CNTs and the matrix material are combined at a macroscopic
level, creating a new composite with enhanced properties due to the unique characteristics of
CNTs.

The applications of carbon nanotube reinforced composite beams can be observed in the

following areas:

e The aerospace industry focuses on developing carbon nanotube reinforced composite
beams for structures like aircraft wings and fuselages. These materials offer
lightweight, high strength, and improved fuel efficiency, making them ideal for
reducing aircraft weight and emissions while advancing sustainable aviation
technology.

¢ In the automotive industry, carbon nanotube reinforced composites are used to create
lightweight, high-strength materials for vehicle structures. These composites reduce
vehicle weight, improving fuel efficiency and lowering emissions while enhancing
crash resistance and passenger safety.

e The biomedical industry is exploring carbon nanotube (CNT) reinforced composites
for medical implants, particularly orthopaedic ones like hip and knee replacements.
CNTs enhance the strength, durability, and wear resistance of implants, improving
longevity and performance. This integration helps implants better withstand daily
stresses, reducing the likelihood of failure and the need for revision surgeries.

Despite their promising applications, carbon nanotube (CNT) reinforced composite beams

face several significant challenges. One of the primary obstacles is the high cost of
production. Manufacturing high-quality CNTs is still an expensive process, and integrating

these nanotubes into composite materials adds further to the expense. This cost factor makes
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large-scale production less feasible. Another challenge is achieving uniform dispersion and
proper alignment of CNTs within the composite matrix. This is crucial for optimizing the
mechanical properties of the material, but current techniques often fall short. Additionally,
understanding the mechanical behavior of CNT-reinforced composites under various loading
conditions remains a complex issue. While there has been extensive research on their
performance under static and dynamic loads, their response to more complex and variable
loading conditions, similar to those encountered in real-world structural applications, is not
yet fully understood. These challenges need to be addressed to fully harness the potential of

CNT-reinforced composites in various industries.

1.3.2 CNT distribution in the CNTRC beam
The way carbon nanotubes (CNTs) are dispersed within composite materials
significantly influences their properties like strength and stiffness. Researchers have
extensively studied how CNT-reinforced composites behave both in experiments and through
theoretical models. It's been observed that the exceptional strength and stiffness of CNTs can
be effectively imparted to the polymer matrix they are embedded in. Engineers strategically
arrange CNTs to ensure the composite meets specific requirements for strength and stiffness.
The distribution pattern of CNTs not only impacts mechanical properties but also affects the
electrical and thermal conductivities of the composite materials. Therefore, understanding
these distribution patterns is crucial for optimizing the overall performance of CNT-
reinforced composites in various applications. There are primarily three types of CNT
distribution in composites that have been identified and studied extensively.
e Random distribution: In this distribution, carbon nanotubes (CNTs) are dispersed
throughout the composite material without a specific pattern or alignment. This
distribution method is straightforward to implement but may not maximize the

potential enhancement of composite properties. Randomly dispersed CNTs can
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contribute to some improvements in mechanical, electrical, and thermal properties due
to their inherent characteristics. However, the effectiveness of these enhancements
can vary widely because the interaction between randomly distributed CNTs and the
polymer matrix is not uniformly optimized.

Aligned distribution: In this type of distribution, carbon nanotubes (CNTs) are
arranged in a specific direction within the composite material. This alignment
enhances the mechanical properties of the composite, such as strength and stiffness,
by effectively transferring the high tensile strength of the CNTs along the aligned
direction. This directional alignment reduces the potential for load-bearing defects
and improves the overall structural integrity of the composite. However, this type of
distribution might not be ideal for optimizing thermal and electrical properties. The
enhancement of thermal and electrical conductivity in composites typically requires a
more isotropic distribution of CNTs. When CNTs are aligned in a single direction, the
pathways for heat and electrical current are limited to that direction, potentially
creating anisotropic thermal and electrical conductivities. This means that while the
composite material may exhibit excellent thermal and electrical properties along the
direction of CNT alignment, these properties may be significantly reduced in other
directions. In contrast, a more random or isotropic distribution of CNTs within the
composite material can create a network that facilitates better overall thermal and
electrical conductivity. The interconnected network of CNTs allows for a more
efficient transfer of heat and electrical charge in multiple directions, leading to
improved performance in these areas.

Gradient distribution: In this distribution, carbon nanotubes (CNTs) are dispersed in a
manner where their concentration varies continuously across the composite material.

This approach enables the composite to harness the benefits of different CNT
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concentrations in specific regions. By strategically varying the CNT concentration,
the composite can achieve enhanced mechanical properties such as strength and
stiffness where higher concentrations are present while maintaining flexibility and
impact resistance in regions with lower concentrations. Moreover, gradient
distribution facilitates improvements in thermal and electrical properties by
optimizing the pathways for heat conduction and electrical current flow throughout
the material.

Integrating carbon nanotubes (CNTs) into composite materials presents significant
challenges, necessitating the use of various methods. These methods include techniques for
embedding CNTs into composite matrices, each designed to optimize the dispersion and
alignment of CNTs within the material.

e Dispersion in a liquid medium: It involves spreading carbon nanotubes (CNTs) within

a fluid solution, like water or ethanol. Subsequently, this mixture is incorporated into
the composite material as part of its manufacturing process.

e Dry mixing: Carbon nanotubes (CNTs) are combined with the composite material in
their solid, powdered form as part of the manufacturing procedure.

e Chemical functionalization: It involves modifying carbon nanotubes (CNTs) through
chemical processes to enhance their compatibility with the composite material they
will be integrated into.

e Electro spinning: Carbon nanotubes (CNTs) are processed into fibers using an
electrospinning technique before being incorporated into the composite material.

e Chemical vapour deposition: Carbon nanotubes (CNTs) are synthesized directly on
the surface of the composite material through a chemical process.

Among the commonly employed gradient distributions are FG-O CNTRC, FG-V CNTRC,

and FG-X CNTRC, as illustrated in Figure 1.1.
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Figure 1.1 (a) FG-O CNTRC beam (b) FG-V CNTRC beam (c¢) FG-X CNTRC beam.

1.4 Carbon nanotube reinforced composite beams resting on a Pasternak elastic
foundation

The present study delves into the mechanical characteristics of a composite beam
reinforced with carbon nanotubes (CNTs), situated on a Pasternak elastic foundation.
Introduced by Boris Pasternak in the late 1950s, the Pasternak elastic foundation model offers
a mathematical framework within the broader context of elastic foundation theories. It
operates on principles rooted in linear elasticity, incorporating parameters that characterize
both the horizontal and vertical stiffness of the foundation. This model is particularly
significant for evaluating static and dynamic properties of foundations and their supporting
structures. It accommodates the influences of shear, moment, and normal forces on the
foundation, making it versatile for diverse analytical scenarios. Its application extends to
various engineering contexts, such as structural assessments during construction, pipeline
installations, and evaluations of seismic impacts on foundations. Additionally, it aids in
assessing the effects of factors like underground storage tanks on soil integrity. At its core,
the Pasternak elastic foundation model is defined by a fundamental two-dimensional
equation, capturing the elastic response of the foundation under applied forces. This equation
encompasses contributions from shear and moment forces, alongside normal forces exerted
on the foundation. Moreover, the model incorporates supplementary equations that account
for variables like soil characteristics, depth considerations, and gravitational effects, further
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enhancing its applicability across different soil types and environmental conditions. In
essence, the formulation of the model and its ensuing equations provide a robust framework
for analyzing foundation behavior comprehensively. The Pasternak elastic foundation model
serves as a critical analytical tool for assessing both static and dynamic properties of
foundations under diverse load conditions. It is particularly valuable in scenarios requiring
structural resilience, such as earthquake-prone areas and environments impacted by
underground storage tanks. By applying this model, engineers can pinpoint potential
vulnerabilities in foundations, enabling them to design structures better equipped to withstand
extreme circumstances.

In the context of this study, carbon nanotubes (CNTs) are incorporated as
unidirectional fiber reinforcements within a composite beam. Their orientation along the
longitudinal axis of the beam is assumed, aiming to enhance its mechanical properties. The
primary objective is to explore how varying parameters such as CNT volume fraction, aspect
ratio, and orientation influence the mechanical behavior of the beam on the Pasternak
foundation. Key investigations include assessing how these CNT-related factors alter
properties like stiffness, strength, and resilience of the composite beam. Additionally, the
study delves into how the parameters of the Pasternak foundation such as horizontal and
vertical stiffness impact the overall mechanical response of the composite structure. This dual
focus on CNT reinforcement and foundation parameters aims to provide insights into

optimizing design strategies for composite structures situated on elastic foundations.

1.5 Approach for analyzing the behavior of CNT-reinforced composite beams

Analyzing the structural behavior of carbon nanotube (CNT) reinforced composite
beams involves employing a combination of analytical methods. This method is crucial for
assessing the strength, deformation characteristics, and failure mechanisms of the beams

under various loading conditions. Analytical methods provide fundamental insights into the
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behavior of CNT-reinforced composite (CNTRC) beams by leveraging principles from the
strength of materials and classical beam theories. Engineers use analytical solutions to
calculate stresses, strains, and deflections within the beam under specified loading scenarios,
such as uniformly distributed loads or sinusoidal loads. These methods often rely on
simplified assumptions about material properties and boundary conditions to derive closed-
form solutions. Analytical approaches are valuable for gaining quick estimates and an initial
understanding of beam behavior, especially in early design stages where rapid assessments

are beneficial.

1.5.1 Analytical method

In engineering analyses of beams, deriving governing equations whether in the form
of partial differential equations (PDEs) or ordinary differential equations (ODEs) is
foundational. These equations describe physical phenomena such as bending, vibration, and
buckling, among others. Exact formulations involve no assumptions and yield responses free
from numerical errors, offering precise insights into beam behavior under various conditions.
The strength of materials serves as a static analysis technique within this framework. It
focuses on determining mechanical properties like strength, stiffness, stresses, and strains that
a beam can withstand. This method relies on fundamental principles of material behavior and
structural mechanics to assess the structural integrity and load-bearing capacity of the beam.

Computational approaches, on the other hand, leverage algorithms and computer
simulations to analyze beam behavior. These techniques enable detailed investigations into
physical properties and performance limits, accounting for complexities such as material non-
linearity and geometric intricacies. By running simulations, engineers can predict and
optimize beam designs, ensuring they meet performance requirements and remain robust
under anticipated operating conditions. Together, these analytical methods empower

engineers and researchers to gain a comprehensive understanding of beam behavior. This

22



CHAPTER 1: INTRODUCTION

knowledge informs the design and construction of stronger, more reliable components and
structures, enhancing overall performance and durability in engineering applications. By
integrating exact formulations, strength of materials analyses, and computational simulations,
engineers can effectively tailor solutions to meet specific design objectives and mitigate

potential risks associated with beam structures.

1.6 Methods for solving the governing differential equation of CNTRC beams

In engineering and scientific research, various solution techniques are employed to
solve the governing equations that describe the behavior of beams, beams, and shell
structures. These equations can be complex partial differential equations (PDEs) or ordinary
differential equations (ODEs) governing phenomena like bending, vibration, and stability.
One prominent analytical method widely used is the Navier-based analytical approach. This
method is favored for its ability to derive exact solutions for beams, beams, and shell
structures under specific boundary conditions, such as diaphragm support. It involves solving
the differential equations directly without making significant simplifying assumptions,

providing precise insights into structural responses.

1.7 Thesis structure and layout

In the thesis, Chapter 1 serves as an introduction, laying the groundwork for the study
focus on carbon nanotube (CNT) reinforced composite beams resting on Pasternak elastic
foundation. It begins by discussing the historical development and wide-ranging applications
of CNTs, emphasizing their structural benefits and potential in composite materials. The
chapter then outlines the methodological approach for analyzing these beams in conjunction
with the Pasternak elastic foundation, setting the stage for subsequent detailed exploration in

the following chapters.
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Moving to Chapter 2, the focus shifts to a comprehensive examination of beam
structures. This includes detailed discussions on beam theories, their historical development,
and the foundational assumptions underpinning these theories. Special attention is given to
extending single-layer beam theories to accommodate the complexities of multi-layered beam
structures, which are relevant to the study of CNT-reinforced composites. The chapter
continues with a thorough literature review that synthesizes existing knowledge on CNTs and
their structural applications, particularly in composite beams supported by the Pasternak
Foundation. It highlights various modeling approaches employed to simulate functionally
graded CNT-reinforced composite beams, emphasizing the complexities of integrating these
materials with elastic foundations. Furthermore, the chapter explores diverse solution
techniques used to solve the governing equations governing beam behavior, providing
insights into analytical, numerical, and hybrid methods utilized in similar research.

Chapter 3 of the thesis is dedicated to the rigorous mathematical formulations
essential for studying functionally graded carbon nanotube (CNT) reinforced composite
beams on the Pasternak elastic foundation. The analytical formulation, emphasises the
development of closed-form solutions. Here, the primary goal is to derive precise
mathematical expressions that describe the behavior of functionally graded CNT-reinforced
composite beams under the influence of the Pasternak elastic foundation. This approach
leverages theoretical constructs and fundamental principles to directly compute key structural
parameters such as deflections, stresses, and natural frequencies without relying on numerical
approximations.

Chapter 4 of the thesis is dedicated to presenting and discussing the outcomes derived
from the mathematical formulations developed in earlier chapters, specifically focusing on
the bending, free vibration, and buckling analyses of functionally graded carbon nanotube

(CNT) reinforced composite beams resting on Pasternak elastic foundation. This chapter is
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organized into three major sections, each addressing different aspects of the structural
analysis and validation of results.

The first section delves into the modeling of mechanical properties of various
functionally graded CNT-reinforced composite beams. This involves establishing
mathematical representations of material behaviors, including variations in properties such as
stiffness, strength, and density across the beam structures. The objective is to accurately
characterize the heterogeneous nature of these advanced materials and their influence on
structural performance.

The second section focuses on analyzing the structural behavior of functionally
graded carbon nanotube reinforced composite beams using analytical modeling techniques. It
aims to derive mathematical expressions and solutions that describe the bending, vibration
characteristics, and other mechanical properties of these beams.

In contrast, the third section extends this analytical modeling approach to include the
structural analysis of functionally graded carbon nanotube reinforced composite beams
supported by the Pasternak elastic foundation. Here, the objective is to incorporate the
influence of the foundation into the analytical formulations, considering how it affects the
beams' deflections, stresses, and stability characteristics under various loading conditions.

Chapter 5 serves as a culmination where significant discoveries are synthesized,
highlighting the principal contributions of the current research. It outlines key findings
derived from the investigations of the study into functionally graded carbon nanotube
reinforced composite beams resting on the Pasternak elastic foundation. Additionally, this
chapter identifies recommendations for future research directions and potential areas for

further exploration based on the insights gained from the study.

25






