THE DESIGN AND OPTIMIZATION OF
MULTISCALE HYBRID NANOCOMPOSITE
STRUCTURES FOR VIBRATION AND BUCKLING
BEHAVIOR

A Thesis Submitted to
the Graduate School Izmir Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of
DOCTOR OF PHILOSOPHY

in Mechanical Engineering

By
Ozan AYAKDAS

July 2024
IZMiR



We approve the thesis of Ozan AYAKDAS

Examining Committee Members:

Prof. Dr. H. Secil ARTEM
Mechanical Engineering, Izmir Institute of Technology

Prof. Dr. Alper TASDEMIRCI
Mechanical Engineering, Izmir Institute of Technology

Prof. Dr. Kutlay SEVER
Mechanical Engineering, Izmir Katip Celebi University

Prof. Dr. Evren MELTEM TOYGAR
Mechanical Engineering, Dokuz Eyliil University

Prof. Dr. Engin AKTAS
Civil Engineering, Izmir Institute of Technology

16 July 2024
Prof. Dr. H. Secil ARTEM Assoc. Prof. Dr. Levent AYDIN
Supervisor, Co-Supervisor,
Mechanical Engineering, Mechanical Engineering,
[zmir Institute of Technology [zmir Katip Celebi University
Prof. Dr. M. I. Can DEDE Prof. Dr. Mehtap EANES
Head of Department of Dean of the Graduate School

Mechanical Engineering



ACKNOWLEDGMENTS

Firstly, 1 would like to express my sincere gratitude to my supervisor, Prof. Dr
Hatice Se¢il ARTEM, for her invaluable mentorship, patience, and insightful guidance
throughout my Ph.D. studies. | am deeply grateful to my co-supervisor, Assoc. Prof. Dr.
Levent AYDIN, for his contributions, encouragement and motivation throughout my
academic journey. | would also like to appreciate my Ph.D. committee members, Prof.
Dr. Alper TASDEMIRCI and Prof. Dr. Kutlay SEVER, for their support and valuable
feedback. I am also grateful to my Ph.D. thesis examining committee members, Prof. Dr.
Evren Meltem TOYGAR and Prof. Dr. Engin AKTAS, for their constructive suggestions
and contributions.

My warm thanks go to my research group colleagues and friends, Dr Melih
SAVRAN and A. Harun SAYI, for their assistance and support throughout my Ph.D.
studies.

Above all, I owe my deepest gratitude to my dear wife, Seda AYAKDAS, for her
unwavering support, care and love throughout my academic journey. | am also deeply
grateful to my parents, Ayse AYAKDAS and Ahmet AYAKDAS, who have always
supported and encouraged me - thank you for being my pillars of strength. I would also
like to thank my brother, Melih AYAKDAS, for his constant support and his presence.

Finally, I would like to acknowledge the funding provided by the YOK Council
of Higher Education 100/2000 Doctoral Scholarship, which supported my dissertation

work within the framework of this scholarship.



ABSTRACT

THE DESIGN AND OPTIMIZATION OF MULTISCALE HYBRID
NANOCOMPOSITE STRUCTURES FOR VIBRATION AND
BUCKLING BEHAVIOR

This thesis presents multiscale hybrid natural fiber-reinforced nanocomposite
structures as viable alternatives to the traditional synthetic carbon and glass fiber
composites commonly used in industries like automotive, aviation, and aerospace. These
alternatives were created using stochastic optimization methods—Differential Evolution,
Simulated Annealing, and Nelder-Mead algorithms—to optimize critical buckling load,
fundamental frequency, and factor of safety, while reducing weight and cost. A broad
range of design variables were employed, including fiber volume fraction, stacking
sequences, and the volume content of Carbon Nanotubes (CNTs) or Graphene Platelets
(GPLs) in each layer. The effective material properties of matrices reinforced with CNTs
or GPLs were determined using the Modified Halpin-Tsai equations and the rule of
mixtures, accounting for the agglomeration effects of the nanofillers. Vibration, buckling,
and failure analyses of multiphase hybrid fiber-reinforced nanocomposite structures were
performed using both analytical methods (Navier's solution with First-order Shear
Deformation Theory (FSDT) and Classical Laminated Theory (CLT)) and the Finite
Element Method (FEM). A multi-objective optimization problem was strategically
executed using the Penalty Function approach to propose optimal eco-friendly,
lightweight, and cost-effective alternatives to conventional composite materials, aiming
for maximum mechanical response with minimal weight and cost. Additionally, optimal
nanocomposite driveshaft designs were proposed for future automotive applications,
featuring hybrid Carbon/Flax/CNT structures with non-uniform fiber and CNT
distribution, accounting for agglomeration effects. The results indicated that optimizing
natural fibers with GPLs or CNTSs in engineering structures offers substantial benefits,
enhancing both environmental sustainability and composite material performance in

terms of weight, cost, frequency, and buckling properties.



OZET

COK OLCEKLI HIBRIT NANOKOMPOZIT YAPILARIN TiTRESIM
VE BURKULMA DAVRANISLARI ICIN TASARIMI VE
OPTIMIZASYONU

Bu tezde, otomotiv, havacilik ve uzay sanayi gibi endiistrilerde yaygin olan
geleneksel sentetik karbon ve cam elyaf takviyeli kompozit yapilara alternatif olarak ¢ok
fazli hibrit dogal fiber takviyeli nanokompozit yapilar sunulmaktadir. Alternatif
tasarimlarin kritik burkulma yiikiinii, dogal frekansini ve yapisal giivenlik faktoriini
maksimize etmek i¢in Differential Evolution, Simulated Annealing, ve Nelder-Mead
stokastik optimizasyon yontemleri kullanilmistir. Fiber hacim orani, fiber oryantasyon
acis1 ve her tabakadaki Karbon Nanotiiplerin (CNT) veya Grafen Plaketlerin (GPL) hacim
icerigi es zamanli olarak tasarim degiskenleri olarak kullanilmistir. CNT veya GPL ile
giiclendirilmis matrislerin etkili malzeme 06zellikleri, nanodolgu maddelerinin
kiimelenme etkileri géz oniinde bulundurularak Modifiye Halpin-Tsai denklemleri ve
karistim kurali kullanilarak hesaplanmigtir. Cok fazli ara hibrit fiber tabakali
nanokompozit yapilarin vibrasyon, burkulma ve hasar analizleri, hem analitik yontemler
(Navier ¢oziimii ile Birinci Derece Kayma Deformasyon Teorisi (FSDT) ve Klasik
Laminasyon Teorisi (CLT)) hem de Sonlu Elemanlar Metodu (FEM) kullanilarak
yapilmistir. Maksimum mekanik 6zellik ve minimum agirlik ve maliyet i¢in ¢ok amagh
optimizasyon problemleri, geleneksel kompozit yapilara ¢evre dostu, hafif ve diisiik
maliyetli alternatifler 6nerebilmek amaciyla Ceza Fonksiyonu yaklagimi kullanilarak
stratejik bir sekilde gerceklestirilmistir. Ayrica, otomotiv endiistrisinde potansiyel
gelecekteki uygulamalar i¢in optimum nanokompozit tahrik mili tasarimlari, kalinlik
boyunca kiimelenme etkileri dahil olmak iizere esit olmayan sekilde dagilmis fiber ve
CNT dagilimina sahip hibrit Karbon/Keten/CNT takviyeli yapilarla 6nerilmistir. Genel
sonuglar, dogal fiberlerin GPL veya CNT ile optimize edilmesinin, miihendislik
yapilarinda sadece cevresel slirdiiriilebilirlik agisindan degil, ayn1 zamanda agirlik,
maliyet, frekans ve burkulma o6zelliklerine dayali kompozit malzeme tasariminin

performansi agisindan da avantajlar sagladigini géstermistir.
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CHAPTER 1

INTRODUCTION

1.1. Literature Survey

Nanocomposites are composite materials containing at least one or more
reinforcing components in the nanoscale range, including graphene nanoparticles (GNPs)
and carbon nanotubes (CNTSs). These inclusions result in composites that are lighter and
stiffer, as mentioned by numerous studies. The optimization of nanocomposite properties
in terms of nanoscale reinforcements and stacking sequences has the potential to enable
further design improvements and the production of lighter composites. Both graphene
platelets and carbon nanotubes are characterised by a number of similar properties,
including a high specific strength-to-weight ratio, high electrical resistivity and thermal
conductivity. Graphene consists of graphite atoms bonded in hexagonal lattice structures,
forming a two-dimensional (2D) material, while carbon nanotubes are three-dimensional
(3D) structures created by rolling up sheets of graphene 23. The values of Young's
modulus, inherent strength, and thermal conductivity for a defect-free graphene nanoplate
are approximately 1.0 TPa, 42 N/m, and 5300 W/(m-K), respectively *. It was found that
the addition of 0.3 wt% CNTSs reinforcement in resin to a composite plate resulted in an
improvement in flexural modulus and flexural strength by 11.6% and 18.0%, respectively
°. Despite the excellent properties of carbon nanotubes (CNTS), two-dimensional
graphene has garnered considerable attention. This is primarily due to the higher
manufacturing costs of CNTSs, their highly anisotropic mechanical properties, and
challenges in achieving sufficiently uniform dispersion within matrix materials.
Furthermore, some studies suggest that graphene nanofillers and their derivatives offer
greater advantages for designers seeking to achieve superior structural properties %’. In a
study conducted by Rafiee et al. 8 the elastic modulus of an epoxy matrix reinforced with
graphene, single-walled carbon nanotubes (SWCNTSs), and multi-walled carbon
nanotubes (MWCNTS) at a weight fraction of 0.1% was investigated. The results showed
that the Young's modulus of the graphene-reinforced composite increased by 30%,

whereas the carbon nanotube-reinforced composite observed only a 3% increase in



Young's modulus. 8. The reinforcement of epoxy composites with graphene nanoplatelets
and carbon nanotubes (CNTSs) has been the subject of numerous studies, which have
revealed that graphene-reinforced epoxy composites possess exceptional potential. This
is as a result of their superior shear strength, enhanced Young's modulus and reduced
manufacturing costs in comparison to CNTs-reinforced composites. %19,

The increasing demand for low-cost, lightweight, and environmentally friendly
materials has led to a significant growth in the use of natural fibre-reinforced composites
over the past few decades. This trend is observable across a range of industrial sectors,
including automotive, aerospace, naval and civil construction. The utilization of high-
performance natural fibers, including hemp, flax, jute, kenaf, and sisal, has been on the
rise, replacing synthetic fibers and consequently reducing the carbon footprint and other
environmentally deleterious effects associated with synthetic fibers. This aligns with the
Kyoto Protocol regulations and the biodegradability requirements in Europe. Natural
fiber composites provide several advantages, including lightweight and low cost. The
lightweight nature of these composites enhances fuel efficiency in automotive
applications, particularly in electric and hybrid vehicles!. Recently, some components of
automobiles, including door panels, seatback structures and instrument panels, are being
manufactured using FFRCs (flax fibre-reinforced composites). It is estimated that the
application of plant fibres in the automotive industry may increase by 54%, as
documented in the referenced literature!2. The surface areas for load transmission within
a polymer matrix are typically smaller for major plant fibres, including hemp, jute, coir,
ramie, and various other natural fibres. Among these, flax fibres are particularly
noteworthy as an excellent choice due to the high surface area for load transmission
offered by retted flax bundles, which makes them highly effective in reinforcing polymer
composites™4. Currently, flax is regarded as the most viable alternative to synthetic
fibres in the automotive industry, given its superior tensile strength and modulus . In
experimental studies investigating the acoustic and vibrational damping properties of flax
fiber-reinforced composites, it was observed that their acoustic absorption and vibration
damping capabilities are superior to those of glass fiber-reinforced composites, which
were found to be 21.42 % and 51.03 %, respectively 6. Therefore, the use of flax fibres
can be considered an appropriate substitute for glass fibres in applications that necessitate
a high level of sound and vibration damping. It is a proof of the replacement of natural
fibres with synthetic fibres for the vibration-related problems. However, it is important

that natural fibres possess a number of disadvantages, including low water resistance and



rapid moisture absorption, as well as low stiffness and strength propertiest’. The
shortcomings resulted from the nature of the flax fibers which can easily interact with
water molecules. As a result of the above-mentioned characteristics, a relatively weak
bond between the fibres and the matrix is observed in the case of flax-reinforced
composites®2°, The key to removing this disadvantage is material hybridization, which
is achieved by combining synthetic and natural fibres in a polymer matrix 2L,

In engineering systems subjected to vibrations, determining the natural frequency
is crucial to prevent resonance from external excitations. Consequently, numerous studies
have focused on the design and optimization of composites that experience vibrations.
Adali and Duffy 22 utilized the laminate thickness and the total number of layers as design
variables with the objective of minimizing the cost of symmetric, angle-ply graphite/glass
hybrid laminates subject to a frequency constraint. The results showed that the material
cost of the hybrid design was significantly lower than that of a graphite laminate. In a
further study focusing on hybrid composite plates and shells, Ma et al. have proposed a
simultaneous multi-scale optimization framework. This framework enables the parallel
optimization of fibre volume fractions, fibre orientations and the stacking sequence,
utilising the Discrete Material Optimization (DMO) method.? The study of hybrid
composite structures has been a major area of research due to their potential to reduce
costs, weight and failure index while improving safety. In hybrid composites, the design
approach typically includes the use of high-stiffness and high-cost materials in the outer
layers, with low-stiffness and low-cost materials employed in the inner layers. The
objective of the study by Abachizadeh and Tahani 2* is to optimise the natural frequency
and minimize the cost of hybrid graphite/glass epoxy laminates. The study employed the
Genetic Algorithm and Simulated Annealing for optimization purposes, demonstrating
the beneficial effects of the hybridisation process in reducing weight while maintaining
an acceptable natural frequency. Haichao An et al. % successfully resolved the optimal
design problem involving hybrid graphite/glass epoxy composite laminates, with the
objective of minimising costs while maximising both frequency and frequency gaps. In
this study, a genetic algorithm was employed to optimise the stacking sequence of the
laminate, with high-stiffness material positioned in the skin layers and low-stiffness
material situated in the core layers. The incorporation of flax fiber in hybrid composites
has been the focus of numerous optimization studies?®2°. Flax fibers are a more cost-
effective, accessible, and environmentally friendly alternative to glass fibers. In the study

conducted in Savran and Aydin, the frequency of hybrid graphite-flax/epoxy and



graphite-glass/epoxy composite plates was maximized°.

This study employed Differential Evolution (DE), Nelder-Mead (NM), and
Simulated Annealing (SA) to solve the optimal design problem. The findings indicated
that using graphite-flax/epoxy is a superior option compared to graphite-glass/epoxy in
terms of maximizing natural frequency and minimizing cost. Hosseinzadeh at al. 3!
investigated the use of flax fibres as an efficient alternative to glass fibres in composites
for the multi-objective optimization of hybrid composite plates, with the objective of
minimizing costs and maximizing frequency gaps. The results demonstrated that the
incorporation of flax fibres into composite materials can provide a cost-effective solution,
enhance the natural frequency, and reduce the gaps between the natural frequencies. The
optimal design of hybrid composite beams subjected to distinct boundary conditions was
investigated by Megahed et al. 2. The design variables included the fibre type, volume
fraction, layer thickness, and fibre orientation. The solutions were obtained using a
particle swarm optimization (PSO) algorithm. The results indicated that laminates based
on hybrid designs comprising carbon and flax fibres demonstrated the optimal
combination of lightweight and low-cost characteristics, with maximum natural
frequencies.

Designs of three-phase nanocomposites, which include a nanoscale component,
fiber, and matrix, offer additional opportunities for optimizing composite laminates.
Nanoscale reinforcement, such as graphene nanoplatelets, can transfer a significant
amount of stress from the polymer matrix to the reinforcing material, as observed in
various studies®®. However, the use of a nanoscale reinforcement in a polymer matrix may
lead to a number of issues. The issues include the high cost of nano reinforcements, non-
uniform dispersion in the matrix and coalescing leading to weak zones in the matrix.
Presence of weak zones in the matrix can inadvertently affect the stiffness and strength
of the laminate. In consideration of these challenges, the optimization of the design
process assumes a crucial role in the development of two-phase and three-phase nano-
reinforced composite structures. Study by Kamarian et al. ** utilized a stacking sequence
optimization approach to enhance the natural frequencies of multiphase composite plates
(CNT/fiber/polymer) by utilizing the Mori-Tanaka model to ascertain the material
properties and the Firefly Algorithm to derive the optimization results. Optimal design
and parametric studies demonstrate that the natural frequency of nanocomposite plates
can be significantly increased by optimizing the stacking sequences and the distribution

of reinforcing materials across the thickness. In their study, Xiang et al.®® investigated the



optimization of the lay-up of functionally graded CNT-reinforced conical shells using the
genetic algorithm and the first-order shear deformation theory (FSDT). Their results
indicated that the content and distribution of CNTs, as well as the stacking sequence, have
a significant impact on the maximisation of the vibration frequency. The study by Yousefi
et al. %, based on FSDT and particle swarm optimization, aimed to optimize
CNTs/polymer/fiber conical panels. The findings demonstrated that optimizing the
stacking sequence and the distribution of CNTs and fibers can enhance the natural
frequency of the panels and reduce the material cost. Regarding multiphase
nanocomposites, the work by Jeawon et al.*” focused on the optimal design of a three-
phase graphene/fiber-reinforced laminated nanocomposite. The design variables included
graphene and fiber contents, layer thicknesses, and fiber orientations, all aimed at
achieving the highest natural frequency. t was found that the most beneficial outcomes
from Sequential Quadratic Programming (SQP) suggested that non-uniform distributions
of graphene and fibres, as well as fibre orientations, are highly beneficial for enhancing
the efficiency of the design process. Further studies on the optimization of multiphase
composite laminates with frequency, cost and weight design objectives are presented in
3841 Experimental studies on the vibration characteristics of laminates reinforced with
flax fibres and carbon nanotubes have been conducted and reported upon. It has been
demonstrated that the incorporation of CNTs in flax fibre-reinforced laminates resulted
in an increase in the vibration frequency, whereas the inclusion of graphite led to an
improvement in the damping characteristics of the laminates *>43. In an experimental
study, Shanmugam and Meenakshisundaram** introduced an innovative concept for
hybrid (flax/E-glass/epoxy) fiber reinforced polymer (HFRP) composites by adding
graphene as a nanofiller. The results demonstrated that the addition of 0.6 weight
percentage of graphene to HFRP composite laminates significantly enhanced the strength
of the composites, indicating their suitability for utilization in structural and automotive
applications.

In addition to the requirement for environmentally-friendly materials due to the
End-of-Life Vehicles Directives and Euro 5 and Euro 6 regulations on emissions,
designers must also consider the costs and the weight of the materials. Studies on
reinforcing composites with graphene or carbon nanotube indicated that even small
amounts of these materials can greatly improve the mechanical properties of composites.
There is a prevailing trend in industries to employ carbon and glass fiber-reinforced

composites with the underlying assumption that their lower cost and weight outweigh



other factors. Present study seeks to establish that a minimal inclusion of GPL
reinforcement in combination with natural flax fibers in singly or hybrid form with
synthetic fibers, can yield designs that are not only eco-friendly but also having a higher
natural frequency, lower cost and weight as compared to using glass and carbon fibers as
reinforcements.

Many studies on the stability of laminated composite plates have focused on
rectangular plates and examined the effect of design parameters such as boundary
conditions, fiber orientation, and geometric aspect ratio on stability. Thin composite
structures are prone to instability, resulting in buckling when subjected to mechanical or
thermal loading. The buckling behavior of composite plates includes complex analysis,
and more details can be found in references “* Carbon nanotubes (CNTs) are a
significant additive material for high-performance structural composites and hold great
potential for various applications, making them an object of interest for scientists and
researchers who are highly invested in nanostructures®®. As the dimensions of these
structures reduce to micro and nano scales, both experimental and atomistic simulations
have demonstrated that the size effect on mechanical properties becomes increasingly
significant >°. A single-walled carbon nanotube (SWCNT) is a cylinder with a diameter
of 1 nm, while a multi-walled carbon nanotube (MWCNT) consists of a concentric form
and a separated array of cylinders, ranging from 2 to 100 nm in diameter and tens of
microns in length °L. The another studies reported the experimental elastic properties of
both SWCNT and MWCNT, revealing that the elastic modulus of CNTs can vary widely,
ranging from 200 GPa to 5.6 TPa. CNT-based fiber-reinforced polymer (FRP) composite
materials have high strength-to-weight and stiffness-to-weight ratios >, Studies have
shown their potential in various applications, and there is growing interest in analyzing
their performance in bending, buckling, and vibration >, Research conducted by
Madenci et al. % explored the impact of carbon nanotubes (CNTs) on the buckling
behavior of FRP composites. Their findings showed a significant increase in load-
carrying capacity for the clamped-clamped boundary condition in both CNT and NEAT
samples. In fact, these samples exhibited an average load-carrying capacity that was
268% and 282% higher, respectively, compared to the simple-simple condition in carbon
fiber reinforced polymer composite. Madenci ®* also conducted free vibration analysis of
FG-CNT composite beams and estimated the effective material properties of nanobeams
using the mixing rule. In another study, Qian et al. 8 demonstrated that adding just 1%

by weight of CNT to the matrix material can increase the composite's hardness by 36-



42% and its tensile strength by 25%. Zhu et al. % analyzed the stress-strain curve of 1 and
4 wt% CNT-reinforced epoxy resin and discovered a 30-70% increase in the elastic
modulus for these weight fractions. Tarfaoui et al.®* studied the effect of CNT in CNTs-
reinforced composites with different volume fractions and found that an increase in the
CNT volume fraction decreased the material properties by 0.5-2% after reaching a
specific value.

Drive shafts are a crucial part of the transmission of motion from the differential
to the wheels or rotors in many industries such as automotive, marine, energy, etc. In
these applications, driveshafts are typically subjected to torsional, bending and normal
forces in order to transfer power and torque from the engine to the gears®. Driveshafts
must be designed based on three design criteria for these applications; torque transmission
capability, buckling torque capability and bending natural frequency®. Although steel
driveshafts are commonly used in the automotive industry, recent developments in
manufacturing processes have led to the use of composite driveshafts as a viable
alternative due to their light weight and high stiffness properties to meet rising demands
in high torque transfer from powerful engines®’-°,

Over the past few years, many studies have been conducted on composite
driveshaft design and application to propose effective designs using different design
variables and materials. One of the recent papers on composite driveshafts, the design and
analysis performance compared to see different fibre materials such as carbon, Kevlar,
glass and boron with the same matrix material °.The research findings indicate that
critical buckling torque and dynamic properties are influenced by two crucial design
parameters: fiber orientation angles and stacking sequences. In a further study, the drive
shaft made of glass epoxy resin was examined for its torsional strength, its natural
frequency, and its performance parameters at critical speeds for light vehicles’. The
proposed composite design is indicated as the strongest option, with a 73% weight
reduction compared to conventional steel driveshafts. The other study by Savran et al. [7]
on optimal composite driveshaft design problems selected fiber orientations, layer
numbers, and thicknesses as design variables, with manufacturing scenarios, torsional
buckling, and bending frequency serving as constraints. For different glass-epoxy
materials, designs that weighs between 0.7289 kg and 2.3800 kg showed a significant
weight reduction of up to 69%. The marine application of a composite drive shaft has
been investigated by Bilalis et al.” to see the possibility of replacing the conventional

steel shaft. The optimum lay-up design of the carbon fibre-reinforced plastic shaft has



been proposed through the use of a finite element model, analytical methods and
optimization algorithms. According to the results of the study, the composite shafts were
61.2% lighter than the steel shafts that were currently in use, including the flanges. Other
recent research have also been conducted to compute the torsional stiffness of carbon
fiber reinforced composites using a balanced laminate design, based on finite element
analysis and classical laminate plate theory, as mentioned in > Shinde et al. ™
optimized the glass epoxy composite drive shaft for outer diameter 55 mm, inner diameter
32 mm, percentage fiber volume fraction 0.7 and stacking sequence [55/-55/55-55]s.
They investigated the optimized composite drive shaft experimentally by measuring
natural frequency and achieving torsion test. Their results showed that the torsional
strength and natural frequency of the glass epoxy composite drive shaft are enough large
for the replacement of steel drive shaft with obtaining weight reduction about 52%.
Fibre-reinforced composites have progressively replaced conventional metallic
materials in applications where weight is an important consideration. In a further stage of
these application in materials science, nanocomposites are also predicted to revolutionize
the future of the composites industry in terms of their mechanical, thermal, electrical,
optical and other properties’®’" . The main advantage of polymeric nanocomposites is that
they incorporate at least one dimension of nanoscale reinforcement, providing a very high
surface to volume ratio and excellent interfacial contact with the matrix [23]. The
addition of CNTs in filament winding E-glass/Bisphenol-A epoxy cylinders was studied
by Tasyiirek and Tarakg¢ioglu et al to examine the behaviour of fatigue crack growth rate
and surface crack. The findings demonstrated that the inclusion of CNTs improved
fatigue life by enhancing inter-laminar adhesion 8. In a different recent study’®, filament
wound nanocomposite cylinders composed of epoxy resin and carbon nanotube (CNT)
nanofillers showed improvements of up to 22% and 216%, respectively, in their
interlaminar shear strength and fracture toughness characteristics. In the other recently
published study, the material properties of an automotive drive shaft made of hybrid fiber-
reinforced composite were found to be greatly enhanced by the addition of MWCNTS.
Regards to CNTs' improved characteristics, natural frequency and critical buckling torque
increased by up to 60% and 145%, respectively 8. Furthermore, research suggested that
optimizing CNT dispersion and distribution into polymer matrices may help future efforts
to increase the stiffness, strength, and low weight of aerospace and automotive structures.
Searle et al. conducted a study of the mechanical properties and environmental

performance of carbon/epoxy, basalt/epoxy, and carbon nanotube (CNT) reinforced



carbon/epoxy composite driveshafts in order prove the viability of substituting existing
steel driveshafts with composite alternatives®’. The mechanical outperformance of
driveshafts was investigated using a finite element method (FEA) tool and classical
laminated plate theory (CLPT). The results showed that a composite drive shaft can
outperform a steel shaft mechanically with careful design—up to 90% mass savings and
a 50% greater Factor of Safety. Applications that involve racing automobiles, where

weight reduction is essential, may utilize the C/E or C/CNTI/E.

1.2. Research Significance

Lightweight composite structures, characterized by high stiffness, exceptional
strength-to-weight ratios, and cost efficiency, are vital in engineering fields such as
aerospace, marine, and automotive engineering. However, under dynamic loads, these
structures are susceptible to buckling and resonance because of their slenderness. This
can be achieved by enforcing eigenvalue buckling and frequency constraints on the
component throughout its design phase. This ensures that its properties remain away from
fundamental frequencies of resonance and critical buckling load values. To create
successful designs that meet these requirements in engineering applications, composite
materials have been increasingly utilized due to their lightweight and high strength
advantages in recent decades. On the other hand, advances in nanocomposites, such as
the addition of nanoscale reinforcements like carbon nanotubes and graphene
nanoplatelets to the matrix materials, have led to improvements in the weight advantage
of composite materials.®28* On the contrary, the widespread use of synthetic fiber-
reinforced composites, like carbon fiber and petroleum-based glass fiber, which surged
by the late 20th century, has significantly increased greenhouse gas emissions from both
production and waste. To address these environmental concerns and the rising oil prices,
there has been a growing trend towards natural fiber-reinforced composites, aiming to
reduce resource consumption.® The use of natural fiber also brings disadvantages such
as weak matrix fiber interaction.®® To overcome these disadvantages and promote more
sustainable structures, recent applications have emerged in the use of hybrid synthetic-
natural fibers or nano-reinforcement in matrix materials®’.

In order to comprehensively achieve these goals, the structural optimization of

nanocomposites incorporating a hybrid fiber/nanofiller/matrix combination is more



mathematically complex than traditional two-phase fiber-reinforced composites, due to
the including of macro, micro, and nanoscale elements. It is not feasible to take into
account all of the effective parameters in the such complex optimization problems for
nanocomposites in order to achieve accurate optimal results in an acceptable length of
time. Therefore, meta-heuristic algorithms (Differential Evolution, Simulated Annealing,
Particle Swarm Optimization, and Genetic Algorithms) in particular have been presented
as stochastic optimization strategies for achieving global optimal results®. These
algorithms have much lower computing costs and time while providing accurate results.
In the literature, numerous studies aim to maximize buckling load and fundamental
frequency while minimizing cost and weight for two-phase composite engineering
structures without nano reinforcements. These studies often employ stochastic
optimization algorithms such as DE, SA, PSO and GA by using design variables such as
fiber orientation angles, fiber volume fraction, number of layers, stacking sequences®®.
For multiphase inter-ply hybrid fiber/nanofiller-reinforced nanocomposite structures, the
multi-objective optimization approach involves maximizing natural frequency or critical
buckling load while minimizing weight and cost. Finding the global optimum solution
requires solving nonlinear objective functions that involve the summation of complex
equations, such as fundamental frequency, critical buckling load, cost, and weight. This
complexity increases due to the numerous continuous and discrete design variables, along
with constraints that include nonlinear equations. These parameters include the weight
content of nanofillers (CNTs or GNPs), fiber orientation angles, and fiber volume content
for each layer. Elastic material constants of each ply are calculated parametrically using
semi-empirical and micro-mechanical nonlinear material modeling equations at the nano,
micro, and macro levels. The semi-empirical model is also crucial for predicting the
agglomeration effects of nanofillers. By adjusting these variables, it is possible to achieve
optimal, non-uniform material properties tailored to meet specific mechanical
requirements such as maximum natural frequency, critical buckling load, and minimum
failure index. Another challenge related to the development of parametric optimization
equations is the writing of formulations related to the vibration, buckling and stress-strain
behaviour of structures using Classical Laminate Plate Theory (CLPT) or First Order
Shear Deformation Theory (FSDT) and nano-, micro- and macro-scale material model
equations for hybrid nanocomposite structures. It is possible to propose lightweight
structural designs composed of natural and synthetic fibres reinforced with nanofillers

such as CNTs or GNPs after overcoming the challenges associated with the mechanical

10



design of hybrid or non-hybrid fibre reinforced nanocomposite structures. These designs
make it possible to maximize the natural frequency and critical buckling loads, while
minimizing the failure index, the weight and the cost of the design. This possible designs
is particularly beneficial for applications such as automotive and aerospace, where
stiffness and strength-to-weight and cost ratios are important, as well as being
biodegradable and environmentally friendly.

1.3. Motivation, Objectives and Originality

After a detailed literature review, it is evident that the design limits for vibration,
buckling and failure properties of traditional synthetic carbon and glass fibre reinforced
composites have been extensively investigated by using stochastic optimization methods,
particularly in sectors such as aerospace and automotive where weight reduction and cost
are critical. Meanwhile, advances in nanocomposites have significantly improved the
mechanical properties of traditional composites in terms of weight efficiency, particularly
with the incorporation of large surface area nanofillers such as carbon nanotubes and
graphene nanoplatelets.

There is a widespread utilization in industries due to the fact that traditional carbon
or glass fiber reinforced composites are reliable with their mechanical properties. The
other consideration, related to carbon nanotubes or graphene nanoplatelets that these are
expensive and negative side like agglomeration properties to utilize in matrix materials
of fiber reinforced composite structures. There is a growing interest in the use of natural
fibre reinforced composites due to the increasing demand for environmentally friendly
and sustainable materials. Stochastic optimization methods have shown that by designing
the nanofiller material, the fibre volume fraction and the fibre orientation angles in each
layer, natural fibre reinforced materials can achieve properties that are equivalent to those
of synthetic fibre reinforced materials. By solving these complex optimization problems,
it may be possible to develop natural fibre reinforced composite structures using CNTs
and GPLs at or below the hybridization or agglomeration level with synthetic fibers. This
may be the beginning of a new trend in the composites industry.

The use of nanofillers requires semi-empirical micromechanical models to
accurately describe the properties of each layer, taking into account the agglomeration

and waviness effects of the nano-reinforcement. Therefore, mathematically complex
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issues such as non-linear objective functions, non-linear constraints and continuous-

discrete design variables need to be solved in order to propose optimal hybrid fibre-

reinforced nanocomposite structures in terms of natural frequency, buckling load and

failure index against different loads. It is therefore possible to propose more

environmentally friendly and biodegradable composite designs with minimum cost and

weight compared to traditional fibre reinforced composite structures by overcoming these

complex issues in mechanical analysis and formulating mathematical optimization

problems.

The objectives of the PhD thesis can be listed as follows

1.

To propose optimum design of hybrid and non-hybrid natural/synthetic
fiber/CNTs or GPLs reinforced nanocomposite structures for vibration and
buckling problems of engineering structures by using multiscale design
variables; fiber orientation angles, fiber volume fraction, and the weight
fraction of graphene nanoplatelets or carbon nanotubes

To incorporate Classical Lamination Plate Theory (CLPT) and First-order
Shear Deformation Theory (FSDT) with the Navier solution and multiscale
nanocomposite material models; the Modified Halpin-Tsai Model and the
Rule of Mixtures.

To implement all models used in thesis within Wolfram Mathematica
software for comprehensive problems of vibration, buckling and failure
analysis of nanocomposite plates and driveshafts. To solve these models
with optimization algorithms DE, SA and NM in this software.

To give comparison of Stochastic Optimization Search algorithms:
Differential Evolution, Simulated Annealing and Nelder Mead results for
minimum weight design of glasssfCNTs reinforced composite plate
vibration problems.

To examine the suitability of these methods for complicated multiscale
nanocomposite design problem by analyzing the optimization performance,
convergence rates, and correctness of each algorithm's solutions.

To compare the optimal design of inter-ply hybrid synthetic/natural fiber-
reinforced composite plates, both with and without the inclusion of
nanofillers such as carbon nanotubes (CNTSs) and graphene nanoplatelets
(GPLs).

12



7.

10.

11.

12.

To propose ecofriendly, cost-effective, lightweight natural fiber/nanofiller
reinforced composite designs for vibration and buckling issues in
engineering structures.

To explore the potential of natural fibers as a cost-effective and lightweight
alternative to traditional carbon fibers, which have been extensively
utilized in existing application.

To investigate the impact of volume fraction, stacking sequences, and non-
uniform CNT fillers—taking into account the agglomeration and waviness
effects of nanofillers—on multi-objective optimization problems for
maximum critical buckling loads and fundamental frequencies with
minimum weight and costs.

To propose a design methodology for a multiscale hybrid natural
fiber/CNTs reinforced driveshaft using fundamental frequency, failure
criteria, and critical buckling torque as design parameters.

To determine failure loads of optimized inter-ply hybrid fiber/CNTs
reinforced nanocomposite driveshafts using Tsai-Wu (for analytical
solution) and Puck (for finite element analysis) failure theories.

To analyze and compare the optimal solutions for multiscale
nanocomposite plates and driveshaft problems using the Autodesk
NASTRAN commercial FEA solver in conjunction with analytical

solutions.

Originality of the thesis can be summarized as follows:

1.

In the literature, related to optimization studies of multiscale hybrid fiber/
CNTs or GPLs nanofiller reinforced composites for vibration and buckling
problems haven’t investigated yet. Although there are a few studies on
analysis and single-objective optimization of carbon fiber/GPLs or glass
fiber/CNTSs reinforced composites for maximum fundamental frequency or
minimum weight design, by using single and multi-objective optimization
approaches on hybrid and non-hybrid Natural (Flax-Kenaf-Jute-Ramie)
and synthetic (Carbon-Glass) fiber/CNTs or GPLs nanocomposites
problems are not available in terms of weight and cost. Therefore, present
study fills the gap in the available literature related to nanocomposite

design and multi-objective optimization.
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In the present thesis, a single-objective optimization approach has been
considered to verify the optimization studies mathematically using DE, SA,
and NM methods. Additionally, a multi-objective approach, incorporating
a penalty function, is utilized for the first time to optimize combinations of
natural frequency, critical buckling load, cost, and weight of multiscale
hybrid nanocomposite laminates.

For the first time, the agglomeration and waviness effects of CNTs are
included in vibration, buckling, and driveshaft problems using the Modified
Halpin-Tsai Models.

. The optimum design of multiscale hybrid Flax/Carbon fiber/CNTs
reinforced nanocomposite driveshafts are firstly carried out in the literature
for minimum weight design. The effects of varying weight fractions of
CNTs and volume fractions of fibers for each ply are demonstrated by
optimizing multiscale driveshaft problems.

Finite Element Analysis (FEA) of optimally designed hybrid
natural/synthetic fiber-reinforced nanocomposite structures was conducted
using Autodesk NASTRAN commercial software. The material properties
were optimized through stochastic methods applied within modified
Halpin-Tsai models. This study analysis and fills existing gaps in the
literature regarding FEA and optimization tools.

By using stochastic optimization methods, the material properties of each
ply with non-uniform nanofiller and fiber content are designed. This
approach enables the proposal of alternative, more eco-friendly, and
sustainable structures with natural fiber-reinforced nanocomposites,
instead of traditional synthetic (carbon or glass) fibers, for addressing

vibration, buckling, and driveshaft problems.
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CHAPTER 2

COMPOSITE MATERIALS

Composite materials are typically defined as a composition of two or more
constituent materials with notably different physical or chemical properties. The
combination of these unique materials produces a material with characteristics that are
distinct from those of its individual elements®. The combination of attractive properties,
including stiffness, resilience and durability, corrosion resistance and low weight, has
contributed to the accelerated adoption of composite materials in engineering and

material science applications in recent decades®%.

2.1. Classification of Composites

Composite materials can be categorised into four main types based on the shape

of the reinforcement, the scale, the type of matrix and the bio-composite Figure®.

[ Classification of Composite Materials ]

[ Based on Scale ] Based on Based on
reinforcement matrix material

A
[ Nano-composites ] [ Bio-composites ]
e Fiber reinforced e Polymer
e Particulate reinforced e Ceramics
e Flake reinforced e Metal

Figure 2.1. Classification of composite materials.(Source: Rajak 2019%)
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There are three main types of matrix materials for composites: Polymer Matrix
Composites (PMCs), Ceramic Matrix Composites (CMCs), and Metal Matrix Composites
(MMCs).

Polymer matrix materials (PMC) consist of a matrix of either thermoset or
thermoplastic materials, reinforced with dispersed reinforcing fibres. These fibres can be
made of carbon, glass, Kevlar or metals and give the composite improved mechanical
properties®*®¢, Due to their greater strength and resistance to high temperatures,
thermosets are more widely used in applications than thermoplastics and it can be easily
prepared mixing resin with hardener®’. The diversities between thermosets and

thermoplastics are denoted in Table 2.1%,

Table 2.1. Differences between thermosets and thermoplastics (Source: Kaw 2005%)

Thermoplastics Thermosets

Soften on heating and pressure, and thus easy to  Decompose on heating

repair

High strains to failure Low strains to failure
Indefinite shelf life Definite shelf life

Can be reprocessed Cannot be reprocessed
Not tacky and easy to handle Tacky

Short cure cycles Long cure cycles

Higher fabrication temperature and viscosities Lower fabrication
have made it difficult to process temperature

Excellent solvent resistance Fair solvent resistance

The most common composite structures used in aerospace, defence and
automotive industries are made by stacking and bonding thin layers of fibre and polymer
owing to PMC's cost-effective properties with enabling desired shape using easy handling
techniques and simple fabrication methods®.

Ceramic matrix composites (CMCs) are composed of ceramic matrix such as
carbon, silicon carbide (SiC), aluminium oxide (Al>03) and silicon nitride (SiN) where is

embeded fibers in these matrix materials in order to overcome the brittleness of
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monolithic ceramics®. CMCs are primarily known for their unique property where the
matrix fails before the fibers under load, which distinguishes them from polymer or metal
matrix composites. This failure mode helps to protect the brittle fibres. CMCs are
manufactured using gas or liquid phase methods, where the matrix is formed around the
fibres from gaseous or liquid precursors 1%,

Metal Matrix Composites (MMCs) consist of a metal matrix, typically made of
aluminum, magnesium, copper, or titanium, combined with ceramic or metal
reinforcements. This combination provides superior properties, such as high strength,
increased stiffness, controlled thermal expansion, and enhanced wear resistance, making
MMCs extensively utilized in the automotive and aerospace industries?2. However, their
high stiffness and abrasive nature lead to significant tool wear during machining,
necessitating the use of unconventional machining techniques®.

Regarding reinforcement, composites can be divided into three main parts:
particles, flakes and fibres. (Figure 2.2).

Particulate composite

Flake composite

Fiber composite

Figure 2.2. Composite types according to reinforcement shape (Source: Kaw 2005%)

Particulate composites, which involve randomly dispersed alloy and ceramic
particles within matrix materials, are considered to be isotropic. These composites offer
several benefits such as increased strength, higher operating temperatures and improved
oxidation resistance. Examples of particle reinforced composites include rubber with

aluminium particles, silicon with carbide motes and concrete with gravel and sand®.

17



Flake composites incorporate flat, thin reinforcements such as aluminum, glass,
mica and silver into the matrix. Flake composites' main advantages are low cost, high
strength and high flexural modulus. However, the difficulty of changing the orientation
of the flakes is a notable challenge®.

Fibre reinforced composites are generally composed of continuous long or
discontinuous short fibres reinforced with matrices. These reinforced synthetic fibers like
glass, carbon, basalt and kevlar improve material properties like high strength, rigidity

and resistance to chemicals, temperature and wear%107,

Table 2.2. Mechanical properties of some plant fibers compared to glass and carbon fibers
(Source: Osorio 201108)

Fiber Density Diameter Elongationat  Tensile E-Modulus
(gr/cmd) (um) failure (%) strength (GPa)
(MPa)
Bagasse - 490 - 70 -
Coir 1.2 - 30 175 4-6
Cotton 1.5-1.6 20 7.0-8.0 287-597 5-13
Curaua 1.38 66 3.9 913 30
Flax 15 50-100 2.7-3.2 345-1035 50-70
Hemp 1.10 120 1.6 389-900 35
Henequen - 180 3.7-5.9 430-570 10-16
Jute 13 260 1.5-1.8 393-773 26
Kenaf 1.31 106 1.8 427-519 23-27
Pineapple 1.32 - 24 608-700 25-29
Ramie 1.50 34 3.6-3.8 400-398 24-32
Sisal 15 50-80 2.0-2.5 337-413 8-10
Bamboo 0.88-1.1 100-200 - 391-713 18-55
E-glass 2.5 9-15 25 1200-1500 70
Carbon (PAN) 14 5-9 1.4-1.8 4000 230-240

The use of natural fiber reinforcement has recently gained growing popularity
among researchers by improving impact toughness and fatigue strength properties with
chemical treatment. Additionally, they are abundantly available at low cost,
biodegradable and eco-friendly, and have a lower density compared to synthetic fibers%,
A general comparison of the mechanical properties and densities of the most widespread
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natural fibers, as well as synthetic fibers like e-glass and carbon fiber, is provided in the
Table 2.2 below. In terms of their specific properties, it is claimed that they can be
compared to glass fibres, taking into consideration advantages that they are sustainable
and environmentally friendly.

Bio-composites have been developed in response to the demand for biodegradable
and environmentally friendly materials. They can be classified into two categories: fully
green composites and partially green composites. Fully green composites utilise
biopolymeric matrices, whereas partially green composites employ petrochemical resins.
In both categories, natural fibres are utilised for reinforcement purposes. In general, all
biopolymers are compostable; however, there are non-bio-based materials employed in
the manufacture of biodegradable and compostable plastics'°.

Nanocomposites are materials with at least one dimension at nanometre, typically
100nm or smaller. Nanocomposites are high performance materials!!'t. They offer unique
properties and design possibilities not found in conventional composites. These superior
properties can be achieved using relatively small amounts of reinforcing nanomaterials.
The two primary reasons for these enhanced properties are: (a) the superior characteristics
of nano-reinforcements compared to traditional reinforcing fibers, and (b) their
exceptionally high surface area to volume ratio, which allows for greater interfacial

interaction with the matrix.

2.2. Nanocomposites

Nanocomposites are made up of two or more different materials with different
physical and chemical properties, which often exist in different phases that are separated
by an interface. Recently, significant attention has been given to adding nano-sized fillers
to composites, creating nanocomposites. The nanofillers can be considered to be of three
types: (a) zero-dimensional (nanoparticles, such as metal oxide and ceramic oxide
nanoparticles); (b) one-dimensional (nanotubes and nanowires, such as carbon nanotubes
and titanium oxide nanotubes); and (c) two-dimensional (nanoplatelets, such as layered
silicates, nanoclays and graphene) (d) three-dimensional (graphite). From a design
perspective, nanocomposites can be classified into two main groups: (a) two-phase
nanocomposites composed of a polymer matrix and nanofillers, and (b) three-phase

composites comprising a polymer matrix, fibrous reinforcements, and nanofillers*2. The

19



modification of the composite in this way is generally responsible for a change to the
nature of the interphase between the reinforcement and the matrix, which contributes to
the generation of new properties. Then, these properties control the impressive
characteristics observed in nanocomposites. The different types of carbon-based

nanofillers are given as Figure 2.3'%3,

Carbon-Based Nanofillers
oD 1D 2D 3D

Fullerene Single-walled carbon nanotubes Graphene Diamond

Carbon dots  Multi-walled carbon nanotubes Graphene oxide

Graphene dots Carbon nanohorns

6

Figure 2.3. Different types of carbon-based nanofillers. (Source: Darwish 20241%)

Zero-dimensional nanofillers, generally referred to as nanoparticles (e.g.,
nanosilica, alumina nanoparticles), are typically incorporated into nanocomposite
systems to enhance various desired properties. These improvements may include
increased mechanical properties of the matrix, such as elastic modulus, tensile strength,
and fatigue resistance. These materials, known for their superior properties, are
manufactured by distributing nanoparticles in the matrix or coating nanofillers onto
fibers. Nanoparticles enhance fiber-matrix bonding due to their large surface area, leading
to effective stress transfer and improved rigidity. This results in fewer unoccupied spaces
and better interaction between fiber and matrix, enhancing the mechanical characteristics
of the material'!!. Typically, nanoparticles are used to change the mechanical properties

of composite materials. They can also be used, as well, to stimulate particular
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nonstructural reactions. For instance, Kagawa reported noticeable effects of nanoparticles
on epoxy resin reinforced with nanosilica, showing a connection between the
nanoparticles and their optical characteristics'4,

The most common one-dimensional nanofillers are nanotubes, composed of a
sequence of atoms arranged in a long, thin cylindrical structure. They can be synthesized
using materials such as carbon, TiO2, silica, and silicon carbide!2. A carbon nanotube
(CNT) can be defined as a series of carbon atoms arranged in a tubular shape, formed by
at least one layer of graphite. The classification of carbon nanotubes (CNT) can be based
on the number of layers comprising the tube: single-walled (SWCNT) and multi-walled
(MWCNT). Both SWCNTs and MWCNTSs have been widely employed to improve the
characteristics of an array of composites and nanocomposites across a diverse range of
applications®?.

Recently, carbon nanotubes have been utilized to enhance the interfacial bonding
of epoxy-based composites by being homogeneously dispersed within the matrix. These
carbon nanofillers facilitate load transfer between the fibers and the epoxy by reinforcing
previously weak interfacial regions. The utilisation of carbon-based nanofillers in epoxy
composites is a prevailing strategy to satisfy the elevated mechanical property
requirements inherent to aerospace, automotive, and marine applications!®®. Carbon
nanotubes (CNTs) have recently emerged as a promising reinforcement option for
composite materials, exhibiting important potential to enhance mechanical properties.
Experimental studies have demonstrated the capacity of CNTSs to effectively bear load in
the context of nanocomposites. It is also noteworthy that the exceptional thermal
conductivity of CNTs has been identified as a key property, leading to the development
of a silicon wafer coated with a graphene layer, which results in a highly efficient heating
film''%117 To have a precise view of all effects of carbon nanotubes (CNTS) reinforced
epoxy composites on the performance of epoxy composites is summarized Table 2.3.

Nanoplatelet based nanocomposites have very thin (several nm) layers deposited
in the polymer matrix. The other 2D nanoplatelets consist of graphene (graphene
nanoplatelets), used as nanofillers in traditional materials'‘®. Graphene, an allotrope of
carbon, consists of a single layer of carbon atoms arranged in a densely packed
honeycomb crystal lattice. It has a variety of potential with beneficial implements. It has
also been thoroughly researched and used in the creation of composites and

nanocompositest!?,
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Table 2.3. The overview of the CNTSs reinforced matrix materials improvements

Nanofiller Reinforcement Name of Improvement Reference
Fraction the Property Reported (%)
(wt.%)
DWCNTs 0.5 Tensile strength 8 71418
Tensile Modulus 15
MWCNTs 1 Tensile strength 100 75120
Tensile Modulus 100
4 Tensile strength 150
Tensile Modulus 294
SWCNTs 1 Tensile strength 25 762
Tensile Modulus 30
% Elongation 30
4 Tensile strength 23
Tensile Modulus 68
DWCNTs 0.1 Tensile modulus 6 77422
SWCNTs Tensile strength 30 818
Tensile Modulus 14
SWCNTs 0.5 Tensile Modulus 25 g2123
SWCNTSs Tensile strength 16 8314
% Elongation 25
SWCNTs Tensile strength 17
% Elongation 27
SWCNTSs 0.1 Tensile strength 11 84125
MWCNTSs Tensile strength 14
MWCNTs-L 1 %Elongation 57 85126
Impact strength 63
MWCNTs-H 1 %Elongation 33
Impact strength 84
MWCNTSs 0.3 Flexural strength 29 86?7
Modulus 8
% Elongation 89
MWCNTSs 0.5 Tensile strength 8 8712
1 Tensile Modulus 17
MWCNTS 0.5 Tensile Modulus 12 88128
MWCNTS 1 % Elongation 23 89130
Tensile Modulus 3

The effects of graphene platelets (GPLs) on the mechanical properties of epoxy
composites have been reported, revealing that a tensile strength improvement of
approximately 40% is possible due to the large surface area and unique surface
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characteristics of the graphene platelets®. The general comparison with regard to the effect
of Graphene on the mechanical properties of reinforced composites is given in Table 2.4.

Table 2.4. The overview of the graphene reinforced matrix materials improvements

Nanofiller Reinforcement Name of Improvement Reference
Fraction the Property Reported (%)
(wt.%)
Graphene 0.5 Tensile strength 18 2311
Graphene oxide 0.25 Tensile strength 36 6612
Graphene oxide 0.1 Tensile strength 25 67118
0.1 % Elongation 38
0.25 Tensile strength 46
0.25 % Elongation 70
0.5 Tensile strength 62
0.5 % Elongation 59
Graphene 0.1 Tensile strength 40 841%
Graphene 0.1 Flexural strength 10 9013
Flexural modulus 7
Graphene oxide 0.25 Tensile strength 32 9113
Flexural strength 85
Flexural modulus 65
Impact strength 103
Graphene-MH 0.1 Tensile strength 31 921%
Graphene-ME 0.1 Tensile strength 20
Graphene-MA 0.1 Tensile strength 16
Graphene-MH 0.3 Impact strength 89
Graphene-ME 0.3 Impact strength 27
Graphene-MA 0.3 Impact strength 22
Graphene-MH 0.1 Flexural strength 15
Graphene-ME 0.1 Flexural strength 16
Graphene-MA 0.1 Flexural strength 30
AE-Graphene 2 Flexural modulus 15 93136
Graphene oxide 1 Tensile strength 16 94137
1 Flexural strength 38
15 Tensile strength 46
15 Flexural modulus 48
f-Graphene 0.5 Tensile strength 38 95138
1 Tensile modulus 14
Graphene oxide 0.5 Tensile strength 6 97138
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2.3. Natural Fibers and Natural Fiber Nanocomposites

Natural fibres have attracted interest from industry and scientists due to their
specific properties compared to traditional synthetic fibres!4®. High strength, high
sustainability, biodegradability, low specific density and low cost are some of the unique
characteristics of these fibres. Besides these advantages, natural fibers are suitable
materials as reinforcements for polymer composites as they reduce tool wear. The general
advantages of bio composites reinforced with natural fibres as compared to composites

reinforced with synthetic fibres are shown in Table 2.5.

Table 2.5. The advantages and disadvantages of natural fiber composites over traditional

petroleum-based composites. (Source: Gholampour 2020%4%)

Advantages Disadvantages

Biodegradability poor resistance to flame

Lightweight Low moisture resistance

Cost-effective Low impact resistance

Sustainability Not suitable with a higher
processing temperature

Eco-friendly Variation in quality

Better thermal performance and Complex supply chain of natural

insulation fibers geographic locations and
availability

Low energy consumption /

Best alternatives for replacing /

synthetic fibers

Natural fibres are divided into three categories: animal fibres, vegetable fibres and
mineral fibres. There are four main classes of plant based natural fibres: seed (Cotton,
Coir and Kapok), leaf (Sisal, Agave, Pineapple and Abaca), bast (Kenaf, Ramie, Hemp,
Jute and Flax) and stem (Wood, Straw and Bamboo) Figure 2.4.
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Natural Fiber

Y \
Animal Vegetable/Plant Mineral
v
\ 4 \ 4 A4 Asbestos
Silk Hair Wool
v
Seed Bast Leaf Stalk
— | Cotton 5| Jute —» | Abaca —» | Wood
> Coir > Flax — | Sisal > | Bamboo
— | Loofah — | Hemp — | Banana —> | Straw
— | Milk weed —> | Kenaf — | Pineapple
— | Kapok —> | Ramie —> | Agave
—> Isora

Figure 2.4. Classification of natural fibres according to origin, with examples.
(Source: Rahman 2019%4?)

Flax fibre, which is one of the strongest candidates to replace synthetic fibres such
as glass fibre, is obtained from the plant stem, which is stronger than that of cotton®3.
They have better mechanical properties than synthetic fibres. For example, they have a
lower specific density and higher strength!**. Thermoplastic, thermoset, and
biodegradable flax fiber composites offer great mechanical characteristics!°. Flax fibres
are also suitable for using to produce natural fibre reinforced nanocomposites with
graphene nanofillers due to the low cost of producing and versatile processing routes. It
was also reported that flax/epoxy/graphene reinforced nanocomposites showed a 61%
increase in tensile strength compared to unfilled nanocomposites with increased flame
resistance?*®. Ramie is a green functional bast fibre that has fewer wrinkles, looks smooth

and offers increased absorbency and breathability. Before any useful industrial processing
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can occur, the ramie fibres' gummy components must be removed by degumming. It is
one of the most biodegradable natural fibres with high strength, antibacterial and fire
resistant properties'’. Ramie fibres are also suitable for use in nanocomposites with
CNTs to improve mechanical properties such as flexural strength. This can be increased
by up to 20.5% by adding 1.0 wt% CNTSs to the matrix!*®. Apart from flax and ramie, the
most commonly used natural fibres are cotton, kenaf, hemp, jute, sisal and bamboo. The

Figure 2.5 shows images of these natural fibres.

Figure 2.5. Images of the most widely used natural fibre. (Source: Hasan 2020%4°)

The hybridization of the fibres in reinforced polymer composites is another
method of mixing the positive properties of the two or more fibres by adjusting them layer
by layer for each fibre. It can offer great advantages by combining the most appropriate
properties of these different fibres to meet the requirements of the wide range of
applications in engineering structures. It can also reduce the cost and weight of
composites'®. In this context, hybridisation of natural and synthetic fibres is the most
popular approach to reduce cost and weight and to increase biodegradability and
sustainability. Hybrid ramie and carbon fibre composites are also investigated. The lay-
up configuration is compared in terms of flexural strength and modulus. It is found that
the use of carbon fibres in the outer layers results in higher flexural strength and modulus

of elasticity than that in the inner layer’®l. The manufacturing method and lay-up
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configurations of the Ramie/carbon hybrid composites in four different lay-up sequences
are also shown in Figure 2.6.

Ramie fabric

PETG sheet
Carbon fabric

8 MPa, 170°C, 8 min

8 MPa, 170°C, 8 min

by R/CFRP pregpreg

10 MPa, 170°C, 10min

[RR/CIC]s [R/CR/C]s
R R
R C o ——
C a—— R
C o—— C e ——
] ——
]
.
[C/R/CR]s [C/CRR]s
C — C
R C
C — R
R R Midplane
r
L
L A

R: Ramie fabric PETG: The polyethylene terephthalate glycol
C: Carbonfabric

Figure 2.6. Manufacturing process of the ramie / carbon hybrid composites in four distinct

layer sequences. (Source: Zhao'®?)

Hybrid natural/synthetic fiber-reinforced composites are increasingly attractive
for applications in the automobile, aerospace, transportation, and military sectors. The
flexural and impact strengths of hybrid carbon/flax, carbon/kenaf, glass/flax, and

glass/kenaf composite structures have been studied for these purposes. Among these
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combinations, the carbon/flax/epoxy composite demonstrates the highest flexural

modulus®®?.

2.4. Application of the Hybrid Composites, Natural Fiber Composites

and Nanocomposites

Nowadays, in aircraft, spacecraft, cars, helicopters, boats, sports equipment,
medical and construction structures, composite materials have a wide range of industrial
applications. The one of the most widespread applications are for composites are aircraft
materials because of its advantages to create structures with aerodynamic efficiency
together with the lower weight compared to conventional aircraft materials such as
aluminium, steel etc. The major parts of the world's most famous aircraft, the 787 and
A380, are made of composite materials. The details of the use of materials are shown in
the Figure 2.7 for the 787 and A380 models'®,

The use of natural fibre composites is increasing due to their relatively low cost
and environmentally friendly properties, despite their relatively poor mechanical
properties compared to synthetic carbon fibres, which are widely used in industrial
applications. In the automotive industry, for example, natural fibres such as flax, kenaf
and ramie are already being used in parts such as side panels, door panels, seat backs,
boot elements, bonnets, roof upholstery, centre consoles and interior parts that are of
secondary importance in terms of load-bearing capacity'>*%’. The natural fibres are also
employed in the aerospace and space industries for applications including secondary
parts, trunk load floors, interior fitting elements and satellite structures®-162,
Additionally, several prominent automotive manufacturers, including Bcomp, Porsche
Motorsport, Tesla, and McLaren, have successfully employed natural fibre-reinforced
composites in critical vehicle components!®3, In the Porsche 718 Cayman GT4 CS MR,
the natural fibres present in the vehicle's main body parts have been replaced with carbon
fibres. This substitution has been achieved through the utilisation of an autoclave process
Figure 2.8 (a). The cost savings and carbon foodprint reductions are provided at 30% and
75%, respectively. In the Tesla S P100D race car model, a weight saving of 500 kg on
body panels has been achieved through the utilisation of natural fibres Figure 2.8 (b). In

the McLaren F1 Racing car seats, natural flax fibre composites were replaced with carbon
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fibres, which have the advantage of providing five times better vibration absorption and

a reduction in cost by 30 per cent Figure 2.8c.

a)
Materials used in 787 body
Fiberglass M Carbon laminate composite Total materials used
M Aluminum [ Carbon sandwich composite By weight Other

Aluminum/steel/titanium

Steel 5%  Composites
10% 50%

Aluminum
20%

By comparison, the 777 uses 12 percent
composites and 50 percent aluminum.

b)

Model aeroplane
A380 composite components

Carbon fiber "
- Wing box Allerons sl:gm:::
|:|Aram|d fiber e
. Glass fiber stabiliser
outer boxes

DHybrid (carbon + glass)

Fixed leading-edge Keel beam

upper and lower panels
Pressure

bulkhead

Belly fairing
skins it -
it Trailing-edge upper
and lower panels
and shroud-box

Radome Spoilers

Main and centre
landing-gear doors

Main landing-gear

Nose landing-
leg-fairing door

gear doors Central
torsion box

Pylon
fairings

Figure 2.7. The material composition details of the commercial aircraft models the Boeing

787 and the Airbus A380 (Source: Etri 202415%)

Nanocomposites with carbon nanotubes and graphene nanofillers are developed
for extensive application fields such as aerospace, aviation, automotive application to
improve the material's durability, fatigue resistance, strength and toughness
propertiest®41%°  Synthetic and natural fibre/graphene nanocomposites are used for
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military applications such as interior parts of military vehicles, air and space platforms,
EMI shielding effects and personal protective equipment structural applications®6:167,

(©

Figure 2.8. (a) Porsche Motorsport 718 Cayman GT4 CS MR with full natural fiber body
kit, (b) Tesla race car S P100D showing a body made from natural fibers, (c)
McLaren F1 seat reinforced with BCOMP (Source: Elseify 20216%)

Carbon fibre/graphene reinforced nanocomposite panels are also used in NASA's
Space Launch System forward skirt structure!®® which is shown in Figure 2.9 (c). In a
further application related to graphene-based nanocomposites, the recent application of
carbon fibre/graphene nanocomposites to the main structures, parts and fuel tanks of the
Orbex Prime rocket, developed by the UK-based private company Orbes, represents a
significant advancement in the field of rocket technology (see in Figure 2.9 (a)'%°). The
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other current application of carbon nanotube (CNT) - reinforced nanocomposites is
mentioned by Lockheed Martin in relation to the F-35 Lightning Il model (Figure 2.9
(b)). It is proposed that CNT-reinforced thermoset epoxy composites will replace carbon
fibre composite structures for the F-35 wingtip fairings material®.

(b)

LOX Tank

Intertank

LH, Tank

Engine Section

Figure 2.9. Nanocomposite applications (a) carbon fibre/graphene nanocomposites
application on Orbex Prime rocket (Source: Scalia 2023'%°) (b) Lockheed
Martin F-35 Lightning Il (Source: Defence 2024'7°) (c) Nasa Space Launch
System and forward skirt structure (Source: NASA 2020''%)
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In relation to the utilisation of nanomaterials in the context of aerospace
structures, the National Aeronautics and Space Administration (NASA) has published a
series of roadmaps outlining the potential applications of carbon-based nanofillers. It is
stated that CNTs are an attractive material for the reduction of vehicle mass, the
improvement of damage tolerance and thermal protection'’?. In the case of solving
potential issues associated with the dispersion of the matrix material, the utilisation of

CNT will be a highly promising avenue for improvement of the aerospace structures.
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CHAPTER 3

MECHANICAL ANALYSIS

Composite laminates are composed of stacked layers of different composite
materials and fiber orientations. Composite laminates are designed with planar
dimensions that exceed their thickness. Composite laminates are often used in
applications where membrane strength and flexural strength are required. For this reason,
composite laminates are considered to be plate elements!’,

Analysis of composite plates can be classified as follows;

1. Equivalent single-layer theories (ESL) (2-D)

e Classical laminated plate theory

e Shear deformation laminated plate theories
2. Three-dimensional elasticity theory (3-D)

e Traditional elasticity approach

e Layer-wise theories
3. Multiple model methods (2-D and 3-D)

By making assumptions about the deformation kinematics or stress distribution
through the laminate thickness, the Equivalent Single Layer (ESL) panel theories are
derived from the 3-D elasticity theory. These assumptions are used to simplify the 3-D
problem to a 2-D analysis. In this thesis, ESL theories, specifically the Classical Laminate
Plate Theory (CLPT) and the First Order Shear Deformation Theory (FSDT), are used to
solve the problems in laminated composite platest’s.

The simplest ESL laminated plate theory is the classical laminated plate theory
(CLPT) which is an extension of the Kirchhoff (classical) plate theory to laminated
composite plate. The displacement field implies that straight lines normal to the xy-plane
before deformation remain straight and normal to the midsurface after deformation. The
kirchhoff assumption amounts to neglecting both transverse shear and transverse normal
effects deformation is due entirely bending and in-plane stretching®”3.

FSDT extends the kinematics of CLPT by incorporating transverse shear
deformation into its assumptions, where the transverse shear strain is considered constant
through the thickness. This inclusion relaxes the constraint of normality imposed by the
classical laminate plate theory. On the other hand, FSDT requires shear correction factors
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that are complex to determine for arbitrarily laminated composite panel structures. ESL
models, in addition to being relatively simple and cost-effective, often deliver sufficiently
accurate predictions of global responses in thin to moderately thick laminates, including
total deflections, critical buckling loads, and fundamental frequencies with their

corresponding mode shapes'”.

2 z
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Randomly
oriented
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Figure 3.2. lllustration of a unidirectional fiber-reinforced composite lamina, with the

inclusion of GPLs in the polymer matrix (Source: Georgantzinos 20218°)
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In this study, the vibration, buckling and stress-strain analysis are considered for
a laminated composite plate as shown in Figure 3.1 which is having length a, width b and
a total thickness of H in the x, y and z-direction, respectively. The composite plate is
composed of N lamina and each k" lamina is oriented at an angle 6k according to the
laminate coordinate x. At the mid-plane of the plate, z- axis which is normal to the mid-
plane coincides with the xy- plane. z = zx and z = zx.1 shows the vertical coordinates of
the top and bottom of the k™ layer.

Carbon nanotubes or graphene nanoplatelets and fibres as reinforcements with
different or the same volume fractions in each lamina are incorporated in the polymer
matrix of the laminated composite plate (see in Figure 3.2). Optimum design can also be
achieved by varying the fibre orientation angles, layer thicknesses and weight fractions

of nanofillers and fibres.

3.1. Laminate Constitutive Equations for CLPT and FSDT

The constitutive equations of CLPT and FSDT are given by combining here.
Consider a rectangular plate composed of N layers and each layer possesses a plane of
elastic symmetry to the x-y plane, constitutive equations of each k™ lamina can be written

asl73;

Oy -Qﬁ sz 0 0 0 | Ex
Oy Qf, Q% 0 0 0 &y
oyer=[0 0 Qk 0 0 [<Vay (3.1)
?Z 0O 0 0 Qk, 0 | [Nz
XZ | 0 0 0 0 Qé(s_ )/xz

where Qj* are the material constants in the material axes of the layer given as

) By
11 — (k) (k) (32)
(1 V12 V1 )
(k) (k)
k) _ ol _ _ V21 Ey (3.3)
12 12 :
(=)
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®)
®) _ E;

22 (1 _ v(k)v(k)) (3.4)
(k) G(k) (3.5)
(k) G(k) (3.6)
(k) G(k) (3.7)

where E1®, Ex® are the longitudinal and transverse moduli, vi2®, v21® are the Poisson’s
ratios, G12®, G»® and G13™ are the shear moduli of the k™ layer and ks is a shear

correction factor taken as 5/6 (for FSDT). The reduced stiffness Q¥ of the k" lamina can

be transformed to Q; j(k)as

[ Ox\ (k) _éfl é:{(z é{%

0 0 £
! Oy L é:{(z ng Qé‘s 0 0 J{ 8; \L
Oxy =[0Qf Q% Qf 0 0 17y
Oyz o o o Q& Qk% L””J
) lo 00 ok gkl

Where Q;® are the transformed material constants given as

_ﬁ) = ﬁ)cos"e + 2 ( 4 ZQ(R))smzecosze + Q22 sin*6

A _ (k) x) _
12 ( 11 T 0z

(k) = 0Wsin*6 + 2 (k) + ZQ(R) sin?0cos20 + Q9 cos*
11 22

Q(k)>sin29coszt9 + Qg) (sin*@ + cos*0)

"§’;) _ ( ﬁ)_ (") ZQ(""))sinecos30
(o
3% = (0 — 0% — 2% )sin%6cost

+(oF -
_é? _ ( (k)_l_Q(k) Q(k)

+ Qé (sin*0 + cos*0)

(k) + ZQ(k))sin3ecost9

(k) + ZQ )sin@cos39

Q(k))sinzé?cose

0% = % cos20 + Q¥ sin26

(3.8)

(3.9)
(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)
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_g;) = ( é’;) —Q ))cosesmH (3.16)

0% = ¥ cos26 + Q¥ sin26 (3.17)

In the Classical Laminated Plate Theory (CLPT), the terms Qi’é), i’;), _g;),

0y, and oy, are neglected because the shear strain terms y,,, and y,, are not considered.

Howevet, in the First Order Shear Deformation Theory (FSDT), these terms are included

in the stiffness matrices.
3.2. Classical Laminated Plate Theory

3.2.1. Vibration of the Simply Supported Composite Plate

For CLPT, the displacement field can be defined in the following form*3:

aw
u(x,y,z,t) =uy(x,y, t) — za—x0 (3.18)
adw,
v(x,y,2,t) = vo(x,y,t) — arm (3.19)
w(x,y,z,t) = wy(x,y,t) (3.20)

The displacement components u,, v, and w, represent the midplane (where z=0)
displacements for the plate. The governing equation for the free vibration of a symmetric

laminate can be expressed as follows!’3:

0wy 0wy wo
Dy4 et 2(Dyz + 2D66) %"y + Dy, 3y° + IyWo
(3.21)
| (i, 3% _
2\ 0x2 ay? )
where L 0%w,
Vo = = (3.22)

h is the total thickness of the laminate, t is time and p, is the mass density. I, and I, are

the moments of inertia written as
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N
Iy = z Po(k) (Zr+1 — Zx) (3.23)

N
1
L=5) Wt —2) (3:24)

A solution is assumed for the system,
Wn(t) = Wrgneiwt (3.25)

w represents the natural frequency. The boundary conditions for the simply supported

plate are given as

w=0atx=0w=0aty=0
M,=0atx=0,M,=0aty=0 (3.26)

Substituting Equation (3.25) into the Equation (3.21), it is found as

{D11a4 + 2(Dy; + 2D66)a2,32 + Dzzﬁ4 - w2[10 + (az + 32)12]}

(3.27)
X Wy sin(ax) sin(By) = 0

Since the Equation 3.27 must hold for every value of x and y (where 0 < x <aand
0 <y < b), it follows that the expression within the brackets must be equal to zero for

each corresponding value of m and n.

4 b\* 2
Winn = 1—07 ID11m4 (E) + 2(D;; + 2Dgg)m*n? (a) + D22n4l (3.28)
- MIT 2 Ny 2

When the rotary inertia I, is not considered, the resonant frequency of a

rectangular, specially orthotropic laminate can be written by the following expression®”3:
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4 4 2

T b
Winn = 107 lD11m4 (a) + 2(Dy; + 2Dgg)m*n® (E) * D22n4l (3.30)

the fundamental frequency is obtained when m = 1 and n = 1:

4 4 2

T b b
wt = Tob? IDu (E) + 2(D12 + 2Dgg) (E) + Dzzl (3.31)

3.2.2. Buckling of Simply Supported Composite Plates Under

Compressive Loads

As previously illustrated, the laminated composite plate is being supported along
all four edges and is now exhibiting orthotropic characteristics. The geometric dimensions
and fibre configuration of the plate are defined by four parameters: length (a), width (b),
total thickness (h) and fibre orientation angle (6) in the x, y, zand 1 directions, respectively
(Fig. 1). The composite plate is subjected to biaxial in-plane loads per unit length,
designated as Nx and Ny. For the purpose of this analysis, it is assumed that the composite
laminated plate is homogeneous in composition and that the layers have an identical

thickness.

Nx

Figure 3.3. Thin laminated composite plate subjected to biaxial in-plane loading



The governing equation for the buckling problem of the symmetric laminate can
be defined as follows!":

d*w 2w 2w
D14 £ + 2(D12 + 2Dg) 6x4—(3y4 + Dy, 6_)14

(w2, Sy, O
B *ox2 YV oyr Y oxdy

(3.32)

The deflection in the z-direction (denoted by w) is determined by the bending

stiffness Dij, as previously defined:

SR _ mnx _ nmy
w(x,y) = Z Z A Sin ——sin—=
m=1n=1 (3.33)

The boundary conditions for the simply supported plate are given as

w=0atx=0w=0aty=0

(3.34)
My=0atx=0,M,=0aty=0

In a specially orthotropic laminate, the fiber configurations consist solely of 0°
and 90° orientations. In this scenario, the stiffness matrix elements A, = Ay = B1g =
B,¢ = D1 = D, = 0. It is provided for a detailed explanation of the application of the
specially orthotropic case in composite laminates, particularly for buckling problems®’.
However, in cases where the laminated composite is not specially orthotropic, the
bending-twisting terms Dis and D2s will only be neglected only if non-dimensional

parameters satisfy specific conditions:

Yy <0.2,6 <0.2
(3.35)

-1/4 1/4

where Y = D16(D113D22) , 0 = D26(D11D223)—

(3.36)

40



The buckling load factor equation can be obtained as follows by substituting

Equation 3.33 into Equation 3.32 under the boundary conditions given in Equation 3.34

3.5173

~ m? [D11 (%)4 + 2(D13 + 2Dgg) (%)2 (%)2 + D, (%)4]

- M (), (B 4 M () (3) (337)

Here the applied loads are represented by N, and N,, the buckling load factor is
represented by A,and the integer values m and n correspond to various mode shapes.
Then, the buckling loads are defined as N, = N, 4, and N, = N,, 4,,. Using a suitable
combination of m and n, the lowest buckling load factor (1.,) can be computed as the
critical load factor. For the problems solved in this thesis, m and n are considered to be 1
or 2, and the smallest value among A,(1,1),1,(1,2),4,(2,1),4,(2,2) produces A,.

Furthermore, when unit loads are applied, the critical load equals to 4.;,.
3.2.3. Stress-Strain Analysis

The strain components at any point within the laminate that are in equilibrium

with the reference plane can be expressed as®®

Ex 8-7(5) Kx
[Sy]= &y [+z Ky] (3.38)
Yol iy

Kxy

The stress-strain relationship for the k™ layer of a laminated composite plate,
based on the considering the Classical Laminated Plate Theory can be written in the

following form:

Ox (211 (212 (216 ‘Sag Ky
[ay ] = 912 922 926 & [+ z| Ky ] (3.39)
Oxyly Q6 Q26 Ussl, V)?y Hxy x
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Here, [QU] ] and [k] represents the in plane elements of the transformed

reduced stiffness matrix under plane stress condition, the strains of midplane and
curvatures, respectively. The elements of transformed reduced stiffness matrix [Q;;] can

be calculated using the procedure previously described in this section.

(b}

Figure 3.4. Resultant forces and moments on a laminate.(Source: Kaw 2005%)

The moment resultants M,, M, and M,, and the applied normal-shear force
resultants Ny, N, and N, (per unit width) have the following relations on laminate

(Figure 3.4).

[Nx| [A1n Az Age £ Bi1 Biz Big][Kx
Ny [=1A1z Az Ays||éy |+|Biz Bz Bag|| kv

[Nxy| LA1e Aze Asel|yl,| 1Bis Bz Beel lxy

[Ny] [Bix Biz Biel[€x Di; D12 Dig][*x (3.40)
Ny | =|Biz By B26] [ y [+ |D1z2 D2z Dye|| ¥y

[Nxy| 1Bis Bas Bes Dis D26 Deel LKxy

It is possible to define the matrices [A], [B], and [D] given in Equations 3.41 and
3.42 as

Z[(Qu) (hi — 1) ,i=j = 12,6 (3.41)
k=1

n
1 o
B = EE [(Qu)], (R —hE_1),i=j =126 (3.42)
k=1
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el
Dy = 5;[(@]-)]4@ ~hy),i=) =126 (3.43)

The [A]matrix represents the extensional stiffness, relating in-plane forces to in-
plane strains. The [B]matrix denotes the coupling stiffness, linking forces to mid-plane
strains and moments to mid-plane curvatures. Finally, the [D] matrix represents the
bending stiffness, relating moments to curvatures®.

The expressions for stress and strain, based on the Classical Laminated Plate
Theory, can be formulated in the local coordinate system (1, 2). The relationship between

local and global stresses in an angled lamina can be expressed as follows®:
oy Ox
[02 ] = [T] [Uy ] (3.44)

Similarly, the local and global strains are related by the following equation:

&1 Ex
[52 = [R][T][R]! E;v] (3.45)
€12 Exy
where
1 0 O
[Rl=[0 1 0 (3.46)
0 0 2
and [T] transform matrix,
c? 52 2sc
[T]=]s%2 ¢%2 —2sc (3.47)
—sc sc c*—s?

where ¢ = cos 8, s = sin 0.

3.2.4. Tsai-Wu Failure Criterion

In accordance with the theoretical assumption, a failure scenario for Tsai-Wu

failure criterion is initiated when the following expression is validated®:.
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Fijo-io-j + Fio-i =IF

(3.48)
where IF is the indicator of failure.
(Fy01 + F,0,)(FoS)
+(F110% + F3502 + Feeti, — 2 F15000,)(FoS)? = 1 (3.49)
for solution of quatratic equation gives Factor of Safety(FoS):
1
Fos = —(vB% + 44 - B)
2A
A= F11012 + F22022 + Feesz — 2 Fyy0,0,
B = F101 + F20'2 (350)

The value of F12 can be determined through the implementation of a biaxial

tension test. In order to calculate this value, an empirical expression is put forth as
follows!™:

1 1
RCITRRC W
1
- (0'1T)ult(01c)ult
_ 1 1
T D | @
1

(O-g)ult (O-ZC)ult

1
Fi; =— E \ Fi1F5;

1

Fy

F =

F,

Fy, =

e (3.51)
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3.2.5. Driveshaft Problem

To analyse the behavior of the composite laminated driveshaft, the Classical
Laminate Theory (CLT) was selected as the appropriate methodology. A schematic view
of the shaft is presented below.

Figure 3.5. Composite cylindrical hollow shaft

The axial and hoop directions can be defined by the combined elements of the

matrix [A;;] and the total thickness, which are given respectively as follows **:

1 [ A%Z-
E 11 3.52
E - 1 -A %2-
h = _ 22 A | (3.53)

where A;4,A;, and A,, are the corresponding elements of matrix 4;;, t represents the
total thickness of the layers.

Once the applied torque exceeds the critical torsional buckling load T,,., an
orthotropic thin-walled hollow cylindrical shaft will begin to exhibit torsional buckling
behaviour®®,
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£\3/2
T., = (2rr2t)(0.272)(E,E3)Y/* <H) (3.54)

where 7,,,, is the mean radius of the cylinder.

It is seen that torsional buckling is proportional to E, 1/4 and E}, 3/4. It is apparent
that in order to increase the torsional buckling of the composite driveshaft, 90 degree
layers needs to be added.

The most important factor effecting the driveshafts in the dynamical engineering
system is natural frequency. Thus, the natural frequency needs to be greater than the
frequency of the vibration sources on the vehicle in order to prevent any negative effects
on NVH (Noise, Vibration, Harshness). Designers must design driveshafts with a higher
natural frequency (f;,) than the engine's vibration range because the combustion engine
is the main source of vibration in the vehicle. It can be expressed in terms of the following

equation®®:

W, L* (3.55)

where g = gravity acceleration, W,, = weight per unit length, | = moment of inertia, L =

length of the shaft. For the thin-walled tube, the moment of inertia can be given by

T

I =
4

(g =7 (3.56)
where ro and ri is the outer and inner radius of the driveshaft, respectively.

3.3. First-Order Shear Deformation Theory

The FSDT, based on the displacement relationship described in, is the other most

widely used theory:

u(x,y, z,t) = uy(x,y, t) + z¢,.(x,y,t) (3.57)
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v(x,y,2,t) = vo(x, ¥, t) + z¢,(x,y,t)

w(x,y,z,t) = wy(x,y,t)

where u, v and w are the displacements along to the (x, y, z) coordinates, Uo, Vo and wo are
the displacements for at a point on the mid-plane of the panel. ¢, and ¢,, indicate rotations
around the x and y axes, respectively. Using the relations between deformation and
displacement, bending and shearing deformations can be defined as

( Ouy  1/0wp\> )
ox 5(@) [ 0py
o [0 [ | 2 | | &
Eyy &yy &yy y 2\ 0y 0%y
Vyz}zwyz(o)>+z<yyz(l)>=< %Jr(l,y > + 74 68’ \
) IO L B - 0
Yxy' ) Wxy' ) s 0bx , 9%y
du, 0v, Owydw, \dy  Ox/
\ dy + 0x + dx dy )

(3.58)

The stress resultants (Ns, Ms and Qs) are related to the displacement gradients and
they can be expressed in terms of the displacements (uo, Vo, Wo) by the relations:

( duy 1 /0we\> )
WJ”E(W)
Niex A1 Az Age v 1 /0w 2
Nyy o =412 Az Azl 6_0+§(6_0)
ny A16 A26 A66 Y Y
6u0+6v0+awo adwy
\dy dx Jx 0y )
( 0y )
0x
Bi1 Biz Bie oy
+|B12 Bz Bl By g
Bis Bzs Bes P
0 Oy
\ dy 0x J (3.59)
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Mey) \Big Bag Begl| OV 230V
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( 0y
D D Dil| g,
+|D12 D2z Dig|5 W >
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aw, \
+¢
A4-4- A4-5 Y
{ } K[A45 Ass]iawo f (361)
7z T Px

where Ajj are called extensional stiffnesses, Djj the bending stiffnesses and Bij the bending-

extensional coupling stiffnesses. A, B and D are defined in terms of the lamina stiffnesses

~(k
Qi(j) as
N
Zk+1 ~ (k) 5 o
(Aij;Bij:Dij) = Zf Qij (1,2,z%)dz, (i,j - 1,2,6)
k=1 Zk
Zk+1
(A4, Ays, Ass) = J ﬂ?, i’;), (k)) dz, (i,j — 1,2,6)
=1"7Zk (3.62)

3.3.1. Vibration of the Laminated Composite Plate by Simply Supported

Boundary Conditions

The governing equation of laminated plate under mechanical loadings is derived

by using Hamilton’s principle as given:

T
0= f (8U + 8V — 6K) dt (3.63)
0



where U, V and K are the virtual strain energy, virtual work done and the virtual kinetic
energy by the mechanical forces of the laminated composite plate, respectively. After the
substituting mechanical loads equations and displacements into Hamilton’s principle and
applying Navier approach to the equations of motion, the analytical solutions can be

obtained as'’®

kiw kiz 0 kis ks Iy 0 0 0 0 Unn 0
kiz kay 0 kay kys 0 b, 0 0 O Vinn 0
0 0 ki3 kiy kss|—w?|[0 0 I, 0 O Win ¢ = { Omn
kis kas kzs kas kys 0 0 0 I, O Xmn 0
lk15 kys kss kus  Kss 0 0 0 0 I Yon 0
(3.64)
ki = Aja® + AgeB?
ks = k15
kyy = Agea® + Ay B?
for
kis = B11a® + BggB?, kis = (B1z + Bes)aP antisymmetric
kys = Bggt? + B, 82 cross-ply
f
kis = 2B1gaB, kis = Biga® + Byef3? } . or .
antisymmetric
kys = 2Byeaf angle-ply
kys = K(Assa® + A44B?), k3y = KAss @, k3s = KAy B
kyq = D13a® 4 DggB? + KAss,
kss = Dge@” + Doy % + kA yq.kys = (D12 + Dgg)aP
(3.65)

where k is the shear correction factor.

3.3.2 Buckling of the Laminated Composite Plate by Simply Supported

Boundary Conditions

For the buckling analysis of FSDT, it is assumed that the only applied loads are

the in-plane forced loads:

Ny = =Ny, Ny = —kN¢p, k=— (3.66)
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and all other mechanical and thermal loads are zero. It can be written from reference!®

as
k11 k12 0 k14 k15 Umn 0
ki koy O kas Kos|| Vin 0
0 0 S kss kss|{Win =1 CQmn
kis kaa kzs keg Kis| [ Xmn 0
kis kas kss kas  kssd \Ymn 0

(3.67)
where S = k33 — N,.(a? + kf?) . N, is the critical buckling loads.
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MATERIAL PROPERTIES

In this study, three-phase multi-scale carbon nanotubes (CNTSs) or graphene
nanoplatelets (GPLs) and fiber-reinforced polymer nanocomposites are considered as the
laminated composite materials. The approach focuses on improving the material's
mechanical properties by adding a small amount of nano-reinforcement. The multiphase
nanocomposite structures consist of isotropic matrix, nanoreinforcement (GPLs or CNTSs)
and fibers. Two different approaches are used to model matrix materials containing
randomly distributed nanofillers (GPLs or CNTSs), taking into account the presence or
absence of agglomeration, waviness and orientation effects. These approaches use the
Halpin-Tsai model and the modified Halpin-Tsai model. The Halpin-Tsai model, the
modified Halpin-Tsai model and the rule of mixtures are applied to derive the effective

material properties for the nano-reinforced matrix. The hierarchical process is shown in

Figure 4.1.

CHAPTER 4

Three-phase multiscale composite

Fiber

Two-phase nanocomposite

Matrix
Material

Halpin-Tsai model

Modified Halpin-Tsai Model

GNPs
CNTs

Figure 4.1. Hierarchy of the three-phase GNPs or CNTs/fiber/polymer multiscale
composites. (Source: Gholami 201877
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Figure 4.2. (a) Concept of multiscale graphene nano platelets and carbon nanotube

(b) reinforced polymer composites (Source: Rafiee 2018, Godara 2020178:17%)

Numerous investigations have been conducted to determine the effective material

properties of GPLs or CNTs reinforced laminates using micromechanical
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homogenization approaches®34. Initially, these approaches were applied to define the
effective material properties of two-phase fiber-reinforced composites 8. Subsequently,
the same methodology has been extended to obtain the effective material properties of
three-phase CNTs or graphene/fiber-reinforced laminates in various publications 177178,
The elastic constants of three-phase graphene/fibre reinforced composites are
determined using micromechanical equations. The multi-scale behaviour of both multi-
scale graphene nanoplatelets and multi-scale carbon nanotube reinforced polymer

composites is described in Figure 4.2 (a) and 4.2 (b).

4.1. Halpin-Tsai Model

4.1.1. Carbon Nanotube Reinforced Matrix

Using the Halpin-Tsai model, two-phase random CNTs-dispersed matrix elastic
properties can be defined using micromechanical equations. For two-phase CNTs
reinforced matrix properties, the CNTM index is used, where CNT stands for carbon
nanotube properties and M for matrix properties. The elastic modulus of the CNT

reinforced matrix can be written by3®

_Em|_(1+2BaaVenr 1+ 2(lenr/dent) BaiVenr
ECNTM —_ 5 + 3
8 1= BaaVenr 1—BaiVenr
(4.1)
where fad and far coefficients can be calculated by
By = (Ecnr/Em) — (dent/Atent)
da (Ecnr/Enm) + (denr/2tent)
4.2)
B = (Ecnr/Em) — (lent /4tent)
4 (Ecnr/Em) + (lent/2tent)
4.3)

where lenT, dent and tent are the parameters related to length, diameter and the thickness

of the carbon nanotubes, respectively.
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The Poisson’s ratio and the shear modulus of the CNT reinforced matrix are given

by
Ventm = Venr Venr + (1 = Venr) (4.4)
G _ Ecntm
cNTH 2(1 +venrm) (4.5)

The volume content of carbon nanotubes VCNT can be expressed in terms of the

weight fraction, denoted by WCNT, as follows:

v _ Went
Nt Went + (penr/pm) (1 — Wenr) (4.6)
pentm = Pent Vent + pu(1 — Venr) (4.7)

4.1.2. Three-Phase Fiber/CNTs Reinforced Matrix Composite

The elastic moduli and density of each ply for the three-phase laminate (Carbon
fiber/CNTs/matrix) are computed from the equations as given'’’;

Ei1 = Ep11 Ve + Ecnrm (1 = Vi)

(4.8)
VF 1 - VF

E,y = (—+ -V (1

2= Gt B
— V) UI%(ECNTM/EFZZ) + UENTM(EFZZ/ECNTM) - ZUFUCNTM)_l (4-9)

F VeEpz, + (1 = Vp)Ecnrm

o - (VF N 1-— VF)"l
12 GF GCNTM (410)
V12 = Vp Ve + venrm (1 = Vi) (4.11)

p = pr Ve + penrm(1 — Vi) (4.12)



4.1.3. Graphene Reinforced Matrix

Mechanical properties of graphene nanoplatelets reinforced matrix; Young's and
shear modulus, Poisson's ratio and density are computed by using micromechanical
equations shown in the equations®’. Young's modulus of the GPLs reinforced matrix can

be expressed in

(31 +&mVep | 514 $unwVerL
am = \g Q X Ey
8 1—nVepr 8 1—=muVepL

(4.13)
Here subscripts GPL, M and GM represent graphene nanoplatelets (GPL), the matrix (M)
and the GPLs reinforced matrix (GM). VgpL is the volume content of GPLs. Parameters
¢ and &y are corresponding properties of the length (IepL), the width (wepL) and the
thickness (hepL) of GPLs given by

(4.14)

and 7L, 7w can be calculated in terms of Young’s modulus EgpL Of the graphene

nanoplatelets and Em of the matrix as®’

/)~ 1
(Egp/Em) + 41

_ (EgpL/En) —1

Tw = (Egpr/Em) + éw

(4.15)

(4.16)

The volume content of graphene nanoplatelets can be calculated in terms of its
weight fraction WGPL as

Voo = WepL
LT Wepy + (PepL/pm) (1 — WgpL)

(4.17)

where pepL and pm shows the mass densities of graphene nanoplatelets and the polymer

matrix, respectively.
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Poisson’s ratio, shear modulus and the density of the graphene reinforced matrix can be

expressed as

Vem = VepLVepr + vm (1 — Vgpr)

(4.18)
_ Eem
Gepr = 20+ ve) (4.19)
pPem = PerrVepr + Pu(1 — Vipr) (4.20)

4.1.4. Graphene and Fiber Reinforced Matrix

In order to advance the mechanical properties of the composite, fiber
reinforcement is implemented to graphene reinforced matrix as unidirectional and
continuous. Young’s moduli, shear modulus, Poisson’s ratio and density of the

graphene/fiber reinforced nanocomposite are defined in the following form®’;

Ei1 = Ep11Ve + Egu(1 — Vi)

(4.21)
P <EF22 + Egu + (Epz — EGM)VF> (4.22)

22 M EFZZ + EGM - (EFZZ - EGM)VF .

Gio =Gi2=0G <GF22 + GGM + (GFZZ - GGM)VF>
12 187 M Groy + Gepr — (Grog — Gop)Vi (4.23)
Ey;

Goo = — 22 4,
237201 4 vy3) 424
Vi = Up12VF + vGM(]- - VF) (4 25)

1+ vgy + le'EGM
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p = prVe + peu (1 —Vp) (4.27)

Indications Gwm and F refer to graphene-reinforced matrix and fibers, respectively. Ve and

pr symbolise the fiber volume content and the density of fibers.

4.2. Modified Halpin-Tsai Model

4.2.1. CNTs-Reinforced Matrix Composite Model

Under the assumption of uniform dispersion of CNTSs in the polymer matrix, the
H-T model in equation estimates the Young's modulus of straight aligned CNT-reinforced
nanocomposites. Using the well-established H-T micromechanical model, the Young's
modulus of an aligned straight CNT-reinforced polymer nanocomposite can be predicted

as follows!8:

14+ 2R6V,
Em_cnt = Em( 1—8V = >
cnt

(4.28)
where R and § can be written as follows;
R = (ﬂ) 6 _ (Ecnt/Em) -1
dcnt ’ (Ecnt/Em) + 2R (429)

where Em, Ecnt, Vent, dent @and Lene Shows the elastic modulus of the matrix, elastic
modulus of CNTSs, volume fraction of CNTSs, outer diameter of the CNTs and length of
the CNTs, respectively.

On the contrary, assumptions related to uniform dispersion of CNTs into matrix
material are not easy for real applications due to the tendency of orientation, waviness,
and agglomeration for CNTs. Schematic drawings of the layer of the multi-scale CNTs
fibre reinforced nanocomposite can be seen in Figure 4.3.

In the modified H-T model, these effects are considered by using three critical
factors: waviness, orientation, and agglomeration to estimate mechanical properties more

realistically. Initially, the orientation factor is included in Equation 4.30 to describe the
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random orientation level of CNTs in nanocomposites ply*2. Equation can be rewritten

as;

_ (fREcnt/Em) -1

0= (fREcnt/Em) + 2R

(4.30)

Hybrid Matrix (Polymer + MWCNTSs)

Lt Lol Y ~ -

Unidirectional lamina

e SN >
CNT-Matrix + Fibers L . S
’ 7z ¢ o
’ s ¢ /
4 S o /
rd
- v 4 P’ & v &
~Fiber/’, / ,
’ ’ L 7 4
’ 4 ’ s ’ s
’ ’ Y L % 4
. 5’ 4 > 4 8
‘ 7 s 7 4 7,
’ v o ’ ’
. D’ G 5 0 Y L /’
> 2 o v 0 2L g
’ y . 7 r . -
’ 7z ’ ’ 7 7z’
Z Cn. s s SN S
’ - ’ ’
g & N \'/, NS \ Al ~
\ | 5 A Vo /‘, e
N, \s— \h— \§— -

Figure 4.3. Unidirectional fiber-reinforced composite lamina with MWCNT inclusion

(Source: Georgantzinos 20218?)

A CNT is assumed to be randomly oriented in two dimensions when its length is
larger than the sample thickness, which given as fr = 1/3, and randomly oriented in three
dimensions when its length is much smaller than the sample thickness, which given as
fr = 1/6. The orientation factor is assumed to be fr = 1/6 in this thesis problems.
Additionally, Equation (4.30) can be rewritten by including a waviness factor for CNTs

or MWCNTs into the matrix of nanocomposites.

_ (fRfWEcnt/Em) -1
(fRfWEcnt/Em) + 2R

5 (4.31)
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where the waviness factor fw can be written as Equation 4.32. It is assumed to be equal to
fw = 0.6. Here A and W can be obtained from the half-wavelength which given in Figure
4.4,

Figure 4.4. lllustration of the CNTs half-wavelength (Source: Georgantzinos 2021'?)

fw=1-(i7) (4.32)

The agglomeration effects can be added into equation by using an agglomeration
efficiency factor, fa. And by combining the parameters « and f related to degree of CNT
agglomeration, fa can be written in equation. For the problems in these thesis, the

a and g are assumed to be equal to 10 and 0.9, respectively.

_ (fRfoAEcnt/Em) -1

O = fwfaEone/Em) + 2R (4.33)

fa= exp(_avﬂcnt) (4-34)

The efficiency factors for multiphase fibre/CNT reinforced nanocomposite
structures can be modified to describe the material properties of the structures in
accordance with characterisation methods based on the factors of the nanocomposite
manufacturing process.

The shear modulus, Poisson’s ratio, density of the CNT-matrix can be written as
the following equations®.

G — Em—cnt (435)
moent z(vm—cnt + 1)
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Un—cnt = Um (4.36)

Pm—cnt = PentVene + PmVm (4.37)

where pent, pm, Vent and Vi are the densities of the nanotube and matrix, volume fraction

of the nanotube and matrix, respectively.

4.2.2. Fiber Reinforced Nanocomposite Lamina Constants

By using rule of mixture, unidirectional Young’s modulus (Er), density (pc) and
poisson’s ratio (v12) of the fiber/CNTSs reinforced lamina properties can be written as

follows®;

E, = Efo + Em—cntVim—cnt

(4.38)
Pc = Pfo + Pm-cntVm—cnt (4.39)
U1y = Ufo + Um—cnth—CTlt (440)

where pf, Vi and Vm.cnt the density of the fibers, volume fraction of the fibers and CNT
reinforced matrix, repectively.

For the Young's modulus E, Poisson's ratio vo3 and shear modulus Gi2 and Gzz,
semi-empirical models have been developed to obtain results that are closer to the
experimental results and more accurate than the rule of mixtures models. The equations

of the H-T semiempirical models can be written as follows;

P (1+&V;
Pm—cnt B < 1- T/Vf > (4'41)
_ (Pr/Procne) = 1 (4.42)

B (Pf/Pm—cnt) _’f

where P means the E», u23, G12 and Gzs of the fiber/CNTSs reinforced matrix properties.
Pm-cnt and # are also show the properties of CNT-matrix and experimental factor,
respectively. The reinforcing factor ¢ is defined according to geometry of fiber and
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packing and loading conditions. & = 2 for Ez and & = 1 for v23, G12 and Gzs for circular

fibres in a square pattern®®?,

4.3. Functionally Graded Graphene Reinforced Matrix

The other technique for creating composite plates reinforced with graphene is to
functionally grade the thickness of the plate using four different distributions, namely
UD, FG-V, FG-0, and FG-X. Figure 4.5 shows these distributions.

Figure 4.5. Geometry and coordinate system of the FG-GNPs composite plates.
(Source: Garcia Macias 201884

According to their distributions, the GNPs volume fraction VGNPs for an
individual layer can be expressed by following equations which is the function of the

thickness coordinate z 184

VepL(2) = Vgpy, (UD) (4.43)
21 z1\"

VepL(2) = (T) (k + DVgpy, (FG - X) (4.44)
K

Voro- (@) = (522) Gkt DVer, (FG =) (4.45)

ok
VepL(2) = (%) (k + DVgpy, (FG —0) (4.46)



where Vgpi, k and t refer to volume content of the GPLs, power law index and thickness
of the plate, respectively.

4.4. Eshelby-Mori Tanaka Model for Nanocomposite Structures

The effective mechanical properties can be estimated for a CNT reinforced
polymer by considering the aggregation of CNTs, which is done based on the Eshelby-
Mori Tanaka scheme?®, The volume fraction of CNTs can be calculated in term of mass

fraction of CNTs (wr) as follows:

F =
' 1+5—;(Wir— 1) (4.47)

And the volume fraction of polymer matrix can be obtained using the following relation:
E,=1-F (4.48)

The CNTs have a tendency to cluster together because of their low bending
stiffness (i.e., high length-to-diameter ratio and small elastic modulus in the radial
direction) and the interfacial bonding between CNTs and the polymeric matrix. As shown
in Fig. 3.4, some CNTSs scatter in the matrix in random directions, while the others appear
in the cluster form.

The effect of the CNTs agglomeration on the elastic properties of the randomly
oriented CNT-reinforced composites has been studied utilizing a two-parameter

micromechanics model as follows 186:
y= (4.49)

where V is the volume of the composite, Vin indicates the volume of clusters, Vr shows
the volume of the CNTs and Vr in stands for the volume of CNTSs in the clusters (the

agglomerated CNTs). 0 <pu<n <1 in which u<n = 1 indicates the complete agglomeration,
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p=mn = 1 shows the null agglomeration, and u<n < I implies the partial agglomeration

(Figure 4.6)

l
/| LN =
~ | \
/ ~ .\~
]~ N
CNTs Polymer

Cluster

Figure 4.6. Partial agglomeration of CNTs (Source: Yousefi 2020'¢°)

CNTs are orthotropic materials, but as they are randomly oriented in the polymer,
the CNT-reinforced matrix can be considered as an isotropic structure and its elastic

modulus (E"m) and Poisson’s ratio (v'm) can be calculated as 8°.

. _ 9KnGn
™ 3Ky + G, (4.50)
3K — 26,
e ZomT STm 451
Vm = 6K + 26, (4.51)

in which G, and K;;, shows the shear and bulk moduli, respectively, and can be calculated

based on the Eshelby—Mori-Tanaka scheme as follows ¢

()
* __ qrx K[)kut
( ,Ll) K;ut 3(1 - V;ut)
U (Gi*n _ 1)
G*
G = Gl |1+ ouL (4.53)

G, 8 —10v,,;
1+ - (=) Ty

out
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where the subscripts “in” and “out” imply the inside and outside of the clusters and in

which Gn and K specify the shear and bulk moduli of the isotropic matrix, respectively

and can be evaluated as 8¢

G = =
"2 ) e
Em
(4.55)

K,=-—D2
™31 - 2v,,)

where En and vm are the elastic modulus and Poisson’s ratio of the isotropic matrix,

respectively. Also K7, Gi,, Viue Kouer Gauer @, Br, 6r and gy are defined as follows 8°:

3Ky + Gp) + ke + L,

T 3G k)
(4.56)
1[4G,, + 2k, + 1, 4G,
=51 3G 1k) TG+
m T m pT
N 4G, (3 K,y + 4 Gpp)
G,n,(3K,, + G,,) + m,.(3K,,, + 7G,,,)
(4.57)
1 2k, + L,)(BK,, + G, — 1)
(Sr—gnr-l‘er‘l‘ Gm+kr
(4.58)
1(2 8Gmpr (Zkr - lr)(ZGm + lr)
Ny == _(nr_lr)‘l'
513 Gm + Dy 3(Gy, + k)
N Am, G, (3 K + 4 Gy
3K,,(m, + G,,,) + G, (G,, + 7m,.)
(4.59)
_ nEﬂ(Sr B 3Kmar) ]
K: =K
m = ¥ 3l E (@, — D]
(4.60)
[ nEﬂ(Sr - 3Kmar) ]
G =G
m = &m0 (e, — D)
(4.61)
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S 3Kgut - ZG;ut
T 6Ky + 2Gay

1—n)FE(5, — 3K
Kgutsz+l ( n) T( r mar) l

3[1—pu+ (1A -mk(a,—1)]

(1 - n)Fr((Sr - 3Gmar) l

Gout = G + [3[1 —u+A-nE@B—1)]

(4.62)

(4.63)

(4.64)
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CHAPTER 5

OPTIMIZATION

Optimization can be identified as mathematical process used to form the best
design or favourable designs by minimizing or maximizing defined single or multi-
objectives that fulfill all the constraints. Optimization is frequently used in engineering
problems such as weight, cost, vibration, buckling and failure. In such problems, single
and multi-objective optimization approaches are utilized to obtain desired design of
structure. In single-objective optimization approach, design and optimization problem
comprise of a single-objective function, constraints and bounds. Nevertheless, the design
and optimization of the engineering structures need to be maximized and / or minimized
often conflicting more than one objectives, simultaneously*®. In this situation, multi-
objective approach is used and Pareto optimal solutions are gained. In this approach, it is
not possible to obtain the best solution for all objectives, thus only one solution is selected
from the set of solutions for practical engineering usage'®’.

As design and optimization problems of laminated composites include
complicated, highly nonlinear functions, they are unsolvable by the traditional
optimization methods. In this situation, the use of stochastic optimization methods such
as DE, NM, SA and GA are preferred.

Wolfram Mathematica is one of the most important commercial software used to
solve composite design and optimization problems. For solving optimization problems,
the software includes stochastic methods such as Differential Evolution (DE), Nelder
Mead (NM), Random Search (RS) and Simulated Annealing (SA). All of these methods

are being utilized by researchers in the design and optimization of composite structures.

5.1. Single-Objective Optimization

Single-objective optimization approach comprises of objective function, design
variables, constraints and bounds of constraints. In this study, the problems that are solved
using single-objective optimization approach are expressed as follows

Minimize: f(6,, 05, ..., 6, )
such that: h;(64,6,,..,6,)=0,i=12,..,7r
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9j(01,65,..,0,) =0, j=12,..,m

0L <6,,0,,..,0, <6Y
where f is objective function, 8,,6,, ..., 8, n are the design variables and h, g are the
constraints of the problem. Here, 8L and 8Y show lower and upper bounds. In design and
optimization of composite structure problems; stiffness, mass, strength, displacements,
thickness, vibration frequencies, buckling loads, residual stresses, cost and weight are
utilized as objective functions 7. In this thesis, fundamental frequency is taken as

objective function of the single-objective optimization problems.

5.2. Multi-objective Optimization

A multi-objective optimization problem can be expressed as follows:
Minimize: f,(64, 64, ..., 0, ), (01,05, ... 6,), ..., f:(61,6,, ...,0,)
such that: h;(0,4,0,,...,6,) =0, i =1,2,...,r
9j(61,65,...,0,) =0, j=12,..,m
0t <0,,0,,..,0, <0Y
where fi, f5, ..., f denote the objective functions to be minimized simultaneously®. On
the contrary to the traditional multi-objective optimization approach, the usage of penalty
function formulation may be appropriate because of its advantage of turning constrained
optimization problems into the unconstrained ones and thanks to this, it can be applied
to the problem by any of the unconstrained methods. In this thesis, penalty approach based
on multi-objective optimization is considered to maximize the fundamental frequency

and minimize the cost, simultaneously.

5.3. Stochastic Optimization Algorithms

Optimization methods can be categorized as traditional and non-traditional.
Traditional methods, such as Lagrange Multipliers and Constrained Variation are
analytical and find the optimum solution of only continuous and differentiable functions.
Because composite design problems usually have discrete search spaces, the traditional
optimization methods cannot be utilized. In these cases, the usage of stochastic
optimization methods such as Simulated Annealing (SA), Genetic Algorithms (GA),
Differential Evolution (DE) and Nelder-Mead (NM) are appropriate. A detailed

discussion of different optimization methods is expressed in'® for general application of
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engineering and in Gurdal et al.'® for composite design problems. In this thesis, DE, NM,
RS and SA methods are used for defined optimizations problems of laminated composites
and steps of the algorithms are briefly explained in the following subsections. Related

parameters of the algorithms are listed in Table 5.1 used in adjusting the options correctly.

Table 5.1. Three optimization methods options (Source: Rao 1999188)

Options Name DE NM SA

CrossProbability 0.5 - -

RandomSeed 0 5/1/2/5 0
ScalingFactor 0.6 - -
SearchPoints - - 1000
Tolerance 0.001 0.001 0.001
ContractRatio - 0.5 -
ExpandRatio - 2.0 -
ReflectRatio - 1.0 -
ShrinkRatio - 0.5 -
Levellterations - - 50

PerturbationScale 1.0

5.3.1. Differential Evolution Algorithm

Differential Evolution (DE) is a stochastic optimization method which permits
alternative solutions for some of the complex composite design and optimization
problems such as increasing frequency and frequency separation and obtaining
lightweight design. Differential Evolution algorithm includes the following main stages:
initialization, mutation, crossover and selection as shown in Figure 5.1. The optimum
results of the algorithm change with the parameters: scaling factor, crossover and
population size. Detail description of the DE can be found in**°. DE always considers a
population of solutions instead of a single solution at each iteration and is also
computationally expensive. It is relatively robust and efficient in finding global optimum
of the objective function. However, it is not guaranteed to find the global optima.

The first step of DE optimization process is Initialization. There are several

approaches to populate the initial generation. Random generation is widely used approach
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for solution. In this step, the algorithm maintains a population of r points, {xi,
X2,...,Xk,...,Xr}, Where typically r>m, with m being the number of variables.

In second step, Mutation, a genetic operator that maintains the genetic variety
from one generation of a population to the next generation. In mutation process, the
solution can different from the previous solution and thus better solution can be gained.
In third step, Crossover is used to obtain a richer population. Genetic diversity is
encouraged by the interchange of genetic material between chromosomes and then, the
gene strings of the related chromosomes are split at the same point in the parents and two
parents create a child. Finally, the last step selection is applied and the new individual is

added to the new population8%191:192,

Initialization ———— Mutation —»  Crossover ———» Selection

No

Convergence ? Stop

Figure 5.1. Flowchart of the DE algorithm (Source: Vo-Duy 2017%°)

5.3.2. Nelder-Mead Algorithm

The Nelder—Mead (simplex search) algorithm is a traditional local search method
designed by Nelder and Mead (1965) firstly for unconstrained optimization problem?’.
Although Nelder—Mead is not a global optimization algorithm, it is inclined to work fairly
well for problems which do not have many local minima in practical usage. The
adjustment of the algorithm options is controlled by four basic procedures: reflection,
expansion, contraction and shrinkage. One of the characteristic properties of the
algorithm is that NM often gives considerable improvements in the first few iterations
and rapidly generates quite adequate results. Moreover, the method usually needs
only one or two function evaluations per iteration, apart from shrink transformations,
which are notably rare in practice. This is very important in applications that each function
evaluation is very expensive or time-consuming. Furthermore, the simplex can vary its

orientation, size and shape to adapt itself to the local contour of the objective function,
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hence NM has high flexibility in exploring difficult domains 4. The main steps of the
algorithm are given in Figure 5.2.

Generate a new simplex €—

l

Reflection or expansion or
contraction

No

Sufficient
progress ?

Substitute one

Shrink .
point

Minimum
attained ?

Figure 5.2. Flowchart of the NM algorithm (Source: Reza 20111%)



5.3.3. Simulated Annealing Algorithm

One of the most popular random search methods is SA. It is based on the physical
process of annealing, that a metal object is warmed up to a high temperature and permit
to cool slowly. The melting process lets the atomic structure of the material to pass to a
lower energy condition, hence that becoming a tougher material. From the view point of
optimization, in SA algorithm, annealing process lets the structure to get away from a
local minimum, and to explore and settle on a better global optimum point. The main
advantage of SA is that that it enables to solve various optimization problems such as
continuous, discrete or mixed-integer. In the working phase of this method, a new point
is randomly produced at each iteration and when all stopping criteria are fulfilled the
algorithm stops.

The space of the new point from the current point or the extent of the search is
based on Boltzmann’s probability distribution. The distribution implies the energy of a
system in thermal equilibrium at temperature “7"”. Boltzmann’s probability distribution

can be expressed in the following form *88:

P(E) — e—E/kT (41)

where P(E) represents the probability of achieving the energy level E, k is the
Boltzmann’s constant, and T is temperature. In order to follow the procedure of the

algorithm easily, the flowchart of a SA algorithm is presented in Figure 5.3.
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Generate
a new solution

No

Initial solution

Evaluate the
solution

Accepted ?

Update the
current solution

Change
temperature ?

Decrease
temperature

Terminate

the search ?

Final solution

Figure 5.3. Flowchart of the SA algorithm. (Source: Pham 20121%)
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CHAPTER 6

VIBRATION PROBLEMS

6.1. Benchmark Problems

In this study, the non-dimensional natural frequencies of three-phase
graphene/fiber-reinforced composite laminates have been maximized by using a number
of design variables and then compared with optimum results from the literature for
different problems. The objective functions of the problems are fundamental frequencies.
There are two main optimization problems which are included in different design
variables in this study. In the first problem, distributions of GPLs (Graphene Nano
Platelets) are taken as design variables for fiber reinforced plates having uniform layer
thicknesses. The total weight of GPLs is defined as a constraint. In the second problem,
distributions of the GPLs and volume fraction of the fibers for each layer are used as
design variables. The total volume content of fibres as well as the weight content of GPLs
and the volume content of fibres in individual layers are utilized as constraints in the
optimization problem.

The material properties and dimensions of the graphene nanoplatelets used in the

benchmark problems is given in Table 6.1.

Table 6.1. Material Properties of the GPLs, matrix, flax carbon and glass fibers®":3?

Material Eur E2 G2 V12 Density Cost
(GPa) (GPa) (GPa) (kg/m®) (%)
GPL 1010 1010 425.80 0.186 1060 450
Matrix 3 3 1.119 0.34 1200 10
Carbon Fiber 263 19 27.60 0.20 1750 28
Flax Fiber 70 70 29.58 0.183 1400 0.5
Glass Fiber 72.4 72.4 30.66 0.20 2400 2

For the dimensions of the GPLs, lgpL = 2.5 pm, wepL = 1.5 um, hepr = 1.5 nm are used.
In order to compare the results in all problems, the non-dimensional form of the

fundamental frequency Q is defined as
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Q=wD [— (6.1)

6.1.1. Problem B1

In problem B1, non-dimensionalized natural frequencies of the fiber-reinforced
nanocomposite plates are maximized by using different stochastic algorithms
(Differential Evolution Algorithm, Simulated Annealing Algorithm and Nelder Mead
Algorithm) under the simply supported boundary conditions. The objective function is
defined as non-dimensionalized natural frequency Q included weight content (WgpLi) of
the GPLs for each layer and its sequences as design parameters. The aim of the problem
is to compare present optimization results of the Differential Evolution Algorithm
solution with results for same problem from the literature. There are two different
stacking sequences used in the problem 1, [0/90/0/90] anti-s and [90/0/90/0] s. The laminate
is composed of N=8 layers and the thickness of each ply is 12.5 mm.

Problem 1 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q ;0. ( WgpL)
e Constraints: % >8  WepLi < Weprmax» Wepri = 0

Symmetric & Balanced weight fraction of GPLs sequences;
[WepL1/WepL2/WepLs/WepLals
t=12.5 mm, N= 8 ply, Wsprmax=1.25%, 1 < Qmax / Qo

In the definition, Qo, Wgpr; and Weprmax Shows the non-dimensionalized
frequency with uniform graphene weight equal to 1.25% in all layers, weight of graphene
platelets for the i layer and maximum graphene weight for the laminate.

In the results of problem 1, the optimization problems for maximum fundamental
frequencies of graphene/fiber reinforced plates are solved by using the Differential
Evolution Algorithm. As shown in Table 6.2, there is good agreement between the
optimum solution results of the present solution and solution available in the literature®’.
In Table 6.3, the design efficiency parameters are calculated to determine how the natural
frequency is affected by the optimum sequence of the weight content of GPLs.

As a result of the computation for design efficiency factors, It can be seen that

optimizing the added amount of the GPLs for each layer is provide a better solution than
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adding an equal amount of GPLs to each layer. Therefore, in optimum design problems
of the fiber and nano reinforcement composites, using the weight content of the GPLs as

design variables might enhance the vibration behaviour of the structures.

Table 6.2. Comparison of optimum results for non-dimensionalized frequencies Q of
graphene/fiber reinforced nanocomposite plates, (for simply supported

boundary condition with aspect ratio a/b=1)

Stacking Fibre Optimal WepL per layer Optimal WerL per layer Qnmax Qmax
Sequence Content [Present] 87 [Present]
[0/90/0/90] Glass [0.0476/0.0024/0/0]s [0.048/0.0022/0/0]s 01749  0.1766
anti-s 30%
Glass [0.0360/0.0140/0/0]s [0.036/0.014/0/0]s 01762  0.1774
60%
[90/0/90/0]s Glass [0.0479/0.0021/0/0]s [0.049/0.0017/0/0]s 0.1750 0.1767
30%
Glass [0.0359/0.0141/0/0]s [0.036/0.014/0.0001/0]s 01762  0.1774
60%
[0/90/0/90] Carbon [0.0467/0.0033/0/0]s [0.047/0.003/0/0]s 02019  0.2045
anti-s 30%
Carbon [0.0332/0.0132/0.0036/0]s  [0.033/0.013/0.004/0]s 0.2202 0.2254
60%
[90/0/90/0]s  Carbon [0.0466/0.0034/0/0]s [0.047/0.003/0/0]s 02013  0.2068
30%
Carbon [0.0341/0.0120/0.0039/0]s  [0.034/0.012/0.004/0]s 0.2223 0.2275
60%

Table 6.3. Comparison of design efficiency factors (Qmax / Qo ) of the optimum design
for graphene/fiber reinforced nanocomposite plates, (for simply supported

boundary condition with aspect ratio a/b=1)

Stacking Fibre Optimal WeeL per layer Optimal WeeL per Qmax/ Qo Qmax /
Sequence Contents [Present] layer 37 [Present] Qo ¥
[0/90/0/90] Glass [0.0476/0.0024/0/0]s [0.048/0.0022/0/0]s 1.200 1.196
anti-s 30%
Glass [0.0360/0.0140/0/0]s [0.036/0.014/0/0]s 1.094 1.091
60%
[90/0/90/0]s Glass [0.0479/0.0021/0/0]s [0.049/0.0017/0/0]s 1.200 1.196
30%
Glass [0.0359/0.0141/0/0]s [0.036/0.014/0.0001/0] 1.094 1.090
60% s
[0/90/0/90] Carbon [0.0467/0.0033/0/0]s [0.047/0.003/0/0]s 1.123 1.108
anti-s 30%
Carbon [0.0332/0.0132/0.0036/0]s  [0.033/0.013/0.004/0]s 1.034 1.033
60%
[90/0/90/0]s Carbon [0.0466/0.0034/0/0]s [0.047/0.003/0/0]s 1.112 1.108

30%

Carbon [0.0341/0.0120/0.0039/0]s  [0.034/0.012/0.004/0]s 1.035 1.034
60%




The other significant result observed in problem B1, present optimization
problems results demonstrate that the Differential Evolution algorithm and present
analytical solution method can be utilized efficiently in order to make the optimum design

of GPLs/fiber reinforced nanocomposites problems.
6.1.2. Problem B2

In Problem B2, non-dimensionalized natural frequencies of the fiber reinforced
nanocomposite plates are maximized by using Differential Evolution Algorithm for the
simply supported boundary conditions. The objective function is defined as non-
dimensionalized natural frequency Q included weight content sequences (WerLi) of the
GPLs as well as fiber volume content of each ply (VF) as design parameters. The aim of
the problem is to compare present optimization results of the Differential Evolution
Algorithm solution with results for same problem from the literature. There are two
different stacking sequences used in the Problem 1, [0/90/0/90]anti-s and [90/0/90/0]s. The
laminate is composed of N=8 layers and the thickness of the each ply is 12.5 mm.

Problem 1 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q 00 ( Wepr, Vr)
e Constraints: % >8  Wepri < Weprmaxs Wepri = 0,
=221 Vit < Vimax, Vi 2 0
Symmetric weight fraction of GPLs sequences;
[WepL1/WepL2/WepLs/WepLals
Symmetric volume of fiber sequences;
[Ve1/VE2/VE3/Vrals: Vemax = 30%,
t=12.5 mm, N=8 ply, W¢prmax=1.25%, 1 < Qmax / Qo
In the definition, Qo, Wepri :\Weprmax aNd Vema, Shows the non-dimensionalized
frequency with uniform graphene weight equal to 1.25% in all layers, weight of graphene
platelets for the it layer, maximum graphene weight for the laminate and maximum fiber
volume content of the laminate equal to 30%, respectively.
In Table 6.4, the whole of the results of Problem 2 shows that the present
analytical solution and Differential Evolution Algorithm as optimization method provide

the same solution for maximizing the fundamental frequencies of graphene/fiber
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reinforced plates in case they are compared with the study in the literature. Besides,
optimizing fiber volume content in addition to the weight fraction of the GPLs at each
layer delivers the increment in the design efficiency factor considering the Problem B1
results. The other outstanding result that the amount of the volume fraction and weight
fraction of GPLs give a more increase in natural frequency in the case of arrangement
with the high quantity at the top and bottom layers.

Table 6.4. Comparison of optimum results for non-dimensionalized frequencies Q and
design efficiency factors (Qmax/€20) of GPLs/fiber reinforced nanocomposite
plates, (Maximum fundamental frequencies with two design variables
subjected to Stacking sequences [0/90/0/90]s with aspect ratio a/b=1)

Fiber Results  Optimal WepL per layer Optimal Vs per layer — Qmax Qmax /Qo

Carbon  Present [0.0416/0.0084/0/0]s [0.46/0.74/0/0]s 0.2237 1.244
Ref ¥ [0.042/0.008/0/0]s [0.4/0.6/0.1/0.1]s 0.2209 1.192

Glass Present  [0.0347/0.0153/0/0]s [0.6/0.4/0.1/0.1]s 0.1852 1.271
Ref % [0.035/0.015/0/0]s [0.6/0.4/0.1/,.1]s 0.1864 1.262

6.1.3. Problem B3

In Problem B3, three different stochastic optimization methods (Differential
Evolution Algorithm, Simulated Annealing Algorithm, and Nelder Mead Algorithm)
have been utilized in order to maximize the non-dimensionalized natural frequencies of
the fiber-reinforced nanocomposite plates with the simply supported boundary
conditions. The objective funtion is defined as non-dimensionalized natural frequency Q
included weight content (WgpLi) of the GPLs for each layer and its sequences as design
parameters. The objective of the problem is to make comparisons of present optimization
results for DE, SA, and NM algorithm solutions with results from the literature for the
same problem utilizing SQP. There are two different stacking sequences used in the
Problem 1, [0/90/0/90]anti-s and [90/0/90/0]s. The laminate is composed of N=8 layers and
the thickness of the each ply is 12.5 mm.

Problem 1 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q ax( WepL)

inter 1 V8
e Constraints: E Zi:l WGPLi < WGPLmaxi WGPLi >0
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Symmetric & Balanced weight fraction of GPLs sequences;
[WepL1/WepL2/WepLs/WepLals
t=12.5mm, N=8 ply, Weprmax=1.25% , 1 < Qmax / Qo
Algorithms: DE, SA and NM

In the definition, Qo Wgpy; and Weprmax Show the non-dimensionalized

frequency with uniform graphene weight equal to 1.25% in all layers, weight of graphene

platelets for the i layer and maximum graphene weight for the laminate.

Table 6.5. Comparison of optimum weight fraction sequence results for non-

dimensionalized frequencies Q of graphene/fiber reinforced nanocomposite

plates, (for simply supported boundary condition with aspect ratio a/b=1)

[Differential [Nelder Mead] [Simulated SQP Algorithm
Evolution] Annealing]
Case Vi Optimal WepL Optimal WepL per Optimal WepL Optimal WepL
per layer layer per layer per layers’
[Present] [Present] [Present]
a Glass [0.048/0.002/0/0]s [0.048/0.002/0/0]s [0.0346/0.0121/0.003 [0.048/0.0022/0
30% /0]s /0]s
Glass [0.0359/0.0141/0/0]s [0.0359/0.0141/0/0]s [0.0299/0.015/0.0033 [0.036/0.014/0/
60% /0.0011]s 0]s
b Glass [0.0482/0.0018/0/0]s [0.0482/0.0018/0/0]s [0.0368/0.0089/0.0018  [0.049/0.0017/0
30% /0.0012]s /0]s
Glass [0.0359/0.0141/0/0]s [0.0358/0.0142/0/0]s [0.0262/0.0186/0.0051  [0.036/0.014/0.
60% /0.0001]s 0001/0]s
a Carbon [0.0467/0.0033/0/0]s [0.0467/0.0033/0/0]s [0.0351/0.0137/0 [0.047/0.003/0/
30% /0.0011]s 0]s
Carbon [0.0332/0.0133 [0.0355/0.0145/0/0]s [0.0263/0.0105/0.0115  [0.033/0.013/0.
60% /0.0035/0]s /0.0017]s 004/0]s
b Carbon  [0.0466/0.0034 [0.0465/0.0035/0/0]s [0.0332/0.0156/0.0001  [0.047/0.003/0/
30% /0/0]s /0.0007]s 0]s
Carbon  [0.0341/0.012 [0.0365/0.0135/0/0]s [0.0272/0.0127/0.0087  [0.034/0.012/0.
60% /0.0039/0]s /0.0005]s 004/0]s

a=[0/90/0/90] anti-s, b=[0/90/0/90]s

In the results of Problem B3, the Differential Evolution, Simulated Annealing, and

Nelder Mead Algorithms are utilized to solve the optimization problems for maximum

fundamental frequencies of graphene/fiber reinforced plates. The optimal solutions of the

present and the results that are already available in the literature are in good agreement,

as demonstrated in Table 6.5 and Table 6.6. It is clear that three different algorithms, DE,

NM, and SA, are capable of achieving precise designs for the multiscale nanocomposite

plate optimization problems.
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Table 6.6. Comparison of design efficiency factors (Qmax / Qo ) of the optimum design
for graphene/fiber reinforced nanocomposite plates, (for simply supported

boundary condition with aspect ratio a/b=1)

Algorithms DE NM SA SQP
Stacking  Fibre Qmax Qnax Qnax Qmax®’
Sequence Contents [Present] [Present] [Present]
a Glass 30% 0.1750 0.1750 0.1713 0.1766
Glass 60% 0.1762 0.1762 0.1748 0.1774
b Glass 30% 0.1753 0.1753 0.1709 0.1767
Glass 60% 0.1762 0.1760 0.1745 0.1774
a Carbon 30% 0.2016 0.2016 0.1991 0.2045
Carbon 60% 0.2223 0.2219 0.2209 0.2254
b Carbon 30% 0.2013 0.2013 0.1984 0.2068
Carbon 60% 0.2223 0.2217 0.2211 0.2275

a=[0/90/0/90] anti-s, b=[0/90/0/90]s

Additionally, the optimum results show that the amount of weight fraction of the
GPLs changed according to fiber volume fraction and fiber orientation angles. Therefore,
combining the weight content of the GPLs and stacking sequences of the fiber orientation
angles as design variables may improve the vibration behavior of the structures in
optimum design issues of fiber and nano reinforcement composites. Finally, the DE, SA,
and NM algorithms provide different configurations for the three-phase multiscale

composite problem, thereby approximating the same level of optimal natural frequency.

6.1.4. Problem B4

In Problem B4 the comparison of the present analytical method and Finite element
method (Autodesk Inventor NASTRAN) solutions are carried out with benchmark
problem results from published literature®®. There are two main problems in this part to
validate non-dimensional fundamental frequency of the present method and NASTRAN
with numerical and ANSYS commercial software from the literature for two-phase e-
glass fiber reinforced composite and e-glass fiber/carbon nanotubes (CNTSs) reinforced
nanocomposite. The description of the problems are given in Table 6.7. The material

properties are given in Table 6.8.
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In Problem B4.1, fundamental frequency of zero content of CNTSs, only glass fiber
reinforced plate is calculated for three different stacking sequences. In Problem B4.2, the
same fundamental frequencies are calculated for multiphase E-glass fiber/CNTs
reinforced nanocomposite plates with constant volume fraction of fiber content and

weight content of CNTSs in each layer with four different stacking sequences.

Table 6.7. General description of benchmark Problems B4

Reinforcement Weight Content of Carbon Glass Fiber Methods
Nanotube for plies
Problem B4.1 Zero Present CLPT
FEM
Problem B4.2 Constant Present CLPT
FEM

The non-dimensional form of the fundamental frequency w;, is defined as @

expressed in Equation (6.2):

@ = wy14/ph/Dy

(6.2)
E11H03
Dy =<
12(1 - vp)
where Do, p and h are the flexural rigidity, density and thickness of the plate.
Table 6.8. Material properties of the CNTSs, matrix, glass fibers®
Material E1 (GPa) G12(GPa) V12 Density(kg/mq)
Carbon nanotubes 640 E1/(2(1+V)) 0.27 1350
Matrix 3.5 E1/(2(1+V)) 0.35 1200
Glass Fibers 724 Ei/(2(1+V)) 0.20 2400

For the CNTSs, lent = 25um, dent = 1.4nm, tent = 0.34nm are used.

6.1.4.1. Problem B4.1

In Problem B4.1, the verification of the analytical method of solution in Wolfram
Mathematica programming code is presented with analytical and numerical results from

published literature.

80



Four-node shell elements have been used in the commercial software Autodesk
NASTRAN based on the plate theory. These results are also compared to the numerical
results obtained by using the commercial finite element software NASTRAN. For the
presented simulations, the material properties are specified as E11 = 60.7GPa, E» =

24.8GPa, G12 = 12.0GPa and vi» = 0.23 for E-glass/epoxy square laminates studied in
87,88

Table 6.9. Comparison of non-dimensional frequencies Q obtained by analytical and
numerical solution (Autodesk NASTRAN) with different methods from the
literature for glass fiber reinforced with SSSS square plate

Model
Stacking Methods Non-Dimensional
Sequences Frequency
[0,0,0] Present Method 14.950
NASTRAN 14.945
Anashpaul et al 38 15.115
ANSYS?® 14.863
Ref 195 15.171
Ref 1% 15.190
[15/-15/15] Present Method 15.2981
NASTRAN 15.258
Anashpaul et al 38 15.491
ANSYS 3 15.294
Ref 13 15.369
Ref 196 15.430
[30/-30/30] Present Method 15.972
NASTRAN 15.835
Anashpaul et al 38 16.215
ANSYS 3 15.902
Ref 195 15.583
Ref 16 15.900
[45/-45/45] Present Method 16.298
NASTRAN 16.039
Anashpaul et al 3 16.566
ANSYS ¥ 16.249
Ref 13 16.082
Ref 190 16.140
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In the analysis results, the non-dimensional frequency values for various stacking
sequences demonstrate consistent variance, aligning with angle variations documented in
previous studies within the literature. Furthermore, these results in Table 6.9 have been
methodically compared to numerical outcomes derived from the widely used commercial
finite element analysis software, NASTRAN, to validate the findings and ensure their

reliability and accuracy within the context of existing research.

6.1.4.2. Problem B4.2

In Problem B4.2, the non-dimensional natural frequencies of three-phase CNTs-
Glass fiber reinforced laminates are calculated using analytical methods and the
NASTRAN FEM commercial solver software. These calculated natural frequencies are
then compared with recent results found in the literature to verify the accuracy and
validity of the methodology employed.
Problem B4.2 can be defined mathematically as
e Calculate: Non-dimensionalized Natural Frequencyw (6;, Wenri, Vi)

N= 3 ply, a x bx h=1x 1 x0.001 m (dimension of the plate)

R ,, — > Ty

Figure 6.1. Dimensions and boundary conditions of plate (Source: Anashpaul 2023%)

The non-dimensional frequency values across various compositions of CNT

content, glass fiber volume fractions, and stacking sequences display consistent variance
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and align with changes in angle reported in existing literature see in Table 6.10. This
consistency indicates that both the present analytical method and the NASTRAN FEM
solver are effectively capable of calculating natural frequencies for configurations with
varying weights of carbon nanotubes. This demonstrates the robustness and adaptability

of these methods in addressing the complexities of composite material behaviour.

Table 6.10. Comparison of non-dimensional frequencies Q obtained by analytical and
FEM solutions (NASTRAN) with different methods from the literature for
CNT/glass fiber reinforced with SSSS square plate

Material Stacking Present NASTRAN  Anashpaul ANSYS?®
Content Sequence Study etal 3
VF=03 [0/0/0] 16.620 16.450 16.599 16.426
Went=0.05 [[15/15/15]  16.897 16.880 16.901 16.782
[30/-30/30] 17.378 17.590 17457 17.359
[45/-45/45] 17.614 17.900 17,687 17.678
VF=023 [0/0/0] 13.858 13.980 13.632 13.172
Went=0.01 [-15/15/15] 14.455 14.555 14210 13.791
[30/-30/30] 15.581 15.648 15223 14.727
[45/-45/45]  16.114 16.250 15.490 15.294
VF=0.6 [0/0/0] 13.481 13.650 13.055 13.25
Went=0.01 [[15/15/15]  14.135 14.189 13.700 14.177
[30/-30/30] 15361 15.450 14736 15.423
[45/-45/45] 159382 15.975 15.041 15.99

6.1.5. Problem B5

In Problem B5, the minimum weight design problem of CNT/fiber-reinforced
laminates, featuring uniform layer thicknesses and non-uniform distribution of
reinforcements, is addressed under a frequency constraint, brief description of problem
are given in Table 6.11. Optimal designs for three-phase, CNT/fiber-reinforced composite
laminates are developed to maximize fundamental frequency. These designs incorporate
various design variables and parameters and utilize advanced optimization techniques
such as Differential Evolution (DE), Simulated Annealing (SA), and Nelder Mead (NM)
algorithms. The primary objective of this study is to compare the optimization results
obtained from the DE, SA, and NM algorithms with those from the Sequential Quadratic

Programming (SQP) method documented in the literature, thus evaluating the
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effectiveness and efficiency of these contemporary optimization approaches in solving
complex engineering problems.

Table 6.11. Description of the optimization problems

Purpose Material Objective Methods Design Variables
Minimum weight Glass/ CNT Weight DE [61, 62, 03,04]s

design problem of  /Epoxy SA [Wenti/ Went2/ Wents/
CNT/Fiber NM Wenrs]s

reinforced laminates [Ve1/ Vi2/ Ves/Ves]s
for frequency

constraint

Glass Fiber-CNTs- Matrix

Glass Fiber-CNTs- Matrix

8 layers

Structure

ply thickness
1.25 mm

Glass Fiber-CNTs- Matrix

Figure 6.2. Glass fiber/CNTSs reinforced nanocomposite plate

Problem B5 can be defined mathematically as
e Minimize: WL(e], WCNTi' VFi )
o ConStI‘aintSZ 90° = HL' = 00,% 2?=1 WCNTi < WCNTmax’ WGPLi = 0

s Wentmax=1.25%, Vr<0.6, bla=1, Qo< wq1/wp
0; € {0°,+15° +30°,+45°,+60° +75° +90°}
Symmetric stacking sequences; [01, 02, 03, 04]s
Symmetric weight fraction of CNT sequences;
[WenT/Went2/Wenta/WenT4)s

Symmetric volume fraction of Glass Fiber;

[VE1/ Va/ VE3/VEa]s

Algorithms; DE, SA and NM
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In the definition, wir and w11 shows the frequency of the isotropic plate of the
same thickness as the minimum weight laminate made of the matrix material only and the
fundamental frequency of CNT-Glass fiber reinforced composite plate, respectively.

For frequency constraints of 1.25, 1.3, and 1.5, the optimal configurations involve
zero fiber content in all layers, with the addition of carbon nanotube (CNT)
reinforcements alone meeting the frequency requirements for a minimum weight design.
As the frequency constraints increase further, CNT reinforcements alone become
inadequate, necessitating an increase in fiber contents across all layers, particularly in the

surface layers, to satisfy these higher demands.

Table 6.12. Comparison of the optimum stacking sequences result of the weight
minimization problem for DE, SA and NM algorithms with SQP3®

method for different frequency constraints Qo

Fiber Angles
Qo DE SA NM SQP3
125  [90/90/90/90]s [90/90/90/90]s [-45/-45/30/-60]s [45/45/30/45]s
1.30  [90/90/90/90]s [90/-75/-75/75]s [90/75/90/60]s [45/45/30/45]s
1.50  [90/90/90/90]s [45/75/90/90]s [-45/90/-45/30]s [45/45/30/45]s
1.75  [45/-75/90/90]s [45/90/-30/-75]s [45/45/90/-45]s [45/45/30/45]s
2.00  [-45/90/-75/-75]s [-45/-45/90/-45]s [-45/90/-75/90]s [45/60/0/30]s
2.20  [45/90/0/90]s [45/90/90/30]s [45/-45/90/90]s [45/0/0/30]s
2.40  [45/-45/90/-75]s [-45/30/-75/-75]s [45/45/90/0]s [45/45/30/45]s
2.50  [-45/-45/90/90]s [45/45/45/45]s [45/45/90/90]s [45/45/90/45]s

Table. 6.13. Comparison of the optimum volume fraction design results for each layer in
the weight minimization problem using DE, SA, and NM algorithms versus

the SQP method for different frequency constraints Qo.

Volume Fraction of Fiber (Vs) per Layer

Qo, DE SA NM SQP®

1.25 [0/0/0/0]s [0/0/0/0]s [0.104/0.02/0/0]s [0/0/0/0]s
1.30 [0/0/0/0]s [0/0/0/0]s [0.102/0.004/0/0]s [0/0/0/0]s
150 [0/0/0/0]s [0.101/0/0/0]s [0.179/0.004/0.002/0.01]s  [0/0/0/0]s
1.75 [0.073/0/0/0]s [0.184/0.03/0/0]s  [0.202/0.031/0/0]s [0.063/0/0/0]s
2.00 [0.0499/0.0001/0/0]s [0.452/0/0/0]s [0.6/0/0/0.002]s [0.26/0/0/0]s
2.20 [0.47/0/0/0]s [0.6/0/0/0]s [0.6/0.589/0/0.007]s [0.44/0/0/0]s
2.40 [0.6/0.228/0/0]s [0.6/0.6/0/0]s [0.6/0.6/0.001/0.052]s [0.6/0.08/0/0]s

2.50 [0.6/0.6/0/0]s [0.6/0.6/0/0]s [0.597/0.528/0/0.065]s [0.6/0.47/0/0]s




The optimization process not only determines the most efficient stacking

sequences but also ensures optimal distribution of fibers and CNTs within the laminate.

The impact of escalating frequency constraints on achieving minimum weight is detailed

and analyzed with corresponding results displayed in the Table 6.15. This approach helps

identify the trade-offs between weight minimization and frequency compliance in

composite laminate design.

Table 6.14. Comparison of the DE, SA, and NM algorithms' optimum weight content

designs per layer in the weight minimization problem with the SQP

approach for various frequency constraints Qo

Went per layer

Qo DE SA NM SQP®
1.25 [0.0162/0/0/0]s [0.0063/0.0183/0.0035/0.0088]s _ [0.0004/0/ 0.001/0.0001]s [0.009/0.011/
0.007/0.023]s
1.30 [0.0198/0.0001/0/0]s [0.0115/0.0077/0.0024/0.0115]s [0.0003/0.0112/0.0339/0.0042]s _[0.013/0/0.037
150 [0.0359/0/0/0]s [0.017/0.0084/0.0058/0.0018]s  [0.0023/0.0115/0.0261/0.0092]s /[(())].836/0/0
1.75 [0.0499/0.0001/0/0]s [0.0344/0/0.0105/0.0038]s [0.0249/0.0097/0.0152/0]s /[g'.gé%}c‘()m]s
2.00 [0.286/0/0/0]s [0.0145/0.0203/0.0021/0.0067]s _ [0.0033/0.0024/0.0037/0.0001]s _ [0.05/0/0/0]s
220 [0.05/0/0/0]s [0.0244/0.0102/0.0017/0.0023]s _ [0.0011/0.0017/0/0]s [0.05/0/0/0]s
2.40 [0.05/0/0/0]s [0.0266/0.0186/0.0008/0.0005]s _[0.0135/0.0358/0.0007/0]s [0.05/0/0/0]s
250 [0.05/0/0/0]s [0.05/0/0/0]s [0.0478/0/0/0.0022]s [0.05/0/0/0]s

Table 6.15. Comparison of the DE, SA, and NM algorithms' minimum weight results for

structures in the weight minimization problem with the SQP approach for

various frequency constraints

Weight

Reference Weight

Design Efficiency Factor

Qo

DE

SA

NM

SQP%®

DE

SA

NM

SQP3®

DE

SA

NM

SQP3®

1.25

12.006

12.012

12.370

12.020

15.005

15.060

14.990

15.000

0.801

0.798

0.825

0.801

1.30

12.007

12.011

12.330

12.020

15.600

15.004

15.600

15.600

0.769

0.800

0.790

0.770

1.50

12.012

12.314

12.600

12.020

18.001

18.030

18.250

18.000

0.667

0.683

0.690

0.667

1.75

12.230

12.658

12.710

12.210

1.750

21.220

21.000

21.000

0.583

0.596

0.605

0.581

2.00

12.870

13.370

13.800

12.790

24.000

24.000

24.000

24.000

0.536

0.559

0.605

0.533

2.20

13.420

13.810

15.580

13.330

26.400

26.400

26.180

26.400

0.508

0.521

0.595

0.505

2.40

14.500

15.610

15.770

14.060

28.800

28.800

28.600

28.800

0.500

0.541

0.551

0.488

2.50

15.610

15.670

15.586

15.220

30.000

29.850

29.300

30.000

0.522

0.525

0.532

0.507
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As shown in Tables 6.12, 6.13, 6.14 and 6.15 (the results of the Problem B5), the
design efficiency decreases as the frequency constraint increases, indicating that the
weight of the optimum laminate improves over an isotropic plate at the same frequency
constraint.

It shows a good agreement between the optimum solution results of the present
algorithms (DE, SA and NM) and available in the literature. Using the weight content of
the CNTs and volume fraction of fiber besides stacking sequences as design variables
might enhance lightweight structures having better vibration behaviour of the structures.
It is clear that three different algorithms, DE, NM, and SA, are capable of achieving
different design configurations for the multiscale nanocomposite plate optimization

problems.

6.1.6. Problem B6

In this study's chapter, there are a pair of two issues with determining the natural
frequency for CNTs-reinforced composite plates and FGM-GNPs, including
agglomeration effects. Using the Halpin Tsai Model and FSDT, the functionally graded
GNPs composite plate problems for assessing fundamental frequency are solved in the
first problem. In the second problem, the Eshelby Mori Tanaka model is implemented to
compute Young's modulus of the carbon nanotube-reinforced composite and compare the

results to analytical and experimental results from the literature.

6.1.6.1. Problem B6.1

The GPL weight fraction demonstrates layer-wise change to produce a
functionally graded structure. Four different GPL distribution patterns which is given
Figure 6.3 are taken into consideration in order to investigate the effect of GPL
distribution on the dynamic performance of the GPL/polymer plate, of which Pattern 1 is
a special case corresponding to an isotropic homogeneous plate in which GPLs are
uniformly distributed at the same w.t.% across all layers. Patterns 2-4 all show a graded
material composition where the GPL weight fraction varies linearly from layer to layer
throughout the plate thickness. In Pattern 2, the GPL weight fraction decreases from the

highest in the mid plane to the lowest on the plate's top and bottom surfaces, whereas in
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Pattern 3, the weight fraction is maximum on the top and bottom surfaces and the lowest
at the plate's mid plane. Additionally, Patterns 2 and 3 are both symmetric;
however, Pattern 4 is not, and in Pattern 4, the GPL weight percentage rises linearly from

the top surface to the bottom surface.

(a) Pattern 1 (b) Pattern 2
(c) Pattern 3 (d) Pattern 4

Figure 6.3. Different GPL distribution patterns®’

In the Problem B6.1, material properties of the functionally graded GNPs
composite plates are calculated by using modified Halpin-Tsai material model. First order
shear deformation plate theory (FSDT) and Navier-solution based technique is utilized to
obtain the natural frequencies response of the simply supported plate. The goal is to
conduct a non-dimensional natural frequencies analysis of GNPs reinforced plates for
various patterns (UD, FG-X, FG-V, FG-0) and compare the results with those that are
reported in the literature. The laminate is composed of N=10 layers and the total thickness
of the laminate is 0.045 m. And the plate (@ x bx h= 0.45x 0.45 x0.045) is reinforced
with graphene nanoplatelets that properties are given; lepr=2.5 um, wgpL= 1.5 um, hgpL=
2.5 um, pepL= 1.06 g/cm?, EcpL= 1.01 TPa, vepL= 0.186. The epoxy matrix properties are
also given as; Em= 3.0 GPa, pm= 1.2 g/cm® and vm=0.34.

The comparison results of the FG-GNP plate's natural frequencies for just epoxy
and the UD, FG-X, FG-0, and FG-V patterns are shown in Table 6.16. The mode forms'
m and n parameters indicate how many half-waves are present in the x and y directions.

It is clear that the present method is capable of offering outcomes that are very
comparable as well. Another outcome is that, compared to other grading methods, FG-X
epoxy plate attained the highest fundamental frequency. Therefore, using a high amount
of GPLs at the top and bottom surfaces as well as a low amount of GPLs at the middle

surfaces of the plate, is the most effective way to increase natural frequencies.
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Table 6.16. Comparison of the effect of GPL distribution patterns on dimensionless

natural frequencies (@ = w t \/ p,,/E,,) according to different mode shapes

Neat Epoxy ub FG-X FG-V FG-O
Modes Present ~ Ref.  Present  Ref.  Present Ref.  Present Ref! Present  Ref.
(m’n) 197 197 197 197
11 0.0588 0.058 0.122 0.122 0.141 0.141 0.117 0.117 0.097 0.097
2,1 0.141 0.139 0.293 0.290 0.334 0.331 0.281 0.265 0.236 0.234
2,2 0.217 0.213 0.450 0.444 0.509 0.503 0.436 0.41 0.368 0.363
31 0.265 0.260 0.553 0.540 0.618 0.612 0.534 0.501 0.453 0.447
3,2 0.334 0.325 0.695 0.677 0.771 0.76 0.675 0.625 0.576 0.564
3,3 0.419 0.426 0.872 0.887 0.96 0.969 0.851 0.824 0.732 0.749

6.1.6.2 Problem B6.2

In Problem B6.2, Young’s modulus of the functionally graded CNTs composites
is determined by using the Eshelby-Mori Tanaka model, including the agglomeration
effect to compare experimental results from the literature. The Hill’s moduli of the CNTs

considered for this purpose are listed in Table 6.17.

Table 6.17. Hill’s moduli of SWCNT

Hill's Elastic Moduli of the SWCNT(GPa) °°

kr 271

I 88

my 17

ne 1089

Pr 442
Density(kg/m?) 1400

In this instance, the matrix's material's elastic characteristics are Em = 0.85 GPa
and vm = 0.3. The results of experiments conducted by Odegard et al. ®, in which the
material properties of the present materials were investigated for various values of volume
fraction of the reinforcement, served as the basis for this research.

The Eshelby Mori-Tanaka model is capable of estimating experimental results®°
of Young's modulus with good agreement, in which u= 0.4 considering a complete

agglomerated model where n = 1, as shown in Figure 6.4. It shows that the employed
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agglomeration model based on the EMT method is in good agreement with the prior

literature because all CNTs are found in inclusions. It is possible to see that as decreases,

the increase in the CNT volume fraction does not correspond to the expected increase in

mechanical performance due to the severity of the agglomeration effect, using the fully

dispersed case as a reference, u =1, where Young's modulus has the higher increase in

function of the volume fraction.

Elastic modulus of CNTSs reinforced composite

80

<108

Volume fraction of CNTs

Figure 6.4. Young’s modulus of the CNT reinforced matrix for different agglomeration

agglomeration factor and comparison with experimental and analytical

results®061

6.2. Single-Objective Problems

In industrial applications such as automobiles, aircraft and construction, there is a

demand for lightweight and cheaper materials having good mechanical properties like

high natural frequency and sound reduction ability. To meet these requirements, there is

general tendency in investigations on the usage of nanofillers with fiber reinforcement

composites and hybridization of the different fiber (one is cheaper than) types in the same

matrix materials.
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In this chapter of the study, there are four main optimization problems which are
solved by the Differential evolution algorithm to see the effect of the hybridization and
nano reinforcement on natural frequency, weight and cost. Laminated composite plate
under consideration is as shown in Figure 6.5 which has the length a, width b and a total

thickness of D in the x, y and z-directions, respectively.

C

Graphene
e Nanoplatelets

Flax Fiber
or
Glass Fiber

Figure 6.5. Schematic illustration of a unidirectional fiber-reinforced composite laminate

In the first problem, the Carbon, Glass and Flax fiber reinforced composites
problems for maximum fundamental frequency are solved to find optimum stacking
sequences without nano reinforcement in matrix materials and hybridization of the fibers.
In the second problem, the natural frequencies of the composite plates are maximized in
order to see the only hybridization of the fibers effect on the fundamental frequencies of
the composite plates. As the third problem of this part of the study, the maximum
fundamental frequencies of the fiber and graphene nanoplatelets reinforced
nanocomposite plates are obtained by using the Differential Evolution algorithm to see
the effects of the nano reinforcement on frequencies for fiber-reinforced composite plates.

In the last problem, to see the total effects of the hybridization and nano reinforcement
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on the natural frequencies of fiber-reinforced composites, the fundamental frequency is

maximized as the objective function in each optimization problem.

[C/F/F/F]s,[C/G/G/G]s, [G/F/F/F]. [C/C/E/F]-,[C/C/G/G].[G/G/F/F]s [C/C/C/F].,[C/C/C/G).,[G/G/G/F]s

[c/c/e/Cls [E/E/E/F]s or [G/G/G/G]:

L il C: Carbon Fiber-GPLs
H L Reinforced Ply

F: Flax Fiber-GPLs
Reinforced Ply
- G: Glass Fiber-GPLs
T T Reinforced Ply

T -GPLs : Graphene NanoPlatelets
Addition to Matrix Material

Figure 6.6. Illustration of the symbols for inter ply hybrid fiber/GPLs reinforced

nanocomposites layer by layer

Table 6.18. Material properties of the GPLs, matrix, flax carbon and glass fibers3>37:1%

Material E1r Ex G2 V12 Density Cost
(GPa) (GPa) (GPa) (kg/m3) %)
GPL 1010 1010 425.80 0.186 1060 450
Matrix 3 3 1.119 0.34 1200 10
Carbon Fiber 263 19 27.60 0.20 1750 28
Flax Fiber 70 70 29.58 0.183 1400 0.5
Glass Fiber 72.4 724 30.66 0.20 2400 2

For the dimensions of the GPLs, the following values are used: lepL = 2.5 um, wepL = 1.5

um, hepL = 1.5 nm.

The symbols associated with these issues can be illustrated with reference to
Figure 6.6. In this subsection, the following demonstration is employed for hybrid and

non-hybrid single-objective optimization problems. A comprehensive summary of the
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aforementioned issues is also presented in Table 6.18. The material properties and

dimensions of the graphene nanoplatelets used in the single-objective problems are given

in Table 6.19.
Table 6.19. Description of the optimization problems

Prob.  Purpose Material Objective Design Variables

No Function

1 Optimum Stacking Carbon/Epoxy Fundamental [6,,6,,05,0,]
Sequences Design of  Glass/Epoxy Frequency
the fiber reinforced Flax/Epoxy
composite plates

2 Optimum Stacking Carbon-Flax/Epoxy Fundamental [64,0,,05,0,]
Sequences Design of  Glass- Flax /Epoxy Frequency
the hybrid Natural
Fiber Reinforced
Composite Plates

3 Optimum Design of Carbon/GPLs/Epoxy  Fundamental [64,0,,053,0,]
the Graphene Glass /GPLs/Epoxy Frequency [(WepL1/WepL2
Nanoplatelets Fiber Flax/GPLs/Epoxy /WepLz/WepLals
Reinforced
nanocomposite Plates

4 Optimum Design of Carbon- Fundamental [64,60,,05,0,]
the Graphene Flax/GPLs/Epoxy Frequency [(Wepr1/Weprz
Nanoplatelets hybrid  Carbon- /WepLs/WepLals

natural Fiber
Reinforced
nanocomposite Plates

Glass/GPLs/Epoxy
Glass-
Flax/GPLs/Epoxy

6.2.1. Problem 1

In design Problem 1, non-dimensionalized natural frequencies of the fiber

reinforced composite plates are maximized by using different stochastic algorithms

(Differential Evolution Algorithm, Simulated Annealing Algorithm and Nelder Mead

Algorithm) under the simply supported boundary conditions. The objective function is

defined as non-dimensionalized natural frequency Q included fiber orientation angle (8

of each layer as design parameters. The aim of the problem is to propose the basic

optimum design results of the Carbon/Glass and Flax reinforced composite plates in order

to compare the next problem results for seeing the effect of hybridization and nano

reinforcement on natural frequency. The laminate is composed of N=8 layers and the

thickness of each ply is 12.5 mm.



Problem 1 can be defined mathematically as
e Maximize: Non-dimensionalized Natural Frequency Q ,,q.( 6;)
e Constraints: 90° > 6; > 0°, t= 12.5 mm, N= 8 ply
Symmetric stacking sequences; [0, 6,, 03, 4]
0, € {0°,15°,30°,45° 60° 75°90°}

In the definition, 6; shows the fiber orientation angles for each layer.

Table 6.20. Optimum stacking sequences results of the carbon, flax and glass fiber

reinforced composite plates

Fibre Composition Natural Optimum Stacking Weight Cost
Frequency Sequence (kg) %)
(Q max)
Carbon 0,166961 [-45/-45/-45/-45]s 136,500 2102,10
Flax 0,113960 [-45/-45/-45/-45]s 126,000 900,00
Glass 0,103555 [-45/-45/-45/-45]s 156,000 1185,00

In a result of the optimization Problem 1, carbon fiber reinforced composite plate
case provide the highest natural frequency for the same problem if it is compared with
Flax and Glass fiber reinforcement cases. Nevertheless, the cost of the carbon fiber
reinforced composite plate is more than others as seen in Table 6.20. The other result
shows that Flax came forward as a more advantageous important material when it is
compared with glass fiber reinforced case in the view of cost-to-weight ratio, price and
biodegradability. Therefore, in Problems 3 and 4, in the outer layer carbon fiber is utilized
at the top and bottom layers to achieve the maximum fundamental frequency of either
glass or flax fibers with a hybridization effect.

6.2.2. Problem 2

In the optimization Problem 2, non-dimensionalized natural frequencies of the hybrid
fiber reinforced composite plates are maximized by using different stochastic algorithms
(Differential Evolution Algorithm) under the simply supported boundary conditions. The
objective function is defined as non-dimensionalized natural frequency  included fiber
orientation angle (6i) of each layer as design parameters. In the outer layers, carbon fibre

is used, while in the inner layer, flax or glass fibre is considered due to the advantage of
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the design, as discussed in the study®°. It is related that the best option is to choose high
volume content of fiber and weight content of GPLs at the top and bottom layers giving
better natural frequencies. The laminate is composed of N=8 layers and the thickness of
each ply is 12.5 mm. In the definition, 8; shows the fiber orientation angles for each layer.

Problem 2 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q ,,,4,( ;)
e Constraints: 90° > 6; > 0°, t= 12.5 mm, N= 8 ply,

Symmetric stacking sequences; [0, 6, 05, 0,]

0; € {0°,+15° +30°, +45° +60° +75° +90°}

As aresult of optimization Problem 2, the natural frequencies of the cases in which
Carbon-Flax reinforced indicate better solutions than Carbon-Glass fiber reinforced
plates in terms of weight and cost. For the [C/C/C/F]s case, it obtained higher fundamental
frequency than the c-only carbon fiber reinforced case with low cost 14,2% and
lightweight 2%.

Table 6.21. Optimum stacking sequences results of the carbon-flax and carbon-glass fiber

reinforced composite plates

Fibre Fiber Sequences  Optimum Stacking  Natural Weight Cost
Composition for each layer Sequence Frequency (kg) %)
(2 max)

Carbon-Flax [CIFIFIF]s [-45/45/-45/45]s 0.153797 128.625  1201.20
Carbon-Flax [C/ICIFIF]s [45/45/45/-45]s 0.166000 131.250  1501.50
Carbon-Flax [CICICIF]s [45/45/-45/45]s 0.168395 133.875  1801.80
Carbon-Glass  [C/G/G/G]s [45/-45/-45/45]s 0.142385 151.125  1414.25
Carbon-Glass  [C/CIG/G]s [-45/-45/45/45]s 0.157526  146.250  1643.85
Carbon-Glass  [C/C/CIG]s [-45/-45/45/45]s 0.163990 141375  1872.98

In Table 6.21, it is also provided that the low cost 28.6% and lightweight 3.8%
design can be achieved by sacrificing just 0.6% natural frequency for [C/C/F/F]s case.
The other important issue is that Flax fiber might be applied more advantageously in the
lightweight composite design with Carbon instead of Glass fiber for biodegradability and

low carbon emissions in the structures.
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6.2.3. Problem 3

In the optimization Problem 3, non-dimensionalized natural frequencies of the
hybrid fiber reinforced composite plates are maximized by using different stochastic
algorithms (Differential Evolution Algorithm) under the simply supported boundary
conditions. The objective function is defined as non-dimensionalized natural frequency
Q included fiber orientation angle (6;) of each layer as design parameters. In the outer
layers, carbon fiber is used whereas in the inner layer flax or glass fiber is considered due
to the being of results coming from the chapter 4 problems. It is related that the best option
is to choose high volume content of fiber and weight content of GPLs at the top and
bottom layers giving better natural frequencies. The laminate is composed of N=8 layers
and the thickness of each ply is 1.25 mm.

Problem 3 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q ,ax( 0i, WepLi)
e Constraints: 90° > 6; > 0°, t= 1.25 mm, N= 8 ply
Symmetric stacking sequences; [0, 6,, 03, 04 ]
Symmetric weight fraction of GPLs sequences;
[WGPLl/WGPLZ/WGPL3/WGP]_A-]S!
0; € {0°,£15°,+30°, £45°,+60° £75° +90°}
WepLmax = 1.25%, % Y1 Wepri < Weprmax» Wepri = 0,

In the definition, Qo, Wspri Weprmax @nd 6; shows the non-dimensionalized
frequency with uniform graphene weight equal to 1.25% in all layers, weight of graphene
platelets for the iw layer, maximum graphene weight for the laminate and the fiber
orientation angles for each layer, respectively.

As aresult of optimization Problem 3, the natural frequencies of the cases in which
Carbon/GPLs reinforced with the highest cost show better results than Glass and Flax
GPLs reinforced plates, shown in Table 6.22. Flax Graphene nanoplatelets reinforced
composite plate is also obtained with 18,2% higher frequency and lower 7.7% weight and
31.3% cost than only carbon fiber reinforced composite plates. The other advantage of
using Flax fiber ensures to the designer has the ability of biodegradable and low-cost
structures. Although glass fibre/GPLs reinforced designs have 7% higher natural
frequency than only carbon fibre reinforced composite plates, they are less advantageous
as their weight is 11.7% higher.
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Table 6.22. Optimum stacking sequences and weight content of GPLSs results of the

carbon, flax and glass fiber reinforced composite plates

Fibre Fiber Optimum Optimal WepL per Natural Weight Cost
Composition  Sequences Stacking layer Frequency  (kg) %)

for each Sequence (Q max)

layer
Carbon with [C/CICIC]s  [45/45]-45/45]s [0.0465/0.0035/0/0]s  0.224 136.362 2689.44
Graphene
Flax with [F/FIFIF]s [-45/-45/45/45]s  [0.0467/0.0033/0/0]s  0.197 125.862 144387
Graphene
Glass with [G/GIGIG]s  [-45/-45/-45/45]s  [0.05/0/0/0]s 0.178 155.862 1858.52
Graphene

6.2.4. Problem 4

In the optimization Problem 3, non-dimensionalized natural frequencies of the
hybrid fiber reinforced composite plates are maximized by using different stochastic
algorithms (Differential Evolution Algorithm) under the simply supported boundary
conditions. The objective function is defined as non-dimensionalized natural frequency
Q included fiber orientation angle (i) of each layer as design parameters. In the outer
layers, carbon fiber is used whereas in the inner layer flax or glass fiber is considered due
to the being of results coming from the chapter 4 problems. It is related that the best option
is to choose high volume content of fiber and weight content of GPLs at the top and
bottom layers giving better natural frequencies. In the
The laminate is composed of N=8 layers and the thickness of the each ply is 1.25 mm.

Problem 4 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q ,,ax( 8i, WepLi)
e Constraints: 90° > 6; > 0°,§ 8 WepLi < Wopimaz Wepri = 0

Symmetric stacking sequences; [0, 6,, 03, 0,]
Symmetric & Balanced weight fraction of GPLs sequences;
[WepL1/WepL2/WepLs/WepLals
0i € {0°,+£15°,£30°,+£45°,+60°,+£75°,£90°}
Weprmax = 1.25% t=1.25 mm, N= 8 ply
In the definition, Qo, Wspri Weprmax @nd 6; shows the non-dimensionalized

frequency with uniform graphene weight equal to 1.25% in all layers, weight of graphene
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platelets for the i layer, maximum graphene weight for the laminate and the fiber
orientation angles for each layer, respectively.

Table 6.23 shows the comparison of the hybridization with nano-reinforcement
effects on natural frequency of the simply supported plates. The natural frequency value
Is achieved of the [C/C/C/F]s case with 35.7% increment, 2% and decreasing in weight.

The best solution in terms of weight and natural frequency is [C/C/F/F]s design
with %34.2 increase in frequency, a % 0.5 cost and %4 weight reduction as compared
with only carbon reinforcement composite plate design. [C/F/F/F]s design is also another
better design from the point of the natural frequency(%35.7 increment) with %15.2 cost
and %5.8 weight reduction as compared with only carbon reinforcement composite in
Problem 1.

The other significant issue is that the glass hybridization with carbon fiber and
GPLs reinforcement has not advantageous in regards to weight and cost. [G/F/F/F]s
hybridization with respect to GPLs nano reinforcement can also be provide important
advantageous in terms of the weight and cost, 2% and 6.4%. Additionally, using the flax
fiber at one ply in fully carbon reinforcement GPLs laminated composite plate has the
highest value of the natural frequency among all cases.

The overall comparison of natural frequencies, costs, and weights for optimum
designs of Problems 1-4 is shown in Figure 6.7 to see the total effect on three different
parameters under the assumption that the total ply number constant is 8. In comparison
to carbon fiber-reinforced designs frequently used in industry, hybridization of
conventional carbon fiber-reinforced composite plates with natural fibers, such as flax
fibers, clearly improves cost and price by 14 to 42 percent and 1.9 to 5.9 percent,
respectively, provided the same natural frequency and constant total ply number. The
graph also shows that, in comparison to the simple carbon fiber-reinforced composite
design, adding GPLs to the conventional layered flax fiber-reinforced composite and
optimizing the weight fraction of GPLs and orientation angle for each layer can result in
much lower costs (31%), lightweight structures (7.8%) and superior natural frequency
(18.3%). Therefore, to reduce weight, improve frequency, and save costs, multiscale flax
fiber-reinforced nanocomposite structures can be utilized instead of that's frequently
preferred carbon-reinforced composite structures. Similarly, in applications where weight
IS not a major concern, a simple glass-reinforced layered composite plate may also be
reduced by 11% in price by promoting the frequency by 7% with optimum GPLs
embedded each ply.

98



Table 6.23. Optimum stacking sequences and weight content of GPLs results of the

carbon-flax and carbon-glass, glass-flax fiber reinforced composite plates.

Fiber Sequences for ~ Optimum Optimal WGPL per Natural Weight Cost
each layer Stacking layer Frequency  (kg) %)
Sequence
[C/FIFIF]s-GPLs [-45/-45/45/45]s  [0.0404/0.0096/0/0]s 0.214 128.487 1781.11
[C/CIFIF]s-GPLs [-45/-45/45/45]s  [0.0465/0.0035/0/0]s 0.224 131.112 2089.96
[C/CICIF]s-GPLs [-45/-45/45/45]s  [0.05/0/0/0]s 0.227 133.737 2390.26
[C/G/G/G]s-GPLs [-45/-45/45]- [0.0397/0.0103/0/0]s  0.197 150.987 2019.69
45]s
[C/C/GIG]s-GPLs [45/-45/45/-45]s  [0.0476/0.0024/0/0]s  0.213 146.112 2232.31
[C/CICIG]s-GPLs [-45/-45/-45/- [0.0465/0.0035/0/0]s  0.220 141.237 2461.44
45]s
[G/G/G/F]s-GPLs [-45/45/-45/45]s  [0.05/0/0/0]s 0.183 148.362 2714.17
[G/G/FIF]s-GPLs [45/45/45/-45]s  [0.05/0/0/0]s 0.188 140.862 2353.07
[G/F/F/F]s-GPLs [-45/45/45/-45]s  [0.05/0/0/0]s 0.193 133.362 1967.00
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Figure 6.7. Comparison of natural frequencies, costs and weights for optimum designs

formulated in Problems 1-4

The graph additionally indicates that, in comparison to traditional carbon-

reinforced composite structures, the hybrid application of glass fiber and flax fiber with



GPLs, particularly for the [G/F/F/F]s case, can achieve a 15.5% frequency increase with
a combined cost savings of 21.7% and a 2.2% weight benefit. However, in cases where
frequency is at the forefront, the use of flax fiber and carbon fiber reinforced with GPLs
hybrid nanocomposite structures is more advantageous in terms of cost and weight, as

well as making the design more suitable for environmentally friendly approaches.
6.2.5. Problem 5

In design Problem 5, the Differential Evolution Algorithm is implemented to
maximize the non-dimensionalized natural  frequencies of the  fiber
reinforced nanocomposite plates for different aspect ratios (a/b) that range from 0.2 to 2.
The objective function is defined as non-dimensionalized natural frequency Q included
weight content sequences (WgpLi) of the GPLs as well as fiber orientation angles of each
ply (6;) as design parameters. The objective of the problem is to compare and analyze
how different aspect ratios affect the best design results delivered by the Differential
Evolution Algorithm solution.

Problem 5 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q ;0. ( Wepr, Vr)
e Constraints: 90° > 6; > 0°,t= 1.25 mm, N= 8 ply
Symmetric weight fraction of GPLs sequences;
[WepL1/WepL2/WepLs/WepLals
Symmetric stacking sequences for fibers; [0, 65, 05, 0,
0; € {0°,+15° +30°,+45° +60° +75° +90°}

158
5 2i=1 Werti < Weptmar Werri Z 0, Weprmax = 1.25%

In the definition, Qo, Wspri Weprmax @nd 6; shows the non-dimensionalized
frequency with uniform graphene weight equal to 1.25% in all layers, weight of graphene
platelets for the i layer, maximum graphene weight for the laminate and the fiber
orientation angles for each layer, respectively

The results achieved of Problem 5 point out that aspect ratios play a significant
role in the optimal design of multiscale nanocomposites’ maximum fundamental
frequency problem. It is apparent from Table 6.24 and 6.25 that variation in aspect ratios
resulted in several optimum designs, each of which consists of a different stacking

sequence and GPL weight fraction.
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Table 6.24. Comparison of optimum design for non-dimensionalized frequencies Q of

carbon, flax and glass fiber reinforced nanocomposite plates for different

aspect ratios(a/b),

Carbon/GPLs-Epoxy Flax/GPLs-Epoxy Glass/GPLs-Epoxy
a/b  Natural Cost($) Weight  Natural Cost Weight  Natural Cost Weight

Frequency (kg) Frequency  ($) (k@) Frequency  ($) (kg)
0,2 1.960 538.65 27.27 1.767 289.24 25.17 1.597 372.188 31.17
0,4 0.758 1076.79 54.54 0.645 577.65 50.34 0.583 743.525 62.34
0,6 0.414 1614.15 81.82 0.358 866.08 75.52 0.324 1119.72  93.52
0,8 0.282 2151.78  109.09 0.249 1154.48  100.69 0.225 1492.62 124.69
1 0.225 2689.44  136.36 0.198 1443.87 125.86 0.179 1858.52  155.86
1,2 0.193 3227.09 163.64 0.169 1731.72 151.04 0.153 2229.13  187.03
1,4 0.176 3764.52 190.91 0.151 2020.33 176.21 0.137 2600.68 218.21
1,6 0.167 4302.49 218.18 0.140 2308.95 201.38 0.127 2972.21  249.38
1,8 0.162 4840.47 245.45 0.133 2597.57  226.55 0.120 3343.74  280.55
2 0.159 5378.16  272.72 0.128 2886.19 251.72 0.116 3715.26  311.72

Regardless of the aspect ratios, the weight content pattern of the GPLs generally
tends to produce outer layers with greater graphene contents and inner layers with lower
graphene contents for the optimum maximum fundamental frequency designs.

Additionally, a distinct and appropriate design for various aspect ratios also
necessitates optimizing fiber orientation angles in addition to the weight percentage of
the GPLs at each layer. It is obvious that among the fibers, flax fiber delivers superior
design in terms of cost, weight, and environmental friendliness. The other result is that,
if weight and cost are not taken into consideration, carbon fiber reinforced with GPLs
suggests the highest fundamental frequency. In order to decrease the weight and cost of
the designs, hybridizing flax fiber with carbon fiber could offer a successful strategy.

The contour plots in terms of uniform distributed graphene content and fibre
orientation angle of [C/C/F/F]s design are drawn as shown in Figure 6.8 to investigate the
sensitivity of the frequency for different aspect ratios (a/b) of 0.4. 1. 1.4 and 2. The
[+6/—0/+6/—0]; and [Wsp, /WepL/WepL/WepL]s. are taken as the stacking order of
the laminates and the weight content of each layer. respectively. The contours with zero
graphene content are also plotted in each graph to show the difference between zero

content and variable uniformly distributed GPLs on the natural frequency.
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Figure 6.8. Contour plots of the frequency for hybrid [C/C/F/F]s composite plates with

varying graphene weight and fibre orientation angles of each layer a) for

aspect ratio 0.4 b) for aspect ratio 1 c)for aspect ratio 1.4 d) for aspect ratio 2
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The two horizontal axes show the variation of the angle of the fibre orientation
and the weight content of graphene in each layer. For each aspect ratio. not only the
increase in the graphene weight content is a critical factor for the natural frequency. but
also the fibre orientation angle has an effect on the natural frequency of the laminate. It
can be seen from the figure that despite having fewer parameters such as equal graphene
distribution and same fibre orientation angle in each layer. the natural frequency is
affected differently by combining these two parameters. The behaviour of the surface in
each graph is different due to the variable aspect ratios. It is also a statement of the
requirements for which optimizing each orientation angle and weight content must be
carried out to find the global maximum fundamental frequency for different aspect ratios.
The comparison between graphene without and with added graphene surface also shows
that the natural frequency is sensitive to changing with increasing weight fraction of GPLs

for different aspect ratios.
6.2.6. Problem 6

In the optimization Problem 3, non-dimensionalized natural frequencies of the
hybrid carbon/flax fiber reinforced nanocomposite plates are maximized for different flax
layer numbers ranging from 0 to 16 by using Differential Evolution Algorithm in
conjunction with simply supported boundary conditions. The objective function is
defined as non-dimensionalized natural frequency Q included fiber orientation angle (6;)
and weight fraction of GPLs of each layer as design variables. Carbon fiber is used in the
outside layers, whereas flax fiber is used in the interior layer since it is less expensive and
heavier than carbon fiber. This problem aims to see how the quantity of flax fiber affects
the natural frequency for a hybrid carbon/flax fiber reinforced nanocomposite plate.

Problem 6 can be defined mathematically as

e Maximize: Non-dimensionalized Natural Frequency Q ,,qx( 8i, WepLi)
e Constraints: 90° > ; > 0°,— %1% Wepri < Waprmax: Wepri = 0
Symmetric stacking sequences;
[61, 62,03, 04, 5, 66, 07, Og ]
Symmetric weight fraction of GPLs sequences;
[WepL1/WepLz/WepLs/WepLa/Weprs/ -/ Wepvsls
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t= 12.5 mm, N= 16 WpLmar=1.25%,
0; € {0°,+15° +30°,+45° +60° +75° +90°}
In the definition, Qo, Wspri Weprmax @nd 6; shows the non-dimensionalized
frequency with uniform graphene weight equal to 1.25% in all layers, weight of graphene
platelets for the i layer, maximum graphene weight for the laminate and the fiber

orientation angles for each layer, respectively.
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Figure 6.9. Variation of the natural frequencies with increasing in flax ply for constant

total ply thickness of the hybrid composite plate

In Table 6.27, it is shown that the comparison effects of hybridization based on
various flax fiber and carbon fiber reinforcing ply numbers on the natural frequency in
the simply supported nanocomposite plates. The [Ce/F2]s case achieves the optimal
solution in terms of weight, cost, and natural frequency with a 0.88% increase as well as
a decrease in 13% cost and 2% weight. [Cs/F3]s design is also another better design from
the point of the natural frequency(%0.85 increment) with %19 cost and %2.88 weight
reduction as compared with only carbon reinforcement composite in problem. It can be
seen in Figure 6.9, the use of the ply number of flax layers, 4 and 6, in hybrid
nanocomposite which are composed of a total of 16 layers, gives the highest frequencies.
Another significant finding is that, assuming the condition that the total number of layers
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remains constant, an increase in the flax ply number in hybrid multiscale nanocomposite

structures tends to reduce the natural frequency as it is seen in Figure 6.9.

Table 6.26. Optimum stacking sequences and weight content of GPLs results of the
carbon-flax fiber reinforced composite plates according to variation of
flax ply number

Total Nf Natural Optimal WGPL per Optimum Stacking Cost ($) Weight
Number  (Numbe  Frequency layer Sequence (kg)
of Layer rofFlax Qmax
Layer)
16 0 0.456 [0.0218/0.0119/0.0056/0.  [45/-45/45/-45/ 3836 218.29
073/0.026/0.008/0/0]s 45/-45/45/-75]s
2 0.459 [0.023/0.0104/0.0081/0.0  [45/45/45/-45/-45/- 3594 216.19
46/0.019/0/0.029/0]s 45/90/90]s
4 0.460 [0.023/0.0104/0.0081/0.0  [45/45/45/-45/-45/- 3354 214.09
46/0.019/0/0.029/0]s 45/90/90]s
6 0.460 [0.0199/0.0136/0.0092/0. [45/-45/-45/- 3113 211.99
0033/0.0012/0.0028/0/0]s  45/45/60/-30/-30]s
8 0.458 [0.0238/0.009/0.007/0.02  [45/45/45/45/45/45/ 2869 209.89
7/0.0057/0.0014/0/0.004]  30/-60]s
10 0.451 [0.0220/0.0093/0.0046/0.  [-45/-45/-45/- 2624 207.79
0094/0.0029/0.0017/0/0]s _ 45/45/-30/-45/-15]s
12 0.439 [0.0194/0.0098/0.0139/0.  [-45/-45/-45/45/- 2379 205.69
0065/0.0003/0/0/0] 45/-45/45/90]
14 0.421 [0,0143/0,0261/0,0088/0. [-45/45/-45/-45/- 2128 203.59
005/0.003/0/0/0]s 45/45/-30/45]s
16 0.395 [0.0335/0.0144/0.002 [-45/-45/-45/- 1877 201.49
/0/0/0/0/0]s 45/45/45/-45/90]s

6.3. Multi-Objective Optimization Problems

In design Problems 1, 2, and 3 related to laminated composite plates, there are
three main objectives as follows: (i) maximizing the fundamental frequency, (ii)
minimizing the weight, and (iii) minimizing the cost. To optimize, these objectives are
employed using the following combinations of two or three parameters: maximizing
frequency while minimizing cost, maximizing frequency while minimizing weight, and
maximizing frequency while minimizing both cost and weight. In relation to this, the
linear combination of the squares of the values "frequency,” "cost,” and "weight™" is
introduced in three different functions like as mai+my, mi+ms and mg+mo+ms,
respectively. Here, the functions establish the relationship between “frequency” (mzy),
“cost” (mgz), and “weight” (m3) similarly to a multi-objective approach. The brief

description of the problems can be seen in Table 6.27.
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Table 6.27. Mathematical definitions of optimization problems for two-phase (fiber/

matrix) composites and three phase (fiber/GPLs/matrix) nanocomposite plates

Two-Phase Composite Three-Phase Nanocomposite
Minimize F; = kymy? + k,my? + k(86 — 0.2)% + kg(y — 0.2)2 (Problem 1)

FZ = klmlz + k3m32 + k4(6 - 0.2)2 + ks(y - 0.2)2 (Problem 2)
F3 = klmlz + kzmzz + k3m32 + k4(5 - 0.2)2 + ks(y - 0.2)2 (Problem 3)

(‘_)max - amn
m1 =\

(Bmax
_ ( Weight )
M2 = Weight,qx
_ ( Cost )
Ms = CoStimax
- < 6,,0,,..,0y ) 0,,6,,..,0x,
" \Ve1, Vs -0 Vs Dmn Ve, Veas oo Vens
Weight (Ves, Vs, .., Vew) Wenry Wenry, -+ Wenry
Cost(Vi1, Veg, o, Ven) Wei ht( Vi1, Vg, oo, Ven )
ey Wenty Wenryo = Wenry
Cost < Vi1, Vez, o Ven )
Wenty Wenrys - Wenry
Find 0;, Vg _ i, Ve, » Wenry,
Nno and Ni; (for hybrid structure) Nno and Npi (for hybrid structure)
Design {6,,0,,65,..,0y) { 01,03,03,..,0n, Wenr,, }
Val’lab|ES WCNTZ' WCNT3' ttty WCNTN
Constraints 0. {0°, +15°,+30°, i45°,} 0. {0°, +15° £30°, i45°,}
£5 1 4600 +75°% +90° £5 1 +60° +75° +90°
Ny, and Ny; (for hybrid structure) % YV Wenr, < Wenrmans

0.10 < Vpy < 0.60 Wevm = 0, Wiy =1.25%

0.10 < Vg < 0.60
Ny, and Ny; (for hybrid structure)

where Ny, Ny, 60, Ve, , Wenr,,, are the number of outer and inner layers in hybrid
composite structures, fiber orientation angle, volume fraction of fiber and weight content
of CNT for each layer, respectively. The total number of layers for hybrid structures can
be determined via the equation N = N, + Np;. For non-hybrid structures, N represents
directly the total number of plies. For all the design problems, width/ length ratio (aspect
ratio) is a/b=1. The lay-up of the hybrid and non-hybrid plies with synthetic and natural
fibers are shown in Figure 6.10. The two-phase (fiber and matrix) and three phase (fiber,

CNTSs and matrix) composite structures can be written by using following style clearly.
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[S/N/N/NJs [S/S/N/Ns [S/S/S/N]s

[S/S/S/S]s [N/N/N/N]s

. S: Carbon or Glass
- M Fiber Reinforced
H M Ply

Synthetic Fiber

Reinforced Ply N Elex, et

Ramie or Jute
Fiber Reinforced
Ply

T - CNTs : Carbon Nanotubes
5 . Nanofillers in

. _, .
= : Natural Fiber Matrix Materials

T Reinforced Ply

Figure 6.10. Illustration of the symbols for inter ply hybrid and non-hybrid fiber/CNTs

reinforced nanocomposites for two-phase and three-phase composites

The material properties of synthetic fibers (carbon, glass), natural fibers (flax,
kenaf, ramie, jute), nano-reinforcement (Carbon nanotubes) and matrix used in the

present problems are given in Table 6.28.

Table 6.28. Material properties of fibers, CNTs and matrix for Problem 1, 2
and 338,80,86,182,199,200

Jute  Kenaf Ramie Flax Carbon  Carbon Glass CNTs Matrix

AS4
E: (Gpa) 553 522 609 70 263 225 724 450 42
E.E; (Gpa) 6,7 6,1 7.8 70 19 15 72,4

Gi,Gi3(Gpa) 3,1 2.9 3,7 29,58 27,6 15-7 30,66 1,567
Vi, Vi3 032 032 032 0,18 0.2 0,2 0,2 0,34

Va3 0,14 0,13 0,17 0,4 0,4 0,2

Density(kg/m® 1340 1300 1550 1400 1750 1800 2400 6244 1250
Cost ($/kg) 0,95 04 2 0,5 28 28 2 485 10

The parameters @,,,, cost, and weight, show optimum natural frequency, optimum

cost and weight values. The parameters @,,,., COStmax and weightmax denote the maximum
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fundamental frequency, maximum cost and the maximum weight for all layers consisting
of carbon/epoxy material for 0.60 volume fraction of fiber value and optimum stackin
sequences. In this study, the coefficient k, is assumed to be equal to four, on the basis that
the importance of the fundamental frequency is four times greater than that of weight and
cost. The other k; parameters are equal to 1, which indicates that the importance of cost
and weight are equal. The influence of bending-twisting coupling terms 5 and y is
assumed as equal to 0.2.
In accordance with the principles of a multi-objective approach for optimization,
this part of study addresses the following issues:
(1) Frequency—weight problems
(2) Frequency—cost problems
(3) Frequency—cost—weight problems.
The followings are devoted to detailed descriptions and results of the multi-
objective optimization problems (Problems 1-3)

6.3.1. Problem 1

In design problem, multi-objective optimization problems of hybrid and non-
hybrid fibers/CNT reinforced composite plates are performed in terms of fundamental
frequency and weight with non-uniform distribution of CNT and fiber reinforcements.
Additionally, the same multi-objective optimzation problems are solved for two-phase
fiber reinforced composite plate structures to compare efficiency of optimum design
which are defined as penalty function values. The laminate is composed of N=8 layers
and the length to thickness ratio a’h =100. The natural frequencies of fibre-reinforced
nanocomposite plates are optimised through the utilisation of the Modified Differential
Evolution Algorithm, while simultaneously minimizing weight for simply supported
boundary conditions. The objective function F; is defined as penalty function which is
composed of non-dimensionalized natural frequency @,,, and weight. 6; , Weyr, and Ve
are the design parameters. The objective of the problem is to make comparisons
of multiobjective problem results for maximum natural frequency and minimum weight
for Jute, Kenaf, Ramie, Flax, Carbon and Glass fiber reinforcement with and without

CNT for hybrid and non-hybrid structures. The first problem is a simple one that looks
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at the results of two goals—maximum natural frequency and minimum weight with a
couple.
Problem 1 can be defined mathematically as

o Minimize: Fl = k1m12 + k2m22 + k4(6 - 0.2)2 + ks(y - 0.2)2

= <5max—6mn>m _( Weight )
e mmax 2T Welghtmax

iie. 1 y8
e Constraints: 5 Yic1 Wenti < Wenrmaxs Wenri = 0

Symmetric stacking sequences; [0, 64, 03, 0,1
Symmetric weight fraction of GPLs sequences;
[Went1/Wentz/Wents/Wentals

Symmetric volume fraction of Fiber; [Vg1/Vr2/VEs/Vials
a/D =100, a/b = 1, Wenrmax=1.25%,

0.10 < Vg < 0.60

Algorithms: Differential Evolution

In the definition, Weyr; and Wenrmax ShOw weight of carbon nanotubes for the
It layer and maximum graphene weight for the laminate.

Table 6.29 indicates how different hybrid and non-hybrid designs affect the
optimal stacking sequence, from fiber volume fraction, and CNT distribution weight
fraction for the highest feasible fundamental frequency and the minimum achievable
weight of the composite plates. Results show a tendency toward more efficient design
outcomes when large volume fraction and weight content of CNT are placed at the outer
layer instead of to the inner layer. In accordance with the benefits of density, CNTSs are
added to each layer of natural fiber reinforced designs to enhance the fiber volume content
and reduce weight. F values also demonstrate the efficiency level of the optimal design
in terms of frequency and weight. The minimum F values for [C/C/F/F]s-CNT,
[CICICIF]s-CNT, [C/C/K/K]s-CNT, [C/C/C/K]s-CNT, [C/C/R/R]s-CNT, [C/C/C/R]s-
CNT, [C/C/JJ]s-CNT, and [C/C/C/J]s-CNT are less than 0.800. This indicates that the
most efficient cases result from the hybridization of flax, jute, kenaf, and ramie fibers
with carbon fibers through the addition of CNT into the matrix. Glass fiber reinforced
[G/G/G/G]s-CNT and [G/G/G/G]s cases are less efficient than both three-phase and two-
phase composite designs, totally natural fiber reinforced cases [F/F/F/F]s-CNT, [J/3/3/J]s-
CNT, [K/K/K/K]s-CNT, [R/R/R/R]s-CNT, [F/F/FIF]s, [JN]s, [KIK/K/K]s,
[R/R/R/R]s, and their hybridizations each other. When two-phase designs of natural fiber

reinforcement and their hybridizations are compared to three-phase natural fiber
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reinforced designs with CNT, it can be shown that the natural frequency of the structure

may increase by 10% by adding 1% CNT into the matrix. This finding supports the use

of natural fibers with CNTs for applications where vibration and lightness control is

important. Since cost is not considered an objective in the optimization problem, the fully

carbon fiber reinforced [C/C/C/C] s-CNT case is the one of the most efficient design in

terms of natural frequency and weight. However, despite the renowned strength and

lightweight properties of carbon fiber and CNT, hybrid designs combining carbon fiber

with flax, kenaf, ramie, and jute fibers with CNT are more efficient than the fully carbon
fiber reinforced case [C/C/C/C] s-CNT.

Table 6.29. Comparison of optimum Stacking sequence, volume fraction of fiber and

weight fraction of CNT distribution results for maximum fundamental

frequency and minimum weight of composite plates

E-

Optimum Results

Design Stacking Fiber Volume Fraction per ~ Weight Content of
value  gequence layer CNT per layer
[FIF/FIF]s-CNT  1.139 [45/-45/45/45]s  [0.60/0.60/0.60/0.10]s [0.0392/0.0108/0/0.0]s
[G/G/GIG]s-CNT  1.655 [45/-45/45/45]s  [0.600/0.100/0.100/0.100]s [0.05/0.0/0/0]s
[3/3/3/3]s-CNT 1.455 [45/-45/-45/45]s  [0.600/0.600/0.600/0.100]s [0.05/0.0/0/0]s
[K/K/K/IK]-CNT]  1.471 [45/-45/-45/45]s  [0.60/0.60/0.60/0.60]s [0.05/0.0/0/0]s
[R/IRIR/R]-CNT  1.200 [45/-45/45/-45]s  [0.60/0.60/0.60/0.10]s [0.0472/0.0028/0/0.0]s

[C/ICICIC]s-CNT  0.802 [45/-45/-45/-45]s  [0.495/0.460/0.100/0.100]s [0.05/0.0/0/0]s
[C/FIF/F]s-CNT ~ 1.000 [90/45/45/45]s [0.60/0.60/0.10/0.10]s [0.05/0.0/0/0]s
[CIC/IF/F]s-CNT 0.784  [45/-45/-45/-45]s  [0.488/0.483/0.10/0.10]s [0.50/0.0/0/0.0]s
[CICICIF]s-CNT  0.791 [45/-45/-45/-45]s  [0.492/0.460/0.100/0.100]s  [0.50/0.0/0/0.0]s
[C/GIGIG]s-CNT  1.228 [90/45/45/45]s [0.600/0.10/0.10/0.10]s [0.50/0/0/0]s
[C/CIGIG]s-CNT  0.851 [45/-45/-45/-45]s  [0.505/0.502/0.10/0.10]s [0.50/0/0/0]s
[CICICIG]s-CNT ~ 0.824 [45/-45/-45/-45]s  [0.501/0.470/0.10/0.10]s  [0.50/0/0/0]s
[C/IK/K/K]s-CNT ~ 1.079 [90/45/45/45]s [0.60/0.60/0.60/0.10]s [0.50/0/0/0]s
[C/IC/IK/K]s-CNT  0.780 [45/-45/-45/-45]s  [0.477/0.499/0.10/0.10]s  [0.50/0/0/0]s
[CICICIK]s-CNT  0.789  [45/-45/-45/-45]s  [0.482/0.475/0.10/0.10]s [0.50/0/0/0]s
g [C/RIR/R]s-CNT  1.078  [90/45/45/45]s [0.60/0.60/0.10/0.10]s [0.50/0/0/0]s
é [C/IC/IRIR]s-CNT ~ 0.796 [45/-45/-45/-45]s  [0.484/0.503/0.100/0.100]s  [0.50/0/0/0]s
3 [CICICIR]s-CNT  0.798 [45/-45/-45/-45]s  [0.484/0.474/0.100/0.100]s [0.50/0/0/0]s
?;‘”é [C/3/313]s-CNT 1.016 [90/45/45/45]s [0.60/0.60/0.60/0.10]s [0.50/0/0/0]s
E [CICIIJ]s-CNT 0.783 [45/-45/-45/-45]s  [0.479/0.500/0.10/0.10]s [0.50/0/0/0]s
= [CICICIJ]s-CNT  0.791 [45/-45/-45/-45]s  [0.482/0.474/0.100/0.100]s [0.50/0/0/0]s

(cont. on next page)
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Table 6.29 (cont.)

[F/J/313]s-CNT 1.209 [45/-45/-45/45]s  [0.60/0.60/0.10/0.10]s [0.500/0/0/0]s
[F/FIIJ]s-CNT 1142 [45/-45/-45/45]s  [0.60/0.60/0.60/0.10]s [0.381/0.119/0/0]s
[F/F/IF3]s-CNT 1137 [45/-45/45/45]s  [0.60/0.60/0.60/0.10]s [0.385/0.115/0/0]s
[F/KIK/IK]s-CNT  1.197 [45/-45/-45/45]s  [0.60/0.60/0.10/0.10]s [0.500/0/0/0]s
[F/F/K/K]s-CNT  1.133 [45/-45/45/45]s  [0.60/0.60/0.60/0.10]s [0.377/0.123/0/0]s
[F/FIF/K]s-CNT 1136 [45/-45/45/45]s  [0.60/0.60/0.60/0.10]s [0.385/0.115/0/0]s
[F/R/IRIR]s-CNT  1.261 [45/-45/45/45]s  [0.60/0.477/0.10/0.10]s [0.500/0/0/0]s
[F/FIRIR]s-CNT  1.178 [45/-45/45/45]s  [0.60/0.60/0.10/0.10]s [0.344/0.156/0/0]s
[F/FIF/R]s-CNT 1141 [45/-45/45/45]s  [0.60/0.60/0.60/0.10]s [0.385/0.115/0/0]s
[F/FIFIF]s 1.325 [45/-45/45/45]s  [0.60/0.60/0.60/0.10]s -
[G/GIGIG]s 2.034 [45/-45/-45/-45]s  [0.521/0.379/0.100/0.100]s -
[313/3/3]s 1564 [45/-45/-45/45]s  [0.60/0.60/0.60/0.10]s -
[K/KIKIK] 1583 [45/-45/-45/45]s  [0.60/0.60/0.60/0.10]s -
[RIR/RIR] 1.640 [45/-45/45/45]s  [0.60/0.60/0.10/0.10]s -
[CIFIFIF]s 1.125 [90/45/45/45]s  [0.60/0.60/0.60/0.10]s -
[CICIFIF]s 0.888 [45/-45/-45/45]s  [0.419/0.432/0.60/0.60]s -
[CICICIF]s 0.809 [45/-45/-45/-45]s  [0.510/0.567/0.10/0.10]s -
[CIGIGIG]s 1.410 [90/45/45/45]s  [0.60/0.10/0.10/0.10]s -
[CICIGIG]s 0.870 [45/-45/-45/-45]s  [0.514/0.60/0.10/0.10]s -
[CICICIG]s 0.843 [45/-45/-45/-45]s  [0.515/0.573/0.10/0.10]s -
[CIKIKIK]s 1.143 [90/45/45/45]s  [0.60/0.60/0.60/0.10]s -
[CICIKIK]s 0.797 [45/-45/-45/-45]s  [0.502/0.594/0.10/0.10]s -
[CICICIK]s 0.807 [45/-45/-45/-45]s  [0.504/0.566/0.10/0.10]s -
[CIRIRIR]s 1.223 [90/45/45/45]s  [0.60/0.60/0.10/0.10]s -
[CICIRIR]s 0.814 [45/-45/-45/-45]s  [0.508/0.599/0.10/0.10]s -
[CICICIR]s 0.815 [45/-45/-45/-45]s  [0.509/0.571/0.10/0.10]s -
[CI3131]s 1.153 [90/45/45/45]s  [0.60/0.60/0.60/0.10]s -
[CICII]s 0.800 [45/-45/-45/-45]s  [0.505/0.597/0.10/0.10]s -
[CICICI]s 0.808 [45/-45/-45/-45]s  [0.505/0.567/0.10/0.10]s -
[F/31313]s 1.400 [45/-45/-45/-45]s  [0.60/0.60/0.60/0.10]s -
[FIF11]s 1.336 [45/-45/-45/-45]s  [0.60/0.60/0.528/0.101]s -
[FIFIF/]s 1.333 [45/-45/45/-45]s  [0.60/0.60/0.463/0.100]s -
g [FIKIKIK]s 1.391 [45/-45/-45/45]s  [0.60/0.60/0.60/0.10]s -
& TIFIFIKIK]s 1.327 [45/-45/45/45]s  [0.60/0.60/0.547/0.10]s -
§ [FIFIF/K]s 1.332 [45/-45/45/-45]s  [0.60/0.60/0.453/0.102]s -
% [FIRIRR]s 1.475 [45/-45/45/45]s  [0.60/0.60/0.10/0.10]s -
§ [F/FIRIR]s 1.377 [45/-45/45/45]s  [0.60/0.60/0.10/0.10]s -
& TIFIFFR]s 1.340 [45/-45/45/-45]s  [0.60/0.60/0.491/0.10]s -

Table 6.30 presents the optimum natural frequency and weight results for

combinations of hybrid and non-hybrid cases with and without CNT. The cost results are

provided as outputs to compare overall results with those of other multi-objective
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optimization approaches. Weight and frequency value reductions are expressed as
percentages in comparison to the [C/C/C/C] s reference optimum case. The [C/C/K/K]s-
CNT and [C/C/F/F]s-CNT cases are the most efficient, with the lowest F values of 0.780
and 0.784, respectively. The results indicate that a 12.2% weight reduction can be
achieved by sacrificing the frequency value by about 5.6%, while also using more eco-
friendly fibers, and gaining approximately 26% cost reduction advantages. The next most
efficient designs after these are [C/C/C/F]s-CNT, [C/C/C/K]s-CNT, [C/C/R/R]s-CNT,
[C/CICIR]s-CNT, [C/C/J/J]s-CNT, and [C/C/C/J]s-CNT. These designs provide optimal
solutions to the problem, achieving an 11.5% weight reduction and a 5.5% decrease in
natural frequency.

In addition to this, the two-phase hybrid designs [C/C/F/F]s, [C/CIC/F]s,
[CICIKIK]s, [CICICIK]s, [CICIRIR]s, [C/CICIR]s, [CICIIN]s, and [C/CICH]s also
provide efficient designs with a 10% weight reduction and a 5.7% decrease in frequency.
The results also indicate that using natural fiber hybridization without CNT is more
efficient when weight reduction is less important. In multi-objective optimization
problems where natural frequency and weight are used as objectives, hybrid and non-
hybrid natural fiber reinforced design cases with CNTs may provide a 15.5% weight
reduction and a 69% cost reduction, albeit with a sacrifice of 31% in natural frequency.
For the same design approaches using fully natural fiber reinforced cases in two-phase
structures without CNT, it can be observed that less efficient designs with a 12%
reduction in frequency values are achievable compared to multiphase designs with CNTSs.
However, these designs still offer 15% weight reduction and 76% cost savings. The
[C/CICIC] s-CNT design is also among the most efficient designs, leveraging the low
density and high strength properties of carbon nanotubes. This is particularly
advantageous when biodegradability and cost are not primary concerns for designers.

This graph illustrates the optimal configurations of hybrid and non-hybrid fiber
reinforced composites, both with and without the incorporation of carbon nanotubes
(CNTs), focusing on achieving maximum natural frequency and minimizing weight.
Among all the optimal designs that provide the highest fundamental frequency and lowest
weight, the composite plate designs reinforced with carbon and natural fibers
([C/C/N/N]s-CNTs and [C/C/CIN]s, where N represents natural fibers such as Kevlar,
Flax, Jute, and Ramie) are the most effective. In general, hybrid synthetic carbon/natural
fiber/CNTSs reinforced nanocomposites offer a weight reduction of up to 15% and a cost

saving of 47%, with a potential decrease of 6% in natural frequency. Although the design
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of [C/C/C/F]s-cnt and [C/C/C/F]s indicates same maximum fundamental frequency,
[C/CIC/F]s-cnt is more efficient with 0,791 efficiency factor while [C/C/C/F]s case. For

fully natural fiber reinforced designs the addition of CNTs may be provide %12 increment

in natural frequency at same weight. Although the designs [C/C/C/F]s-CNT and
[C/CIC/F]s achieve the same maximum fundamental frequency, [C/C/C/F]s-CNT

demonstrates greater efficiency with an efficiency factor of 0.791 compared to
[CICICIF]s.

Table 6.30. Comparison of optimum fundamental frequency and minimum weight with

the related cost and comparing the results to the reference design

Design F- Objectives Output Comparison with [C/C/C/C]s design

value ~ ywmn Weight Cost Cost Weight Frequency

(Kg) %) Reduction Reduction Reduction
(%) (%) (%)
[F/FIF/F]s-CNT 1.139 289.548 12.957 98.208 69.1 15.3 31.2
[G/GIGIG]s- 1.655 243.198 14.706 156.892 50.7 3.9 42.2
BTJI]/J]S-CNT 1.455 239.076 12.672 98.958 68.9 17.2 43.2
[K/IK/IKIK]-CNT] 1.471 234.553 12.482 94.248 70.4 184 443
[R/R/R/R]-CNT 1.200 236.123 13.232 123.478 61.2 135 43.9
[CICICIC]s-CNT  0.802 397.473 13.596 249.757 215 111 5.6
[C/FIFIF]s-CNT 1.000 321.989 13.232 181.632 42.9 135 234
[C/CIFIF]s-CNT  0.784 397.376 13.444 232.814 26.8 121 5.6
[C/CICIF]s-CNT  0.791 397.713 13.505 240.252 245 11.7 5.5
[C/IGIGIG]s-CNT  1.228 294.878 13.732 203.317 36.1 10.3 30.0
[C/CIG/IG]s-CNT  0.851 395.448 13.990 240.561 24.4 8.6 6.1
[C/ICICIG]s-CNT  0.824  396.857 13.781 244,172 23.3 9.9 5.7
[C/K/IK/K]s-CNT  1.079 319.062 13.156 166.295 47.7 14.0 27.9
[C/IC/KI/K]s-CNT  0.780 397.064 13.400 233.461 26.6 124 5.7
[C/ICIC/IK]s-CNT  0.789 397.518 13.487 241.075 24.2 11.8 5.6
[C/R/IR/R]s-CNT  1.078 312.858 13.532 187.377 41.1 11.6 28.9
[C/IC/R/IR]s-CNT  0.796  397.209 13.540 236.148 25.8 115 5.7
[C/CIC/IR]s-CNT  0.798 396.923 13.550 242.100 23.9 114 5.7
[C/IIN]s-CNT 1.016 319.151 13.286 169.180 46.8 13.2 21.7
[C/CIIN]s-CNT 0.783 397.336 13.425 234.125 26.4 12.3 5.6
8 [C/ICICIJ]s-CNT  0.791 397.279 13.495 241.241 24.2 11.8 5.6
& T[FANNIsSCNT 1209 277.221 12.586 112174 6438 17.7 342
§ [F/FI31J]s-CNT 1.142 287.300 12.852 98.684 69.0 16.0 31.8
% [F/FIF/J]s-CNT 1.137 289.489 12.942 98.205 69.1 154 31.2

£
% [F/IKIK/K]s-CNT  1.197 276.544 12.506 110.346 65.3 18.3 34.3
oS

E [FIFIK/IK]s-CNT  1.133  287.480 12.782 97.111 69.5 16.5 31.7

(cont. on next page)
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ITwo Phase Composites

Table 6.30 (cont.)

[F/FIFIK]s-CNT ~ 1.136  289.590 12.932 97.949 69.2 155 31.2
[F/RIR/IR]s-CNT ~ 1.261 271.396 12.899 120.241 62.2 15.7 355
[F/FIR/R]s-CNT  1.178 280.687 12.782 113.206 64.4 16.5 33.3
[F/FIF/IR]s-CNT  1.141 288.969 12.994 99.008 68.9 151 314
[F/FIFIF]s 1.325 256.767 12.950 70.173 77.9 154 39.0
[G/GIGIG]s 2.034 206.979 15.300 116.170 63.5 0.0 50.8
[3131313]s 1564 225.782 12.665 71.613 77.5 17.2 46.4
[K/K/K/K] 1583 221.463 12.475 67.414 78.8 18.5 47.4
[R/RIRIR] 1.640 222.052 13.225 93.470 70.6 13.6 47.3
[C/FIF/F]s 1.125 300.128 13.475 135.543 57.4 11.9 28.7
[C/CIFIF]s 0.888 362.266 13.770 154.999 35.8 111 55
[C/ICICIF]s 0.809 398.128 13.668 211.986 334 10.7 5.4
[C/G/GIG]s 1.410 265.028 13.725 170.640 46.4 10.3 37.1
[C/CIGIG]s 0.870 393.362 14.130 211.642 335 7.6 6.6
[C/CICIG]s 0.843 396.182 13.933 215.785 32.2 8.9 59
[C/K/IKIK]s 1.143  290.972 13.150 133.618 58.0 141 315
[C/CIKIK]s 0.797 397.615 13.557 203.916 35.9 114 5.6
[C/CICIK]s 0.807 397.065 13.634 211.077 33.7 10.9 5.7
[C/R/IRIR]s 1.223 284.987 13.525 154.700 514 116 32.8
[C/CIRIR]s 0.814 397.742 13.697 207.077 34.9 10.5 55
[CICICIR]s 0.815 397.737 13.710 213.079 33.0 104 55
[C31N]s 1.153 291.358 13.280 136.503 57.1 13.2 314
[C/ClN]s 0.800 399.164 13.585 205.000 35.6 11.2 54
[C/CICN]s 0.808 397.240 13.647 211.523 335 10.8 5.7
[F/3113]s 1.400 245.314 12.755 71.132 77.6 16.6 41.7
[F/FIIN]s 1.336 253.394 12.820 72.588 77.2 16.2 39.8
[F/FIFN]s 1.333 254.482 12.866 74.085 76.7 15.9 39.6
[F/KIK/K]s 1.391 244316 12.625 68.248 78.6 17.5 42.0
[F/IF/IK/IK]s 1.327 253.721 12.762 70.622 77.8 16.6 39.7
[F/FIFIK]s 1.332 254.404 12.852 74.050 76.7 16.0 39.6
[F/R/R/R]s 1.475 238.379 13.000 89.330 71.9 15.0 43.4
[F/FIRIR]s 1.377 247.603 12.775 85.190 73.2 16.5 41.2
[F/F/IFIR]s 1.340 254.449 12.933 74.101 76.7 155 39.6
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6.3.2. Problem 2

Problem 2 is similar to Problem 1 with one difference such that cost is utilized as
second objective instead of weight together with natural frequency for multi-objective
optimization problems of hybrid and non-hybrid fibers/CNT reinforced composite plates
with non-uniform distribution of CNT and fiber reinforcements. Additionally, the same
multi-objective optimization problems are solved for two-phase fiber reinforced
composite plate structures to compare efficiency of optimum design which are defined as
penalty function values. The effect of minimization approach for weight with
maximization of natural frequency are investigated for optimum results. Number of plies
and length to thickness ratio are same for Problem 2. The objective function F is also
defined as penalty function which is composed of non-dimensionalized natural frequency
Wmn and cost. §; , Weyr, and Vg are the design parameters for multiphase composite
plates. For two-phase fiber reinforced composites problems, 6; and Vg, are also
employed as design variables. The objective of the problem is to make comparisons
of multiobjective problem results for maximum natural frequency and minimum cost for
Jute, Kenaf, Ramie, Flax, Carbon and Glass fiber reinforcement with and without CNT
for hybrid and non-hybrid structures.

Problem 2 can be defined mathematically as

e Minimize: F, = kymy? + kyms? + ky(6 — 0.2)2 + kg(y — 0.2)?

S (@nax - amn) . = ( Cost )
! amax 3 COStmax

inte. 1 y8
e Constraints: g Zi:l WCNTi < WCNTmax’ WCNTi >0

Symmetric stacking sequences; [0, 6,, 03, 0,]
Symmetric weight fraction of CNTs sequences;
[WCNTl/WCNTZ/WCNT3/WCNT4]s
Symmetric volume fraction of fiber; [Vg,/Vis/Vis/Veals
a/D =100, a/b = 1, Wenrmax=1.25%,
0.10 < Vi < 0.60
Algorithms: Differential Evolution
Table 6.31 illustrates the impact of various hybrid and non-hybrid designs on the
optimal stacking sequence, fiber volume fraction, and CNT distribution weight fraction,
aiming to achieve the highest possible fundamental frequency and the lowest achievable
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cost of the composite plates. The findings suggest that designs tend to be more efficient

when a larger volume fraction and weight content of CNTSs are placed in the outer layer

rather than the inner layer similar to multi-objective Problem 1.

Table 6.31. Comparison of optimum Stacking sequence, volume fraction of fiber and

weight fraction of CNT distribution results for maximum fundamental

frequency and minimum cost of composite plates,

Design F- Optimum Results
value Stacking Sequence Fiber Volume Fraction per  Weight Content of
layer CNT per layer
[F/F/FIF]s-CNT 0.501  [45/-45/45/45]s [0.60/0.60/0.60/0.60]s [0.0397/0.0103/0/0.0]s
[G/G/GIG]s-CNT  0.895  [45/-45/45/45]s [0.600/0.600/0.600/0.100]s  [0.0473/0.0077/0/0]s
[3/31313]s-CNT 0.844  [45/-45/-45/45]s [0.60/0.60/0.60/0.60]s [0.05/0.0/0/0]s
[K/IK/IK/K]-CNT]  0.866  [45/-45/-45/45]s [0.60/0.60/0.60/0.60]s [0.05/0.0/0/0]s
[R/R/R/IR]-CNT 0.885  [45/-45/45/-45]s [0.60/0.60/0.60/0.10]s [0.0484/0.0016/0/0.0]s
[C/CICIC]s-CNT  0.597  [45/-45/-45/-45]s [0.594/0.600/0.270/0.100]s  [0.0004/0.0/0.0/0.0]s
[C/F/FIF]s-CNT 0.559  [90/45/45/45]s [0.60/0.60/0.60/0.60]s [0.0392/0.00/0/0.0]s
[C/CIFIF]s-CNT  0.306  [45/-45/-45/-45]s [0.463/0.486/0.60/0.60]s [0.0/0.0/0/0.0]s
[C/CICIF]s-CNT  0.389  [45/-45/-45/-45]s [0.453/0.491/0.100/0.600]s  [0.0/0.0/0/0.0]s
[C/GIGIG]s-CNT ~ 0.738  [90/45/45/45]s [0.60/0.60/0.10/0.10]s [0.0356/0/0/0]s
[C/CIGIG]s-CNT  0.443  [45/-45/-45/-45]s [0.449/0.520/0.10/0.10]s [0/0/0/0]s
[C/CICIG]s-CNT ~ 0.454  [45/-45/-45/-45]s [0.443/0.485/0.10/0.10]s [0/0/0/0]s
[C/K/KIK]s-CNT 0551  [90/45/45/45]s [0.60/0.60/0.60/0.60]s [0.0181/0/0/0]s
[C/IC/K/K]s-CNT  0.301  [45/-45/-45/-45]s [0.458/0.499/0.60/0.60]s [0/0/0/0]s
[CICICIK]s-CNT ~ 0.384  [45/-45/-45/-45]s [0.448/0.491/0.10/0.60]s  [0/0/0/0]s
[C/R/R/IR]s-CNT  0.594  [90/45/45/45]s [0.60/0.60/0.60/0.60]s [0.0173/0/0/0]s
[C/IC/RIR]s-CNT  0.351  [45/-45/-45/-45]s [0.471/0.507/0.600/0.600]s  [0/0/0/0]s
[CICICIR]s-CNT  0.412  [45/-45/-45/-45]s [0.455/0.498/0.100/0.600]s  [0/0/0/0]s
[Cla1313]s-CNT 0.522  [90/45/45/45]s [0.60/0.60/0.60/0.60]s [0.0175/0/0/0]s
[C/IC/)J]s-CNT ~ 0.312  [45/-45/-45/-45]s [0.459/0.497/0.60/0.60]s  [0/0/0/0]s
[C/C/CNI]s-CNT 0.390  [45/-45/-45/-45]s [0.446/0.488/0.100/0.600]s  [0/0/0/0]s
[F/3/313]s-CNT 0.599  [45/-45/-45/45]s [0.60/0.60/0.60/0.60]s [0.0500/0/0/0]s
[F/F/3/3]s-CNT 0.514  [45/-45/45/45]s [0.60/0.60/0.60/0.60]s [0.0372/0.0128/0/0]s
[F/F/F1J]s-CNT 0.498  [45/-45/45/45]s [0.60/0.60/0.60/0.60]s [0.0394/0.0106/0/0]s
é [F/K/IK/K]s-CNT 0585  [45/-45/-45/45]s [0.60/0.60/0.60/0.60]s [0.0500/0/0/0]s
é— [F/IF/K/K]s-CNT ~ 0.503  [45/-45/45/-45]s [0.60/0.60/0.60/0.60]s [0.0369/0.0131/0/0]s
S [FIFIFIK]s-CNT 0485  [45/-45/45/45]s [0.60/0.60/0.60/0.60]s [0.0393/0.0107/0/0]s
;;"’; [F/R/IR/IR]s-CNT  0.673  [45/-45/-45/45]s [0.60/0.60/0.60/0.10]s [0.0500/0/0/0]s
E [F/F/R/IR]s-CNT  0.552  [45/-45/45/45]s [0.60/0.60/0.60/0.10]s [0.0391/0.0109/0/0]s
= [FIFIFIR]s-CNT 0,515  [45/-45/45/45]s [0.60/0.60/0.60/0.10]s [0.0388/0.0112/0/0]s

(cont. on next page)
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Table 6.31 (cont.)

[F/F/F/F]s 0.648  [45/-45/45/45]s [0.60/0.60/0.60/0.601s
[G/G/G/G]s 1.166  [45/-45/-45/-45]s [0.521/0.379/0.100/0.100]s
[1/1/10s 0914  [45/-45/-45/45]s [0.60/0.60/0.60/0.601s
[K/K/K/K] 0.943  [45/-45/-45/45]s [0.60/0.60/0.60/0.601s
[R/R/R/R] 0.934  [45/-45/-45/45]s [0.60/0.60/0.60/0.101s
[C/F/F/F]s 0.505  [90/45/45/45]s [0.60/0.60/0.60/0.60]s
[C/C/F/F]s 0306  [45/-45/-45/-45]s [0.463/0.486/0.60/0.60]s
[C/C/C/F]s 0389  [45/-45/-45/-45]s [0.453/0.491/0.10/0.60]s
[C/G/G/G]s 0.773  [90/45/45/45]s [0.60/0.60/0.10/0.10]s
[C/C/G/G]s 0443  [45/-45/-45/-45]s [0.449/0.520/0.10/0.10]s
[C/C/C/G]s 0.454  [45/-45/-45/-45]s [0.443/0.485/0.10/0.10]s
[C/K/K/K]s 0.563  [90/45/45/45]s [0.60/0.60/0.60/0.601s
[C/C/K/K]s 0.301  [45/-45/-45/-45]s [0.458/0.499/0.60/0.60]s
[C/C/C/K]s 0.383  [45/-45/-45/-45]s [0.448/0.491/0.10/0.60]s
[C/R/R/R]s 0.635  [90/45/45/45]s [0.60/0.60/0.60/0.601s
[C/C/R/R]s 0.351  [45/-45/-45/-45]s [0.472/0.507/0.60/0.60]s
[C/C/C/R]s 0412 [45/-45/-45/-45]s [0.455/0.498/0.10/0.60]s
[C/1/ITs 0.571  [90/45/45/45]s [0.60/0.60/0.60/0.60]s
[C/C/ITs 0312 [45/-45/-45/-45]s [0.406/0.431/0.60/0.60]s
[C/C/C/T]s 0390  [45/-45/-45/-45]s [0.446/0.488/0.10/0.60]s
[F/1/ITs 0.742  [45/-45/-45/-45]s [0.60/0.60/0.60/0.60]s
[F/F/I/T]s 0.665  [45/-45/45/-45]s [0.60/0.60/0.60/0.601s
[F/F/F/Ts 0.646  [45/-45/45/-45]s [0.60/0.60/0.598/0.600]s
g [FKKK]s 0.745  [45/-45/45/45]s [0.596/0.60/0.594/0.60]s
§ [F/F/K/K]s 0.658  [45/-45/45/45]s [0.60/0.60/0.60/0.60]s
§ [F/F/F/K]s 0.668  [45/-45/45/-45]s [0.596/0.60/0.594/0.60]s
2 [F/RIRR]s 0.796  [45/-45/-45/45]s [0.60/0.60/0.60/0.10]s
=}
& T [F/FRR]s 0.709  [45/-45/45/-45]s [0.60/0.60/0.60/0.489]s
& [FFFR]s 0.668  [45/-45/45/-45]s [0.60/0.60/0.60/0.448]s

This approach leverages the benefits of density and strength properties,

integrating CNTs into each layer of natural fiber reinforced designs to increase fiber

volume content and lower costs. In hybrid carbon and natural fiber reinforced designs,

algorithms often favour two-phase designs without CNTs due to their lower cost

compared to incorporating CNTs. The F values also indicate the efficiency level of the

optimal design concerning both frequency and cost. The minimum F values for
[CICIFIF]s-CNT, [C/C/C/F]s-CNT, [C/C/K/K]s-CNT, [C/CI/C/K]s-CNT, [C/C/R/R]s-
CNT, [C/C/CIR]s-CNT, [C/C/J/J]s-CNT, [C/C/C/J]s-CNT are identical to those of the
two-phase design cases [C/C/N/N]s and [C/C/C/N]s, all below 0.400. In these designs,

where cost is prioritized over weight in a multi-objective approach, there is no distinction
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between optimal hybrid carbon-natural fiber reinforced composite [C/C/N/N] s and
[C/CICIN] s designs. The glass fiber reinforced [G/G/G/G]s-CNT and [G/G/G/G]s cases
are less efficient compared to optimal designs among two-phase and three-phase
composite structures. Among the non-hybrid fiber/CNT reinforced optimal designs, the
most efficient case is [F/F/F/F]s-CNT, which achieves a design efficiency factor of 0.500.
The efficiency of [F/F/F/F]s-CNT arises from the synergistic combination of the
relatively economical flax fiber and the strategic incorporation of a small, yet impactful,
amount of 1% CNT, despite its higher cost. In completely natural fiber reinforced cases
such as [F/F/F/F]s, [J3A]s, [KIKIK/K]s, [R/R/R/R]s, and their hybridizations, the
strategic addition and optimization of CNT at each ply result in a 10% increase in
frequency, a 70% reduction in cost, and a 15% weight savings. This finding supports the
use of hybridizing natural fibers with carbon fibers in applications where vibration control
and cost efficiency are critical, especially in scenarios where carbon nanotubes (CNTS)
are not utilized. Given that the price of carbon fiber is lower than that of CNTs,
incorporating CNTs may not be feasible for achieving maximum natural frequency and
minimizing costs in multi-objective optimization problems. In contrast to the previous
problem, where weight was not considered in the objective function of the optimization
problem, the fully carbon fiber reinforced [C/C/C/C]s-CNT case is not an efficient design
in terms of natural frequency and cost. However, for achieving a cost-effective and high
natural frequency design, combining flax, kenaf, ramie, and jute fibers with CNTs proves
more advantageous compared to [G/G/G/G]s designs.

Table 6.32 provides the optimum outcomes for natural frequency and cost across
different hybrid and non-hybrid scenarios, including configurations with and without
CNT. It also includes weight values to facilitate comparisons with other approaches in
multi-objective optimization. Reductions in cost and frequency are expressed as a
percentage compared to the [C/C/C/C/C] s reference optimal case. The two-phase cases
of [C/C/K/K]s, [C/C/IJ]s, and [C/C/F/F]s are the most efficient, achieving the lowest F
values of 0.301, 0.312, and 0.306, respectively. The results suggest that by accepting a
9.9% reduction in frequency, a cost reduction of 48.8% is achievable, while at the same
time using greener fibres and achieving a weight reduction of approximately 9%. The
[C/CICIF]s, [C/CICIK]s, and [C/C/C/J]s designs also exhibit F values of 0.389, 0.384,
and 0.390, respectively. These designs offer a 41% cost reduction and 11% weight
savings, achieved by sacrificing 11% of the natural frequency, making them the second
feasible designs. C/F/F/F]s-CNT, [C/R/R/R]s-CNT, [C/J/J/J]s-CNT, and [C/R/R/R]s-

120



CNT are the next most efficient designs. With a 53% reduction in cost and a 23%

reduction in natural frequency, these designs offer optimal solutions. Additionally, three-

phase hybrid designs fully reinforced with natural fibers—such as [F/J/J/J]s-CNT,
[F/FII]s-CNT, [F/F/IFIJ]s-CNT, [F/IK/K/K]s-CNT, [F/F/K/K]s-CNT, [F/F/F/K]s-CNT,
[F/R/R/R]s-CNT, [F/F/R/R]s-CNT, and [F/F/F/R]s-CNT—offer efficient solutions.
These designs achieve a 72% cost reduction, albeit with a 31% decrease in frequency.

Table 6.32. Comparison of optimum fundamental frequency and minimum cost with the

related weight and comparing the results to the reference design

Design F- Objectives Output ~ Comparison with [C/C/C/C]s design

value Fundamental ~Cost Weight  Cost Weight Frequency

Frequency Reduction  Reduction  Reduction
(%) (%) (%)
[F/FIF/F]s-CNT 0.501 288.180 84.790 13.207 734 13.7 31.6
[G/IGIGIG]s- 0.895 251.381 146.017 17.706 54.1 -15.7 40.3
B/’\J'L/J]S-CNT 0.844 238.568 86.024 12.847 73.0 16.0 43.3
[K/IK/IKIK]-CNT] 0.866 234.622 80.258 12.606 74.8 17.6 443
[R/R/R/R]-CNT 0.885 240.639 113.406 13.669 64.4 10.7 42.8
[CICICIC]s-CNT  0.597 421.000 245918 14151 227 7.5 0.0
[C/F/IFIF]s-CNT ~ 0.559 320.408 147.708 13.730 53.6 10.3 239
[C/ICIFIF]s-CNT  0.306 378.031 163.826 13.904 485 9.1 10.2
[C/ICICIF]s-CNT  0.389 375.262 186.214 13.735 415 10.2 10.9
[C/G/GIG]s-CNT  0.738  295.061 188.457 15223 40.8 0.5 29.8
[C/CIGIG]s-CNT  0.443 371.135 198.052 13.932 37.8 8.9 11.9
[CICICIG]s-CNT  0.454 371.418 200.933 13.714 36.9 104 11.8
[C/K/IK/K]s-CNT  0.551 302.671 131.402 13.277 58.7 13.2 29.9
[C/IC/IK/K]s-CNT  0.301 379.476 162.903 13.616 48.8 11.0 9.9
[CICICIK]s-CNT  0.384 375.822 184.930 13579 419 11.3 10.7
[C/R/IR/IR]s-CNT  0.594 294.124 145.802 14402 54.2 5.9 30.0
[C/IC/R/IR]s-CNT  0.351 374.201 174.863 14390 45.1 5.9 111
[C/ICIC/IR]s-CNT  0.412 373.187 191.180 13.973 39.9 8.7 114
[C/1313]s-CNT 0.522  302.070 134.952 13.457 57.6 12.0 28.3
[CIC)I]s-CNT 0.312 378.239 165.436 13.735 48.0 10.2 10.2
[C/ICICIJ]s-CNT ~ 0.390 374.270 185.788 13.632 41.6 10.9 111
8 [F/3/31J]s-CNT 0.599 281.124 86.307 12937 729 154 33.2
g [F/FI3J]s-CNT 0.514 286.076 85.746 13.026 73.1 149 32.0
§ [F/FIF/J]s-CNT 0.498 288.665 85.276 13.117  73.2 143 314
% [F/IK/IK/K]s-CNT  0.585 281.368 82.366 12,757 741 16.6 33.2

£
% [F/IFIK/K]s-CNT ~ 0.503 287.030 83.120 12906 739 15.6 31.8
3

E [F/IFIF/IK]s-CNT  0.485 289.523 83.962 13.057 736 14.7 31.2

(cont. on next page)
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Table 6.32 (cont.)

[F/RIR/IR]s-CNT ~ 0.673 278.459 107.363 13.444 66.3 12.1 33.9
[F/FIR/IR]s-CNT ~ 0.552 284.696 103.150 13.219 67.6 13.6 324
[F/FIF/R]s-CNT  0.515 289.282 99.008 12994 68.9 151 31.3
[F/FIFIF]s 0.648 255.760 56.760 13.200 82.2 13.7 39.3
[G/GIGIG]s 1.166  206.979 116.158 15.300 63.5 0.0 50.8
[313/313]s 0.914 225431 58.678  12.840 816 16.1 46.5
[K/K/K/K] 0.943 221518 53424 12600 83.2 17.6 47.4
[R/RIR/R] 0.934 227.307 83395 13662 73.8 10.7 46.0
[CIFIFIF]s 0.505 298.565 135.725 13.725 574 10.3 29.1
[C/CIFIF]s 0.306 378.031 163.826 13.905 485 9.1 10.2
[CICICIF]s 0.389 375.262 186.214 13.735 415 10.2 10.9
[C/G/GIG]s 0.773 275311 165.240 15.225 48.1 0.5 34.6
[C/CIGIG]s 0.443 371.135 198.052 13.932 378 8.9 11.9
[C/CICIG]s 0.454 371.418 200.933 13.714 36.9 10.4 11.8
[C/K/IK/K]s 0.563 287.775 119.628 13.275 624 13.2 31.7
[C/CIKIK]s 0.301 379.476 162.903 13.616 48.8 11.0 9.9
[C/CICIK]s 0.383 375.822 184.930 13578 419 11.3 10.7
[C/RIRIR]s 0.635 281.741 134550 14.400 57.7 59 331
[C/CIRIR]s 0.351 374.416 174863 14396 45.1 59 111
[C/CICIR]s 0.412 373.187 191.180 13.972 39.9 8.7 11.4
[C3113]s 0.571 287.840 123.569 13455 61.2 12.1 316
[C/CN]s 0.312 378.239 165.436 13.570 48.0 11.3 10.2
[c/cicha]s 0.390 374.270 185.788 13.632 416 10.9 111
[F/3113]s 0.742 244.738 58.190 12930 81.7 155 419
[F/FIIN]s 0.665 253.560 57.719  13.050 81.9 14.7 39.8
[F/F/IFN]s 0.646 256.110 57.298  13.109 82.0 14.3 39.2
v [FIKIKIK]s 0.745 243571 56.217  13.045 823 14.7 422
'% [F/IF/IK/IK]s 0.658 254.084 55.092 12900 82.7 15.7 39.7
a
g [F/FIF/IK]s 0.668 256.078 56.217  13.045 823 14.7 39.2
; [F/R/R/R]s 0.796 242.859 79.255 13437 751 12.2 424
§ [F/FIRIR]s 0.709  249.399 67.578 13553 78.8 11.4 40.8
é [F/FIF/R]s 0.668 254.177 64.333 13292 798 13.1 39.6

In multi-objective optimization problems where natural frequency and cost serve

as objectives, hybrid and non-hybrid natural fiber reinforced designs with CNTs may also

achieve a 15.5% weight reduction. It can be seen that less efficient designs with a 10%

reduction in frequency values are disadvantageous compared to multiphase designs with

CNTs for the same design approaches using fully natural fibre-reinforced cases in two-

phase structures without CNTs. Nevertheless, these designs still achieve an 82%

reduction in cost and a 17% decrease in weight.
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Figure 6.12. Comparison of the optimum design results for maximum fundamental frequency and minimum cost
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This graph presents the optimal design in terms of maximum natural frequency
and minimum cost for both hybrid and non-hybrid fiber reinforced composites, including
configurations with and without carbon nanotubes (CNTSs). The most effective designs in
terms of both cost and natural frequency are [C/C/N/N]s and [C/C/C/N]s (where N
represents natural fibres such as Kevlar, flax, jute and ramie). Of all the cases, [C/C/K/K]s
emerges as the most efficient design both in terms of cost and in terms of natural
frequency. In general, two-phase composite designs using carbon and natural fibers can
achieve up to a 48% cost reduction and a 10% weight reduction, while potentially
experiencing an 11% decrease in natural frequency. This is because the optimization aims
to strike a balance between minimizing costs and maximizing fundamental frequency
objectives. For the hybrid natural fiber reinforced [F/F/F/K]s-CNT design, it is possible
to achieve a 48% weight reduction and a 15% cost saving, albeit with a sacrifice of 31%

in natural frequency compared to traditional carbon fiber reinforced composite structures.

6.3.3. Problem 3

Problem 3 examines the effect of three different objectives; natural frequency,
weight and cost in multi-objective optimization approach for hybrid and non-hybrid
fibers/CNT reinforced nanocomposite plates with non-uniform distribution of CNT and
fiber reinforcements. The alternative hybrid and non-hybrid natural fiber reinforced
composite designs with and without carbon nanotubes are proposed in terms of optimum
fundamental frequency, cost and weight to traditional carbon and glass fiber reinforced
composite structures. The effect of minimization approach for weight and cost while
maximizing of natural frequency are investigated for optimum results. The efficiency
factor F (penalty function values) values and increment and decreasing in frequency,
weight and cost values are compared with Problem 1 and Problem 2 results in order to
investigate the effect of different multi-objective optimization approach for three and two
phase fiber reinforced composite structures. Number of plies and length to thickness ratio
are same with Problem 1 and 2. The objective function F3 is also defined as penalty
function which is composed of non-dimensionalized natural frequency @,,, , weight and

cost. 6; , Wenr, and Vg are the design parameters for multiphase composite plates. For

two-phase fiber reinforced composites problems, 8; and Vp,, are also employed as design

variables. The objective of the problem is to make comparisons of multiobjective problem
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results for maximum natural frequency and minimum cost and weight for Jute, Kenaf,
Ramie, Flax, Carbon and Glass fiber reinforcement with and without CNT for hybrid and
non-hybrid structures.
Problem 3 can be defined mathematically as
e Minimize:
F3 = kymy? + komy? + kamz? + k(6 — 0.2)% + ks (y — 0.2)2

S (amax - amn)m _ ( Weight ) S ( Cost )
v Wmax 2 Weightmax zT CoStmax

B I o
e Constraints: 3 Yic1 Wenti < Wenrmaxs Wenri = 0

Symmetric stacking sequences; [6;, 05,03, 0,4]

Symmetric weight fraction of CNTs sequences;

[Went1/Wentz/Wents/Wentals

Symmetric volume fraction of Fiber; [Vg1/Vr2/VEs/Vials

a/D =100, a/b = 1, Wenrmax=1.25%,

0.10 < Vg < 0.60

Algorithms: Differential Evolution

Table 6.33 shows the influence of different hybrid and non-hybrid designs with

CNT on the optimal stacking sequence, fibre volume fraction and CNT weight fraction
distribution. The aim is to achieve the maximum possible fundamental frequency and the
minimum possible cost and weight of the two phase and three phase composite plates.
The results suggest that, similar to the multi-objective Problems 1 and 2, designs tend to
be more efficient when a high weight content of CNTSs is placed in the outer layer rather
than the inner layer. To achieve optimum designs for three different objectives—
maximum frequency, minimum cost, and minimum weight—variable fiber volume
content and CNT weight content are proposed according to different fiber types and their
hybridizations. The [C/C/F/F]s CNT, [C/C/K/K]s CNT, [C/C/J/J]s CNT, [C/C/C/J]s
CNT, [C/CIC/K]s and [C/C/K/K]s designs have the minimum F values below the 1,200
value and thus provide the optimum solutions in terms of natural frequency, cost and
weight. However, the frequency, cost and weight values of the designs differ from each
other due to the variable material properties, which are advantageous for natural fibres
and CNTs. For instance, although the F values of [C/C/F/F]s-CNT, [C/C/C/K]s-CNT,
[C/C/K/K]s-CNT, [C/C/K/K]s, [C/C/F/F]s, and [C/C/C/K]s are identical, the frequency

values, costs, and weights of these designs vary significantly. This variation allows
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designers to select the optimal design based on the specific priorities of their application

areas.

Table 6.33. Comparison of optimum Stacking sequence, volume fraction of fiber and

weight fraction of CNT distribution results for maximum fundamental

frequency and minimum weight of composite plates

Design F-value Optimum Results
Stacking Fiber Volume Fraction per Weight Content of
Sequence layer CNT per layer
[F/F/FIF]s-CNT  1.235 [45/-45/45/45]s [0.60/0.60/0.60/0.10]s [0.039/0.0110/0/0.0]s
[G/GIGIG]s- 1.893 [45/-45/45/45]s [0.600/0.100/0.100/0.100]s  [0.05/0.0/0/0]s
CNT
[3791313]s-CNT 1.549 [45/-45/45/45]s [0.600/0.100/0.100/0.100]s  [0.05/0.0/0/0]s
[K/IK/IK/K]- 1.546 [45/-45/-45/45]s [0.60/0.60/0.60/0.60]s [0.05/0.0/0/0]s
CNT]
[R/R/R/R]-CNT  1.200 [45/-45/45/-45]s [0.60/0.60/0.60/0.10]s [0.0472/0.0028/0/0.0]s
[C/CICIC]s- 1.412 [45/-45/-45/-45]s [0.578/0.600/0.100/0.100]s  [0.0190/0.0/0.0027/0.0]
CNT s
[C/FIF/F]s-CNT  1.272 [90/45/45/45]s [0.60/0.60/0.60/0.60]s [0.0388/0.00/0/0.0]s
[CICIFIF]s- 1.134 [45/-45/-45/-45]s [0.424/0.425/0.60/0.60]s [0.0060/0.0/0/0.0]s
CNT
[C/CICIF]s- 1.212 [45/-45/-45/-45]s [0.411/0.422/0.100/0.600]s  [0.0080/0.0/0.0027/0.0]
CNT s
[CIGIGIG]s- 1.635 [90/45/45/45]s [0.60/0.10/0.10/0.10]s [0.0457/0/0/0]s
CNT
[CICIG/G]s- 1.279 [45/-45/-45/-45]s [0.406/0.450/0.10/0.10]s [0.0080/0/0/0]s
CNT
[C/CICIG]s- 1.261 [45/-45/-45/-45]s [0.404/0.424/0.10/0.10]s [0.0060/0/0/0]s
CNT
[C/IK/K/K]s- 1.265 [90/45/45/45]s [0.60/0.60/0.60/0.60]s [0.0178/0/0/0]s
CNT
[CICIKIK]s- 1.100 [45/-45/-45/-45]s [0.415/0.431/0.60/0.60]s [0.0072/0/0.0028/0]s
CNT
[C/CICIK]s- 1.404 [45/-45/-45/-45]s [0.439/0.386/0.60/0.60]s [0.01/0/0/0]s
CNT
[C/IR/RIR]s- 1.434 [90/45/45/45]s [0.60/0.60/0.10/0.10]s [0.0136/0/0/0]s
CNT
[CICIRIR]s- 1.206 [45/-45/-45/-45]s [0.40/0.444/0.101/0.100]s ~ [0.0100/0/0/0]s
CNT
[C/CICIR]s- 1.222 [45/-45/-45/-45]s [0.398/0.421/0.100/0.100]s  [0.0060/0/0/0]s
CNT
[CIJ]s-CNT ~ 1.296 [90/45/45/45]s [0.60/0.60/0.60/0.60]s [0.0172/0/0/0]s
[C/ICII)s-CNT ~ 1.118 [45/-45/-45/-45]s [0.417/0.433/0.60/0.60]s [0.0058/0/0.0002/0]s
§ [CIC/CN]s- 1.187 [45/-45/-45/-45]s [0.404/0.424/0.100/0.600]s  [0.0059/0/0/0.0001]s
8 CNT
g [F/N)s-CNT ~ 1.315 [45/-45/-45/45]s [0.60/0.60/0.60/0.60]s [0.0500/0/0/0]s
g [F/IFION]s-CNT ~ 1.232 [45/-45/45/45]s [0.60/0.60/0.60/0.306]s [0.0382/0.0118/0/0]s
[72]
g [F/FIF]s-CNT ~ 1.226 [45/-45/45/45]s [0.60/0.60/0.60/0.10]s [0.0384/0.0116/0/0]s
& [FIKIKIK]s- 1.282 [45/-45/-45/45]s [0.60/0.60/0.60/0.60]s [0.0500/0/0/0]s
<
= CNT

(cont. on next page)
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Table 6.33 (cont.)

[F/FIKIK]s- 1211 [45/-45/45/45]s [0.60/0.60/0.60/0.60]s [0.0382/0.0118/0/0]s
ﬁ:’;ll;r/F/K]s-CNT 1.214 [45/-45/45/45]s [0.60/0.60/0.60/0.60]s [0.0390/0.0110/0/0]s
[F/R/RIR]s- 1.386 [45/-45/45/45]s [0.60/0.60/0.60/0.10]s [0.0500/0/0/0]s
E:I;IFI/R/R]S- 1.300 [45/-45/45/45]s [0.60/0.60/0.60/0.10]s [0.0388/0.0112/0/0]s
EI::TII/F/R]S-CNT 1.238 [45/-45/45/45]s [0.60/0.60/0.60/0.10]s [0.0385/0.0115/0/0]s
[FIFIFIF]s 1.373 [45/-45/45/45]s [0.60/0.60/0.60/0.10]s -
[GIGIGIG]s 2.166 [45/-45/-45/-45]s  [0.521/0.379/0.100/0.100] -
[1313/3]s 1615 [45/-45/-45/45]s ?0.60/0.60/0.60/0.10]5 -
[KIKIKIK] 1.621 [45/-45/-45/45]s  [0.60/0.60/0.60/0.60]s -
[RIR/RIR] 1.734 [45/-45/-45/45]s  [0.60/0.60/0.60/0.60]s -
[CIFIFIF]s 1.306 [90/45/45/45]s [0.60/0.60/0.60/0.10]s -
[CICIFIF]s 1.125 [45/-45/-45/45]s  [0.419/0.432/0.60/0.60]s -
[CICICIF]s 1.187 [45/-45/-45/-45]s  [0.410/0.438/0.10/0.60]s -
[CIGIGIG]s 1.697 [90/45/45/45]s [0.60/0.10/0.10/0.10]s -
[CICIGIG]s 1.265 [45/-45/-45/-45]s  [0.406/0.467/0.10/0.10]s -
[CICICIG]s 1.250 [45/-45/-45/-45]s  [0.404/0.437/0.10/0.10]s -
[CIKIKIK]s 1.300 [90/45/45/45]s [0.60/0.60/0.60/0.60]s -
[CICIKIK]s 1.085 [45/-45/-45/-45]s  [0.415/0.445/0.60/0.60]s -
[CICICIK]s 1.164 [45/-45/-45/-45]s  [0.404/0.436/0.10/0.60]s -
[CIRIRIR]s 1.473 [90/45/45/45]s [0.60/0.60/0.10/0.10]s -
[CICIRIR]s 1.187 [45/-45/-45/-45]s  [0.40/0.464/0.10/0.10]s -
[CICICIR]s 1.210 [45/-45/-45/-45]s  [0.40/0.435/0.10/0.10]s -
[C13/31]s 1.345 [90/45/45/45]s [0.60/0.60/0.60/0.60]s -
[CICI]s 1.110 [45/-45/-45/-45]s  [0.406/0.431/0.60/0.60]s -
[CICIC]s 1177 [45/-45/-45/-45]s  [0.406/0.438/0.10/0.60]s -
[F/31313]s 1.450 [45/-45/-45/-45]s  [0.60/0.60/0.60/0.10]s -
[FIF11]s 1.386 [45/-45/-45/-45]s  [0.60/0.60/0.60/0.396]s -
[FIFIFI]s 1.380 [45/-45/45/-45]s  [0.60/0.60/0.598/0.598]s -
w  [FIKIKIK]s 1.434 [45/-45/-45/45]s  [0.60/0.60/0.60/0.60]s -
% [F/IFIKIK]s 1.369 [45/-45/45/45]s [0.60/0.60/0.60/0.60]s -
S
£ [FIFFIK]s 1371 [45/-45/45/-45]s  [0.60/0.60/0.574/0.60]s -
; [F/RIRIR]s 1553 [45/-45/45/-45]s  [0.60/0.60/0.257/0.10]s -
2 T[FIFIRIR]s 1.448 [45/-45/45/45]s [0.60/0.60/0.385/0.10]s -
E [FIFIFIR]s 1.395 [45/-45/45/-45]s  [0.60/0.60/0.491/0.10]s -

Integrating CNTSs into each layer of natural fiber reinforced designs can enhance

the optimal design in terms of cost, weight, and frequency. The results indicate that

algorithms tend to use a very low level of CNT addition to improve efficiency. This

approach also enables more efficient designs compared to two-phase optimal results for

multi-objective optimization problems focused on achieving maximum frequency and
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minimizing cost and weight. In these designs, where cost and weight are equally
prioritized in a multi-objective approach, there is a distinction between the optimal hybrid
carbon-natural fiber reinforced composite three-phase [C/C/N/N]s-CNT and two-phase
[C/CICIN]s designs. When considering the CNT addition difference in the multi-
objective approach, the designs achieve a 5% higher natural frequency compared to the
two-phase designs by incorporating just 2% CNT into the outer layer of the structures.
The glass fiber reinforced [G/G/G/G]s-CNT and [G/G/G/G]s cases are also less efficient
compared to optimal designs among two-phase and three-phase composite structures.

Among the fully hybrid and non-hybrid natural fiber/CNT reinforced optimal
designs, [F/F/K/K]s-CNT, [F/F/F/K]s-CNT, [F/F/J/J]s-CNT, and [F/F/F/J]s-CNT
represent the second most efficient cases, offering approximately 70% cost savings and a
15% weight reduction, albeit with a 30% frequency reduction. Optimal distribution of 5%
CNTs in natural fiber reinforced composite designs provides a 13% increase in frequency
at the expense of a 9% cost increase. It is possible to achieve a design with 1.369 F values
by reducing the cost by 82% and the weight by 15% for the optimal two-phase fully
natural fibre reinforced composite designs [F/F/K/K]s. In fully natural fibre reinforced
cases such as [F/F/F/F]s CNT, [J/J/JJ]s CNT, [K/K/K/K]s CNT, [R/R/R/R]s CNT, the
strategic addition and optimization of CNT at each ply results in up to 13.2% increase in
frequency with 1.235 F value compared to two-phase cases; [F/F/F/F]s, [J/J/IN]]s,
[K/K/IK/K]s, [R/R/R/R]s.

The results supports that the use of CNTs in mutiphase hybrid and non-hybrid
fully natural fiber reinforced composites are more beneficial in multiobjective optimum
solution for applications where minimum weight, cost and maximum natural frequency
are requested. For carbon/natural fiber and CNT reinforced nanocomposite cases,
algorithm tend to give optimum results by decreasing volume content of fiber in inner
layer by adding CNT into outer layers.

Table 6.34 outlines the optimal results for natural frequency, cost, and weight
across various hybrid and non-hybrid configurations, including those with and without
CNT. Reductions in weight, cost, and frequency are quantified as percentages relative to
the baseline [C/C/C/C]s reference case. Among the configurations evaluated, the
[C/IC/IK/K]s-CNT, [C/C/F/F]s-CNT, [C/C//J]s-CNT, [C/C/K/K]s, and [C/C/F/F]s cases
emerged as the most efficient, recording the lowest F values of 1.100, 1.134, 1.118, 1.085,
and 1.125 respectively. The findings suggest that a cost reduction of up to 50% and a

weight reduction of 12.8% are achievable by allowing a frequency reduction of about
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13%, while also incorporating more eco-friendly fibers. In terms of natural frequency, the

fully carbon fiber reinforced [C/C/C/C] s-CNT case has the highest natural frequency

which is capable of giving reference optimal design behaviour with more advantageous

that by decreasing 23% cost and 10% weight. It also shows that by using CNT fillers in

the outer layers of carbon fiber reinforced structures, the price and weight may be

decreased of traditional carbon fiber reinforced composite structures for the same natural

frequency value.

Table 6.34. Comparison of optimum fundamental frequency, minimum cost and

weight and comparing the results to the reference design

Design F- Objectives Output ~ Comparison with [C/C/C/C]s design
value

wmn Weight  cost Cost Weight Frequency

Reduction Reduction  Reduction
(%) (%) (%)
[F/IF/IFIF]s-CNT 1235 289503 12.956 98.200 69.1 15.3 312
[G/GIGIG]s-CNT 1.893 243.198 14.706 156.892 50.7 3.9 42.2
[3/31319]s-CNT 1549 210.356 12.322 124.825 60.8 19.5 50.0
[K/K/K/K]-CNT] 1546 234478 12.606  80.258 74.8 17.6 443
[R/R/R/R]-CNT 1.200 240.642 13.669 113.396 64.4 10.7 42.8
[C/ICICIC]s-CNT 1412 420.007 13.898 243971 23.3 9.2 0.2
[C/FIFIF]s-CNT 1272 320.220 13.730 147.446 53.7 10.3 23.9
[CICIFIF]s-CNT 1.134 365.014 13.768 160.073 49.7 10.0 133
[C/CICIF]s-CNT 1212 361.115 13584 186.597 424 11.2 14.2
[C/GIGIG]s-CNT 1.635 292.925 13.731 200.488 37.0 10.3 304
[C/CIGIG]s-CNT 1279 356.621 13.778 194982 38.7 9.9 15.3
[C/CICIG]s-CNT 1.261 357.920 13577 197.363 38.0 11.3 15.0
[C/K/IK/K]s-CNT 1.265 302.488 13.277 131.206 58.8 13.2 29.9
[C/C/KIK]s-CNT 1.100 365.091 13465 160.763 49.5 12.0 13.3
[C/CIC/IK]s-CNT 1.404 379.770 14111 225.850 29.0 7.8 9.8
[C/R/R/R]s-CNT 1434 294487 13527 163.541 48.6 11.6 313
[C/C/IR/IR]s-CNT 1.206 360.543 13.337 191.780 39.7 12.8 14.4
[C/ICICIR]s-CNT 1.222 358916 13.352 194.658 38.8 12.7 14.8
[C/313T]s-CNT 1.296 301.887 13.457 134756 57.7 12.0 29.9
g [C/CII13]s-CNT 1.118 363.958 13590 161.106 49.4 112 136
é— [C/CICI]s-CNT 1.187 359.725 13.487 181725 429 11.8 14.6
S [FIN]s-CNT 1.315 281.124 12937 86.307 729 15.4 332
E [F/FIJ]s-CNT 1.232 286.900 12.924 93547 70.6 155 31.9
% [F/FIFIJ]s-CNT 1.226 289.466 12.942  98.205 69.1 154 313
E [F/IKIK/K]s-CNT 1.282 281094 12.757 82.366 74.1 16.6 33.2

(cont. on next page)
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Table 6.34 (cont.)

[F/F/K/IK]s-CNT 1.211 287.063 12906 83.123 73.9 15.6 31.8
[F/F/IFIK]s-CNT 1.214 289.168 13.057 83960 73.6 14.7 31.3
[F/R/R/R]s-CNT 1.386 278.196 13.444 107.363 66.3 12.1 33.9
[F/F/IR/R]s-CNT 1.300 284.351 13.219 103.149 67.6 13.6 325
[F/F/F/R]s-CNT 1.238 288.924 12994 99.008 68.9 151 314
[F/FIFIF]s 1.373 256.767 12950 70.127 78.0 154 39.0
[G/IGIGIG]s 2.166 206.979 15300 116.158 63.5 0.0 50.8
[3131313]s 1.615 225.782 12.665 71613 775 17.2 46.4
[K/IK/IK/K] 1.621 221518 12.600 53.424 83.2 17.6 474
[R/R/R/R] 1.734 223180 13.319 91608 71.2 12.9 47.0
[CIFIFIF]s 1.306 300.128 13.475 135543 574 11.9 28.7
[CICIFIF]s 1125 362.266 13.770 154999 51.3 10.0 14.0
[CICICIF]s 1.187 359.500 13.604 177.573 44.2 111 14.6
[CIGIGIG]s 1.697 265.028 13.725 170.640 46.4 10.3 371
[CICIGIG]s 1.265 355.367 13.800 189.343 405 9.8 15.6
[CICICIG]s 1.250 356.966 13590 193.126 39.3 11.2 15.2
[CIKIKIK]s 1.300 290.435 13275 119.628 62.4 13.2 31.7
[CIC/IKI/K]s 1.085 363.678 13.483 154.141 51.6 11.9 13.6
[CICICIK]s 1.164 359.436 13.443 176.033 44.7 12.1 14.6
[C/IR/IRIR]s 1.473 282.780 13.525 154700 51.4 11.6 32.8
[CICIRIR]s 1.187 358.825 13.363 184.635 420 12.7 14.8
[CICICIR]s 1.210 358.547 13.373 190.642 40.1 12.6 14.8
[C1313]s 1.345 287.840 13.455 123569 61.2 12.1 31.6
[CIC/II]s 1.110 358.786 13.570 154.723 514 113 14.8
[CI/CIClI]s 1.177 359.400 13.508 177.701 44.2 11.7 14.6
[F131313]s 1.450 245315 12755 71133 776 16.6 41.7
[FIFI1]s 1.386 253.826 12948 63.187 80.1 15.4 39.7
[FIF/FN]s 1.380 256.113 13.108 57.353 82.0 14.3 39.2
. [FIK/IK/K]s 1.434 244151 12750 54258  83.0 16.7 42.0
'% [F/IF/IKIK]s 1.369 254.084 12900 55.092 82.7 15.7 39.7
a
g [F/IF/FIK]s 1.371 256.189 13.037 56.682  82.2 14.8 39.2
; [F/R/IR/IR]s 1553 239.785 13.137 86.544 728 14.1 43.1
§ [F/F/RIR]s 1.448 249.934 13.024 79876 74.9 14.9 40.6
E [F/FIFIR]s 1.395 254.449 12933 74101 76.7 155 39.6

For fully natural fiber reinforced cases, 82% weight saving is enhanced by
decreasing 39% natural frequency with 15% cost reduction. [C/C/N/N]s-CNT,
[C/C/ICIN]s-CNT and [C/C/N/N]s cases are the other most efficient optimal designs in

terms of cost and weight by achieving an 45-80% weight reduction and 11-12% cost

reduction with decrease in frequency between the range of 13-14.6%. In addition to this,

among the two-phase designs [C/C/J/]]s,

[CICIK/K]s, [CICICIK]s,

[CICIRIR]s,
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[C/CICIR]s, [C/C/I]]s, and [C/C/C/I]s also provide more efficient designs with a 12%
weight and 51% cost savings with a about the 14.8% decrease in frequency. Generally,
the efficiency of multi-objective optimal designs for multiphase composite structures for
maximum natural frequency, minimum weight and cost, it can be seen that to use optimal
non-uniform volume content of fiber and weight content of cnt distributions enable to be
use more cost and weight effective engineering structures in terms of natural frequency.
The multi-objective optimization approaches also illustrate that by using CNT in hybrid
and nonhybrid natural fiber reinforced structures, the cost and weight may be decreased
up to 80% and 16%, respectively.

This graph shows the optimal configuration for hybrid and non-hybrid fiber
reinforced composites with and without carbon nanotubes (CNTSs), taking into account
the maximum natural frequency as well as the minimum possible cost and weight.
Considering cost, weight, and natural frequency, the [C/C/F/F]s-CNT, [C/C/K/K]s-CNT
and [C/C/J/J]s-CNT designs are the most effective out of all the scenarios. By using these
design, 49% weight and 13% cost savings can be achieved by sacrificing 9% in natural
frequency in spite of CNT utilization as nanofillers. Of all the cases, [C/C/C/K]s emerges
as the most efficient design both in terms of decreasing cost and weight with maximum
natural frequency. For Hybrid natural fiber reinforced [F/F/F/K]s-CNT design,14%
weight and 73% cost saving can be provided with sacrificing 31% natural frequency
compared to traditional carbon fiber reinforced composite structures. Hybrid natural fiber
reinforced composites come forward with more cost effective designs up to 83%
decreasing cost. In this graph, it is obviously seen that [C/C/K/K]s-CNT and [C/C/C/K]s-

CNT are the most optimal design in terms of cost, weight and natural frequency.
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Figure 6.13. Comparison of the optimum design results for maximum fundamental frequency, minimum cost and minimum weight
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6.3.3.1 Finite Element Analysis of the Optimum Cases

In this study, the Finite Element Method (FEM) is applied to conduct a free
vibration analysis of optimized hybrid nanocomposite designs reinforced with
Carbon/Kenaf and Carbon/Flax/CNTs. The FEM simulations are performed using
Autodesk Inventor NASTRAN Commercial Software under an Educational License. To
perform the vibration analysis of the hybrid fiber-reinforced nanocomposite plates, an
appropriate mesh is generated. Given that the composite plate has a side-to-thickness ratio
greater than 10, linear quadrilateral 4-node shell elements are chosen as an effective
meshing option for the model. The plates are composed of eight unidirectional layers,
with the square plate dimensions being 1 m X 1 m and a total laminate thickness of 10
mm.

Fully simply supported boundary (SSSS) conditions are applied to multiscale
nanocomposite plates. The boundary conditions (BCs) for displacement constraints on

the simply supported plate are defined as follows:

v=w=0atx=0andx =aq, u=w=0aty=0andy=5»

M, =0atx =0and x = q, M, =0aty=0andy =b

The model has undergone convergence testing with respect to mesh density,
leading to the selection of a mesh consisting of 20 elements per side, each with a
dimension of 50 mm. This configuration results in a total of 1,281 nodes and 400 elements
being employed to achieve the final solution.

The optimum non-uniform weight content of CNTSs, fiber orientation angles, and
fiber volume fraction for each layer of the hybrid Carbon/Flax/CNTs and
Carbon/Kenaf/CNT nanocomposite plates are provided in the accompanying Table 6.35.
These values are derived from the results of a multi-objective optimization problem aimed
at maximizing natural frequency while minimizing both cost and weight.

Using the optimum volume fraction and CNT weight content for each layer, non-uniform
material properties are calculated as shown in Table 6.36. The analysis considers two
different symmetric designs, [C/C/K/K]s and [C/C/F/F]s, where each layer exhibits

distinct properties, mirrored symmetrically across the laminate(Figure 6.14).
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Table 6.35. Optimum design results of the Problem 3.

Design Variables

Design F-value Stacking Fiber Volume Fraction ~ Weight Content of
Sequence CNTs
[C/C/K/K]s-CNTs  1.100 [45/-45/-45/-45]s  [0.415/0.431/0.60/0.60]s  [0.0072/0/0.0028/0]s
[C/C/F/F]s-CNTs  1.134 [45/-45/-45/-45]s  [0.424/0.425/0.60/0.60]s  [0.0060/0.0/0/0.0]s
Carbon /CNTs
Reinforced Ply
[
L
|
I |
L Flax or Kenaf
/CNTs Reinforced
[C/C/F/F]s Ply
or
[C/C/K/K]s

Figure 6.14. Representation of the designs

Table 6.36. Optimum material properties for layer by layer

[C/IC/IKIK]s- Carbon/CNTs[1] Carbon/CNTs[2] Kenaf/CNTs[3] Kenaf/CNTs[4]
CNTs

El (Mpa) 112081.00 115345.00 32956.20 32720.00

E2 (Mpa) 7638.20 5799.41 5130.47 4753.81

G12 (Mpa) 3033.42 2199.66 2123.65 1939.98

V12 0.29 0.29 0.33 0.33

qq 1428.81 1437.05 1260.15 1260.00
[CIC/FIF]s- Carbon/CNTs[1] Carbon/CNTs[2] Flax/CNTSs[3] Flax/CNTs[4]
CNTs

E1l (Mpa) 114257.00 113788.00 43400.00 43400.00

E2 (Mpa) 7402.16 5755.16 9090.26 9090.26

G12 (Mpa) 2927.07 2927.07 3040.85 3040.85

V12 0.29 0.29 0.25 0.25

qq 1433.66 1433.75 1320.00 1320.00
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In the Table 6.37, a strong agreement can be observed between the FEM results
and analytical results for the optimum designs' angular frequencies (w). Angular
frequency (w) can be converted to frequency (f) in Hertz by using equality w = 2xf.
The optimum inter-ply hybrid fiber/CNT-reinforced nanocomposite designs were derived
using the Halpin-Tsai model and Classical Lamination Plate Theory (CLPT), with the
FEM results demonstrating an error margin of only 1.6%. By using the present approach,
FEM analysis of fiber-reinforced nanocomposite plates can effectively account for the
non-uniform material properties of each ply when assessing vibration behavior. By
integrating multiscale modelling with micromechanical equations, Finite Element
Methods are accurately applied to three-phase fiber/CNT-reinforced nanocomposite
structures using Autodesk NASTRAN.

Table 6.37. Comparison of the FEM results with analytical method for optimum cases

Design F- FEM Analytical Error Cost Weight
value (NASTRAN) (%)

[C/IC/K/K]s-CNTs  1.100 359.341 365.091 1.6  160.763 13.465

[C/IC/FIF]s-CNTs ~ 1.134  359.379 365.014 1.6  160.073 13.768

The natural frequencies and mode shapes of composite plates can be numerically
calculated, with a focus on several fundamental bending mode shapes of rectangular
plates. The structure of the first three fundamental modes is primarily determined by the
plate's geometric and stiffness characteristics. The first ten fundamental bending mode
shapes of the square plate are illustrated in the accompanying Figure 6.15.

Using the stochastic optimization algorithm Differential Evolution (DE) in
conjunction with multiscale modelling, the vibration behaviour of hybrid fiber/CNT-
reinforced nanocomposite plates is optimized, aiming to maximize performance while
minimizing cost and weight.

The proposed FEM analysis procedure integrates multiscale modelling with the
inclusion of CNTs within the matrix. Dispersion of CNT particles in the matrix is a
significant challenge, with a practical limit to CNT addition (maximum 10 wt%) due to
agglomeration formation. Consequently, the present approach serves as an effective
design tool for low volume fractions. It is able to identify the optimum vibrational
performance, taking into account the non-uniform distribution of nanoparticles in the

matrix.
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CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=17,2243)
.J\‘ OUTPUT SET: MODE 1, FREQ=57.19165
z X ANALYSIS: Analysis 1

CONTOUR: DISPLACEMENT (mm) (TOTAL)
i DEFORMED TOTAL: (MIN =0, MAX=18,6134)
OUTPUT SET: MODE 3, FREQ=131.30231
X ANALYSIS: Analysis 1

CONTOUR: DISPLACEMENT (mm) (TOTAL)
3 DEFORMED TOTAL: (MIN =0, MAX=24,117)
OUTPUT SET: MODE 5, FREQ=242.3069
ANALYSIS: Analysis 1

CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=18,569)
‘OUTPUT SET: MODE 2, FREQ=131.1759
ANALYSIS: Analysis 1

CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=17,9861)
‘OUTPUT SET: MODE 4, FREQ=226.3615
ANALYSIS: Analysis 1

CONTOUR; DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=19,1245)
OUTPUT SET: MODE 6, FREQ=242.78169
ANALYSIS: Analysis 1

Figure 6.15. Mode shapes of vibration of [C/C/K/K]s-CNT multiscale nanocomposite

plate with SSSS boundary condition

(cont. on next page)

136



Figure 6.15 (cont.)

CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=22,1916)
OUTPUT SET: MODE 7, FREQ=354.48611
ANALYSIS: Analysis 1

CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=20,315)
‘OUTPUT SET: MODE S, FREQw392.63129
ANALYSIS: Analysis 1

Am,

CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=21,8947)
OUTPUT SET: MODE 8, FREQ=355.1925
ANALYSIS: Analysis 1

CONTOUR: DISPLACEMENT (mm) (TOTAL)
DEFORMED TOTAL: (MIN =0, MAX=20,7486)
OUTPUT SET: MOOE 10, FREQ=393.29059
ANALYSIS: Analysis 1
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CHAPTER 7

BUCKLING PROBLEMS

In this section of the thesis, the critical buckling load factors of three-phase,
graphene or carbon nanotubes (CNTSs)/fiber-reinforced nanocomposite laminates have
been maximized. This was achieved through the use of various design variables and load
cases. Both single-objective and multi-objective optimization problems were addressed
to identify solutions that provide the maximum critical buckling loads while minimizing
weights. This section is organized into three main parts: i) benchmark problems, which
set the baseline for comparisons, ii) single-objective optimization problems focusing
solely on optimizing one parameter, and iii) multi-objective optimization problems that

balance conflicting objectives to derive an optimal solution.

7.1. Benchmark Problem

In the benchmark problems section, the design and optimization of fiber-
reinforced composite plates are undertaken to assess various optimization approaches for
maximizing critical buckling loads and to evaluate multiphase material models. This
portion of the study comprises four verification problems:

Problem B1: Stacking sequence design and optimization challenges are addressed
for different load cases (LC) as reported in the literature. The solutions are compared with
the maximum critical buckling loads from recent studies to gauge their effectiveness.

Problem B2: The critical buckling load analysis for composite plates under biaxial
and uniaxial loadings is performed using the First-order Shear Deformation Theory
(FSDT) and Navier's solution. The outcomes are benchmarked against results obtained
from both analytical methods and Finite Element Method (FEM) to ensure consistency
and accuracy.

Problem B3: Material properties of MWCNT-reinforced nanocomposite laminae
are calculated using the modified Halpin-Tsai Model. This problem aims to validate the
calculation approach by comparing it with documented results from the literature,

ensuring the model's relevance and reliability.
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Problem B4: This involves examining how the agglomeration and waviness of
MWCNTSs affect the mechanical properties and critical buckling loads of nanocomposite
plates. The findings from these analyses are juxtaposed with experimental results from
existing studies to verify theoretical predictions and understand material behaviour under
practical conditions.

Each of these problems serves to validate the theoretical approaches used,

ensuring that the optimization strategies are grounded in practical, verifiable outcomes.

7.1.1. Problem B1

The design and optimization of the stacking sequence for a 64-layer
symmetrically balanced graphite/epoxy composite are focused on maximizing the critical
buckling load, which serves to validate the current optimization methods against
documented results in the literature %%, In this subsection, the primary objective is to
enhance the buckling load factor of a laminated composite plate comprised of
graphite/epoxy layers. This effort involves considering various load cases, which are
detailed in the specified Table 7.1, ensuring a comprehensive approach to evaluating the
structural capabilities of the composite under different stress scenarios. The schematic

view of the problem can be seen in Figure 7.1.

Table 7.1. Different load cases, lengths, and widths considered for 64-layer laminated

composite plate.

Loadcases a(m) b(m) Nx(N/m) Ny (N/m)

LC1 0.508 0.254 1 1
LC2 0.508 0.508 1 1
LC3 0508 1016 1 1
LC4 0.508 0.254 1 0.5
LC5 0.508 0.508 1 0.5
LC6 0508 1016 1 0.5
LC7 0.508 0.254 1 2
LC8 0.508 0.508 1 2
LC9 0508 1016 1 2

Problem B1 can be defined mathematically as
e Maximize: Buckling Load Factor Agnn) ( 6:)

e Design Variables: 6;
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e Constraints: Gk € {0, 45,90} , N=64 ply

Symmetric & balanced stacking sequences; [01, 02, 03, 04]s

Figure 7.1. Laminated composite plate with 64 layers Structure (Source: Jalili 2021%?)

Table 7.2. Optimum stacking sequences and buckling load factors obtained for 64-layer

laminated composite plate with graphite/epoxy layers under different load cases

Stacking Sequence Critical Buckling Load
Load  Present Study (DE) Jalili et al.(PSO)*! Present Jalili et al
Cases Study 201
LCI  [90,/45/90 /45 /90 /x45/90 /£45/90 Js  [45/90 /+45/90 J+45]s 685822 6957813
LC2  [45 Js [45 Js 242823 242823
LC3  [0,/%45/0, /45 [0 /45/0 /=45]s [0, /545 /0 /£45 /0 /£45 ]s 173956 1739453
LC4  [£45/90,/45/90 /45 /90 /£45/90 ]s [£45/90 /45 /90 /£45 /90 s 1057950 1057648
LC5  [#45 s [245 Js 323792 323764
LC6 [016/i45/06/i45/02/i45/02]S [O16/i45/06/i45/02/i45/02]S 2064929 2064929
LC7 [90]6/:|:45/906/:|:45/902/:|:45/902]S [90]6/:|:45/906/:|:45/902/:|:45 412985 412985

/902]5

LC8 [i4516]s [i4516]s 161896 161882
LC9 [02/:i:45/02/:|:45/02/:|:454/06/:t45/02/:|:452]S [i45/04/(i45/02)2/i454/06/i45 132245 132243,5

/0,]s
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The design variables are limited to fiber orientations. To validate the analytical
model, the optimal orientations and buckling load factors obtained through the
Differential Evolution algorithm are compared with those reported by Jalili et al. 2°!. The
comparison in Table 7.2 reveals a strong agreement between the maximum buckling load
factors (Amax) Obtained in this study and those reported by Jalili et al. 2°! using PSO
algorithm. However, the stacking sequences optimized by DE and PSO differ for some
load cases, indicating the existence of multiple optimal stacking sequences with the same

buckling load factors.

7.1.2. Problem B2

To validate analytical solution in determining the critical buckling load by FSDT,
it was compared against both analytical and numerical results from the existing literature.
The results were specifically contrasted with findings from studies by various researchers
including Anish et al.?%2, Nguyen-Van et al.?%, Liu et al.?**, Reddy and Phan?® ,Khdeir

209 and Vescovini and

and Librescu®®, Singh et al.?®” , Sayyad and Ghugal?®, Noor
Dozio?'%. These comparisons were made across different theoretical frameworks and
methodologies.

The analysis focused on a simply supported (SSSS) cross-ply laminated square
plate configured in stacking sequences [0°/90°/90°/0°] and [0°/90°/0°], subjected to
uniaxial compression. In this example, the analysis of a square plate was performed by
using an a/h ratio equal to 10; an a/b ratio equal to 1, G12 = G13= 0.6E2, G23 = 0.5E2, v12
= 0.25; and an E1/E> elastic modulus ratio equal to 3/10/20/30 and 40, respectively. The
method can deal with any material. The mechanical properties specified in this example
were selected purely for benchmarking purposes to facilitate comparison with results
cited in references?®2-21%, The outcomes from the current FE model, as detailed in Table
7.3, show excellent consistency with the analytical findings documented in the
aforementioned studies.

Furthermore, effect of thickness ratio an analysis for a simply supported cross-ply
laminated square plate stacked as [02/90°/0°] under the effect of biaxial compression was
conducted.

In this comparison example, the buckling analysis of a rectangular plate was performed
with a thickness ratio, a/h, equal to 10/20/50; an a/b ratio equal to 1, G12 = G13= 0.6E>,

141



G23 = 0.5E2, v12 = 0.25; and an E1/E> elastic modulus ratio equal to 10 and 25. The results

from the present FE model, presented in Table 7.4, are in very good agreement compared

with the results provided by studies from the literature.

Table 7.3. Comparison of nondimensional buckling loads, N = Nera?/E2h?®, for simply

supported cross-ply laminated rectangular plates under uniaxial compressions
(G12 = G13 = 0.6E2, G23 = 0.5E2, v12=0.25, o/b = 1, a/h = 10).

(NXr Ny)

Lamination

Studies

3

10

20

30

40

(1,0)

[02/902/90/0¢]

Present

5.399

9.965

15.352

19.756

23.453

182

4.997

9.580

14.950

19.303

22.919

202

5.319

9.808

15.103

19.419

23.056

203

5.321

9.809

15.064

19.339

22.912

204

5412

10.01

15.309

19.778

23.412

204

5.401

9.985

15.374

19.537

23.154

205

5.114

9.774

15.298

19.957

23.340

206

5.442

10.26

15.418

19.813

23.489

(1,0)

[02/90°/0¢]

Present

5.396

9.871

14.985

19.026

22.315

182

4.994

9.486

14.567

18.548

21.764

202

5.314

9.698

14.692

18.634

21.841

207

5.379

9.827

14.970

19.099

22.513

207

5.410

9.895

15.032

19.122

22.488

208

9.923

15.002

19.001

22.329

209

5.304

9.762

15.019

19.304

22.881

Table 7.4. Comparison of nondimensional buckling loads, N = Neo?/E2h3, for simply
supported cross-ply laminated rectangular plates under biaxial compressions
(G12 = G13 = 0.6E2, G23 = 0.5E2, v12=0.25, a/b = 1, a/h = 10, [02/90°/0°])

(Nx, Ny)  EoE; Studies 10 20 50

(1,1) 10 Present 4.9355 5.5175 5.7079
182 4.7421 5.4192 5.6901
202 4.8441 5.489 5.7084
210 4.9095 5.5082 5.7063

(1,1) 25 Present 8.305 10.584 10.7285
182 7.864 9.8656 10.7262
202 7.9066 10.0852  10.704
210 8.682 10.8768  11.732
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7.1.3. Material Model Verification

The material properties of the MWCNT-reinforced nanocomposite lamina were
determined using the modified Halpin-Tsai equations including agglomeration and
waviness effects. The volume fractions of the fiber and the matrix in the composite were
set at 60% and 40%, respectively. Utilizing the methodology outlined in the previous
section, the engineering constants derived from this analysis and comparison with result
available in the literature are presented in Table 7.5.

Using the modified H-T equation, a parametric study was carried out to determine
Young’s modulus of CNT/polymer nanocomposites for agglomeration factors. The varia-
tion of Young’s modulus with the CNT agglomeration factor is presented in Figure 7.2.
The CNT/polymer nanocomposite mechanical property is shown to be significantly
sensitive to the CNT agglomeration. It is observed that the elastic modulus of the
CNT/polymer nanocomposite increases when the CNT agglomeration factor increases.
The presence of CNT agglomeration in the matrix results in a negative effect on its

reinforcement role.

Table 7.5. Comparison of the modified Halpin Tsai Model results for variable Vent,

Mechanical properties of MWCNT-reinforced nanocomposite matrix.

Volume Present Refl82 Present Refl82 Present Refl82
Fraction

of MCNT E: E1 E> E> G2 G2

0 136.680 136.680 9.026 9.026 4.537 4,537
0.25 136.751 136.751 9.194 9.194 4.676 4.676
0.5 136.818 136.818 9.345 9.345 4.803 4.803
1 136.938 136.938 9.606 9.606 5.025 5.025
15 137.042 137.042 9.823 9.823 5.213 5.213
2 137.133 137.133 10.003 10.003 5.372 5.372
3 137.279 137.279 10.281 10.281 5.619 5.619
4 137.385 137.385 10.473 10.473 5.792 5.792
6 137.505 137.505 10.682 10.682 5.982 5.982
8 137.535 137.535 10.734 10.734 6.029 6.029
10 137.506 137.506 10.655 10.685 5.985 5.985

(cont. on next page)
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Table 7.5 (cont.)

Present Refl®  Present Ref'82 Present Refl®2  Present Ref8?
Volume
F;action G23 G23 V12 vi2  v23 v23 P P
0
MCNT
0 3.492 3.492 0.257 0.260 0.374 0.370 1.580 1.580
0.25 3.577 3.577 0.257 0.260 0.374 0.370 1.581 1.581
0.5 3.654 3.654 0.257 0.260 0.374 0.370 1.582 1.582
1 3.786 3.786  0.257 0.260 0.374 0.370 1.584 1.584
15 3.896 3.896 0.257 0.260 0.374 0.370 1.586 1.586
2 3.989 3.989 0.257 0.260 0.375 0.370 1.588 1.588
3 4131 4131 0.257 0.260 0.374 0.370 1.592 1.592
4 4,229 4229 0.257 0.260 0.374 0.370 1.596 1.596
6 4.336 4336 0.257 0.260 0.374 0.370 1.604 1.604
8 4.363 4363 0.256 0.260 0.374 0.370 1.612 1.612
10 4.338 4338 0.257 0.260 0.374 0.370 1.620 1.620
Ecntm(GPa)
1.2x1010
1.0x1010
8.0x10%
6.0x10% F —
[ ——
" 1 " " 1 " " 1 " " 1 " " 1 VCnt(%)
0.02 0.04 0.06 0.08 0.10

Figure 7.2. Young’s modulus of CNT-reinforced matrix as a function of Vcnt (vol%) for

various fa agglomeration factors

It is observed that the elastic modulus of the CNT/polymer nanocomposite

increases when the CNT agglomeration factor decreases. The presence of CNT

agglomeration in the matrix results in a negative effect on its reinforcement role.

Using the modified H-T equation, a parametric study was carried out to determine

Young’s modulus of CNT/polymer nanocomposites for various waviness efficiency

factors. The variation of Young’s modulus with the CNT waviness efficiency factor is
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presented in Figure 7.3. The CNT/polymer nanocomposite mechanical property is shown
to be significantly sensitive to the CNT waviness. It is observed that the elastic modulus
of the CNT/polymer nanocomposite increases when the CNT waviness correction factor
in- creases. The presence of CNT waviness in the matrix results in a negative effect on

its reinforcement role.

Ecntm(GPa)
8x10%f

7x109 i

6x10%| -

5x10%f

Gl Vent(%)
4x10 0.02 0.04 0.06 0.08 0.10

Figure 7.3. Young’s modulus of CNT-reinforced matrix as a function of Vcnt (vol%) for

various fyw waviness factors

It is observed that the elastic modulus of the CNT/polymer nanocomposite
increases when the CNT waviness correction factor increases. The presence of CNT
waviness in the matrix results in a negative effect on its reinforcement role.

The Figure 7.4 (a) shows the the influence of volume fraction increment on Ne.
Using the modified H-T model, parametric study of fiber reinforced nanocomposite plate
was carried out to determine agglomeration effects on critical buckling load. This graph
shows how increasing the agglomeration coefficient beyond a certain point causes the
critical buckling load to decrease. At 0.08 volume percent of CNTSs, the critical buckling
load increment begins to decrease for a low agglomeration factor.

For the design with the same fibre orientation angle of each ply, the effect of
varying the angle between 0° and 90° on the critical buckling load is shown in Figure
7.4(b). It is also seen that even if angle optimization is made, the addition of CNT to the

matrix material increases the critical buckling load in spite of uniform addition. It can be
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concluded that the optimization process of fiber volume fraction and Vcnt for each ply is

crucial to increase efficiency of design.

Necr
1.40x108
135x10% F
130x108F
125x108F
120x108F a0 a=s
— =] a=9
e A T T AT AT T T, . e L - e —— w10
1.15x108F o mt o
=4 ———— =12
110x108 s s
: P T PR P T P 1L CNT =6 ----- a=14
0.02 0.04 0.06 0.08 0.10 o7 s
(a)
25x10.8
2.0x10.8
15x108
1.0x108

(b)
Figure 7.4. (a) Agglomeration effects on Critical Buckling Load for [90/90/90/90]s plates
with 0.60 volume fraction of fiber and a/b=0.5. (b) comparison of how

variations in fiber orientation angle and volume fraction affect Ncr
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7.2. Single-objective Optimization Problem

In this part of the study, the critical buckling load behaviours of 16-layer
carbon/epoxy, glass/epoxy, and flax/epoxy composites were compared, and the effect of
CNTSs weight content optimization on the critical buckling load of multiphase laminated
nanocomposites was examined. Fiber angle orientation and CNTs weight ratio in each
layer were considered design parameters and aimed to obtain designs that would
maximize the critical buckling load. In this process, a modified version of Differential
Evolution, one of the stochastic optimization methods, was used. The results showed that
The addition of CNTSs significantly improved the critical buckling load of carbon/epoxy,

glass/epoxy, and flax/epoxy laminated composites.

7.2.1. Problem 1

Considered laminated composite has 16 layered symmetric-balanced stacking
sequences, and each edge is simply supported. The non-dimensional buckling load was
computed for the number of half waves m=1, n=1, and the compression ratio was Nx/Ny=1
(Figure 7.5). The thickness of each composite plate is h=0.508mm, while the length and
width values are taken as Problem B1 for nine different load cases LC1 to LC9. The

material properties of materials in optimization problem are given in Table 7.6.

Wl

Middle surface

o N N

Ny,

\!

S [ ap—

Figure 7.5. Layered symmetric-balanced laminated composite (Source: Reddy 2003'7)

Problem can be defined mathematically as
e Maximize: Buckling Load Factor A m, n) (8:, Wenti)
e Design Variables: 6i, Wcnei
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e Constraints: Symmetric & balanced stacking sequences; [01, 82, 63, 04]s
Symmetric weight fraction of CNT sequences;

[Wento/Went2/Wents/Wentals

0°, +15° 4+30°, +45°) 1
Hi { +60° +75° +90° }ﬁ £V=1 WCNTk < WCNTmax!

Wentk = 0, Wenrmax=1.25% , 0.10 < Vi < 0.60, b/a=1

Table 7.6. Material Properties of the CNT, matrix, flax carbon and glass fibers 3238

Material Eul E2 G V12 Density
(GPa) (GPa) (GPa) (kg/m?3)
Matrix 3 3 1.119 0.34 1200
CarbonNanotube 640 640 251.96 0.27 1350
Carbon Fiber 263 19 27.60 0.20 1750
Flax Fiber 70 70 29.58 0.183 1400
Glass Fiber 72.4 72.4 30.66 0.20 2400

Table 7.7 shows the optimum designs of carbon/epoxy-CNTs, glass/epoxy-CNTs,
and flax/epoxy-CNTs laminated composites regarding critical buckling load. Each layer's
fiber orientation and CNTs weight ratio were considered design parameters. When the
results are examined, it can be seen that the obtained stacking sequences for the maximum
critical buckling load are distinct. However, the optimum CNTSs ratio in each layer is the
same, and adding 0.05 CNTSs only to the first layer is sufficient for optimum design.

The critical buckling load value of [C/C/C/C]s is achieved with CNTs cases with
6.6% and 8% increment at the same weight compared to carbon fibre only cases for two
different load cases. The addition of 1% CNTSs to the matrix material increased the critical
buckling load by 19.50% and 23.52% for glass and flax fiber reinforced composite
laminates for the same weight. It can be shown that the anti-buckling performance of the
natural fiber reinforced design may be improved by adding a very little quantity of CNTs
without increasing weight.

Adding CNTSs to composites improved critical buckling load of 10%, 20%, and
24% compared to the carbon/epoxy, glass/epoxy, and flax/epoxy laminated composites
without CNTSs. This improvement was achieved without any increase in the weight of the
composites. In this respect, it is seen that the addition of CNTs has a remarkably positive
effect on the critical buckling behavior of the layered composite. Another significant

result is that flax, as a natural material, can be an alternative to glass material in critical
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buckling load problems. Although the critical buckling load of the flax/epoxy-CNTs

layered composite is 2% lower than glass/epoxy-CNTs, it is also 28% lighter, making

flax stand out as an alternative material to glass.

Table 7.7. Comparison of critical buckling load capacity, stacking sequences and weight

for 16 layered symmetric-balanced CNTs added laminated composites

Fiber Sequences Critical Cost($) Weight  Optimal Optimum Stacking Sequence
for each layer Buckling (kg) WGPL per
Load layer

LC1 [CIC/CIC]s 439807 20.915 1.358 [0/0/0/0]s [£75/+60/+90/+60]s
[FIFIFIF]s 149751  8.923 1.248  [0/0/0/0]s [902/£75/902/+60]s
[GIGIGIG]s 153666 12.211 1.606 [0/0/0/0]s [902/+752/902]s
[C/CICIC]s-GPLs 468819 23.601 1.359 [0.05/07]s [-75/75/602/904]s
[FIF/F/F]s-GPLs 178853  11.383 1.249  [0.05/07]s [90g]s
[G/G/GIG]s-GPLs 183119 15.369 1.608 [0.05/07]s [90s]s

LC2 [CIC/CIC]s 150926 41.831 2.716 [0/0/0/0]s [£454]s
[F/FIFIF]s 51954 17.847 2.496 [0/0/0/0]s [45/45/-45/-45]s
[GIGIGIG]s 53211 24.422 3.123 [0/0/0/0]s [45/45/-45/-45]s
[C/CICIC]s-GPLs 162862 47.200 2.719 [0.05/07]s [£45/45/45]s
[F/F/FIF]s-GPLs 64175 22.767 2.499 [0.05/07]s [-45/45/-45/-45]s
[G/G/GIG]s-GPLs 65449 30.739 3.216 [0.05/07]s [45/-45/45/-45]-45/45/-45/45]s

LC3 [CIC/CIC]s 109952 83.663 5.432 [08]s [15/-15/30/-30/0/0/30/-30]s
[FIFIFIF]s 37437 35.693 4992  [08]s [0/0/15/-15/0/0/30/-30]s
[G/GIG/G]s 38416 48.844 6.423 [08]s [0/0/15/-15/15/-15/0/0]s
[C/CICIC]s-GPLs 117205  94.404 5438  [0.05/07]s [-15/15/-30/30/0/0/0/0]s
[FIF/FIF]s-GPLs 44713 45534 4997  [0.05/07]s [08]s
[G/G/GIG]s-GPLs 45783 61.479 6.432 [0.05/07]s [08]s

LC4 [CIC/CIC]s 686543 20.915 1.358 [08]s [60/60/90/90/75/75]s
[F/FIFIF]s 235511 8.923 1.248 [08]s [60/-60/75/-75/90/90/90/90]s
[GIGIGIG]s 241364 12.211 1.606 [08]s [60/-60/75/-75/90/90/60/-60]s
[C/CICIC]s-GPLs 736437 23.601 1.359 [0.05/07]s [-60/60/60/-60/90/90/90/90]s
[F/F/FIF]s-GPLs 286651 11.383 1.249 [0.05/07]s [-60/60/90/90/90/90/90/90]s
[G/GIG/G]s-GPLs 293069 15.369 1.608 [0.05/07]s [-60/60/90/90/90/90/90/90]s

LC5 [CICICIC]s 201234 41.833 2.716 - [£454]s
[FIFIFIF]s 69273 17.847 2496 - [£454]5
[G/GIGIG]s 70948 24.420 3213 - [£454]5
[C/CICIC]s-GPLs 217149 47.200 2.719 [0.05/07]s [45/-45/-45/45/45/-45/45/-45]s
[F/F/FIF]s-GPLs 85567 22.767 2.498 [0.05/07]s [-45/45/45/-45/-45/45/-45/45]s
[G/G/GIG]s-GPLs 87265 30.739 3216  [0.05/07]s [45/-45/45/-45/-45/45]-45/45]s

(cont. on next page)
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Table 7.7 (cont.)

LC6 [CICICIC]s 127395  83.660 5432 - [15/-15/0/0/0/0/30/-30]s
[FIFIFIF]s 41947 35690 4992 - [908]s
[G/GIGIG]s 43092 48.844 6426 - [908]s
[CICICIC]s-GPLs 136507  94.400 5438  [0.05/07]s [0/0/15/-15/0/0/0/0]s
[F/FIF/F]s-GPLs 49681 45534 4997  [0.05/07]s [908]s
[G/GIGIG]s-GPLs 50870  61.479 6.432  [0.05/07]s [908]s

LC7 [CICICIC]s 254789 20.915 1358 - [75/-75/90/90/90/90/60/-60]s
[F/FIFIF]s 83894  8.923 1248 - [908]s
[G/GIGIG]s 86158 12211 1606 - [908]s
[CICICIC]s-GPLs 273015  23.600 1359  [0.05/07]s [0/0/-75/75/0/0/0/0]s
[F/F/FIF]s-GPLs 99363  11.383 1249  [0.05/07]s [908]s
[G/G/GIG]s-GPLs 101733 15.369 1.608  [0.05/07]s [908]s

LC8 [CICICIC]s 100617  41.831 2716  [0/0/0/0]s [+454]s
[F/IFIFIF]s 34636 17.847 2496  [0/0/0/0]s [£454]s
[G/GIGIG]s 35474 24422 3213 [0/0/0/0]s [+454]s
[CICICIC]s-GPLs 108574  47.200 2719 [0.05/07]s [+454]s
[F/FIF/F]s-GPLs 42784  22.767 2499 [0.05/07]s [£45,/-45/45]-45/45]s
[G/GIGIG]s-GPLs 43633 30.739 3216  [0.05/07]s [£45,/-45/45]-45/45]s

LC9 [CICICIC]s 85818  83.663 5432 - [30/-30/30/-30/0/0/15/-15]s
[F/FIFIF]s 29439 35.695 4992 - [30/-30/15/-15/0/0/0/0]s
[G/GIGIG]s 30170  48.844 6.427 - [30/-30/15/-15/0/0/30/-30]s
[CICICIC]s-GPLs 92055  94.405 5438  [0.05/07]s [-30/30/30/-30/0/0/0/0]s
[F/F/FIF]s-GPLs 36010 45534 4997  [0.05/07]s [-15/15/30/-30/0/0/0/0]s
[G/G/GIG]s-GPLs 36636  61.479 6.432  [0.05/07]s [-30/30/0/0/0/0/0/0/0/0]s

In results of the problem, the critical buckling load behaviors of 16-layer

carbon/epoxy, glass/epoxy, and flax/epoxy composites were compared, and the effect of

CNTs addition on the critical buckling load of multiphase laminated composites was

examined. Fiber angle orientation and CNTs weight ratio in each layer were considered

design parameters and aimed to obtain designs that would maximize the critical buckling

load. In this process, a modified version of Differential Evolution, one of the stochastic

optimization methods, was used. The results showed that the highest critical buckling

load was obtained using carbon/epoxy and carbon/epoxy- CNTs laminated composites.

The main focus here was to determine whether nano-reinforced natural materials can be

used as an alternative to synthetic materials to optimize the critical buckling load

behavior.

The following inferences can be made about the study:

e For both natural and synthetic composite plates, the addition of CNTSs

provided a remarkable increase in the critical buckling load.
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e Considering only the critical buckling load as an objective, using
multiphase carbon/epoxy and carbon/epoxy-CNTs nanocomposites allows
the highest critical buckling load.

e When weight is considered as a parameter in addition to the critical
buckling load, it is more advantageous to use flax/epoxy composite instead
of glass/epoxy composite and flax/epoxy-CNTs instead of glass/epoxy-
CNTs.

e The addition of CNTs improved the critical buckling load of carbon/epoxy,
glass/epoxy, and flax/epoxy laminated composites by 10%, 20%, and 24%,
respectively.

In line with all these results, it has been observed that natural composites with
CNTs addition do not have as high a critical buckling load as carbon fiber-reinforced
laminated composites. Still, they can be an excellent alternative to glass fiber-reinforced
laminated composites. As a further study, examining the critical buckling behavior of

hybrid composites with CNTs on this subject may be useful.

7.3.  Multi-objective Optimization Problem

In this section, the multi-objective optimization of hybrid and non-hybrid
fiber/CNTs reinforced composite plates focuses on achieving maximum critical buckling
loads and minimum weights, utilizing a non-uniform distribution of CNTs and fiber
reinforcements. The primary objectives in the design process are: (i) maximizing critical
buckling loads, and (ii) minimizing weight. Optimization involves these objectives by
strategically balancing the two parameters: enhancing critical buckling loads while
simultaneously reducing weights. A penalty function is used which is a linear
combination of the squares of the "critical buckling loads™ and "weight", denoted as m1
and m2 respectively. This function describes the relationship between "buckling” (m1)
and "weight" (m2). It reflects the principles of multi-objective optimization and brief
summary of problem are given in Table 7.8. This approach makes it possible to evaluate
the trade-offs between these main goals in the design.

In the defined framework, N, and N;, represent the number of outer and inner
layers, respectively, in hybrid composite structures. 8; denotes the fiber orientation angle,

Vg, indicates the volume fraction of fiber, and Vi1, refers to the volume fraction of CNT
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for each layer. The total number of layers in hybrid structures is calculated using the

equation N = Ny + Ny;. For non-hybrid structures, N directly represents the total

number of plies. Across all design scenarios, the width-to-length ratio (aspect ratio) is

maintained at a/b=0.5.

Table 7.8. Mathematical definitions of optimization problems for two-phase (fiber

/matrix) composites and three phase (fiber/GPLs/matrix) nanocomposite plates

Three-Phase Nanocomposite

Mlnlmlze Fl = klmlz + k2m22
m. = (Amax - Amn)
! Amax
_ ( Weight )
Mz = Weight,ax
04,0,,..,0y,
Amn Ve, Ve, VEn,
Venr, Vent, 5 Venry
. VFlIVFZﬂ"'VFN
weignt )
g Venr, Vent, 5 Venry
Find 0i, Ve » Venr,

Nho and Nii (for hybrid structure)

Design Variables

{ 01,6,,03,..,0y, }
Venr, Venr, Venty 5 Venry

Constraints

0. {0", +15°,+30°, i45°,}
' +60°,+75° +90°

1

N Y1 Venr, < Venrmax:

VCNTmax:5% '

0.10 < Vg, < 0.60

Ny, and Ny; (for hybrid

structure)

The material properties of synthetic (glass, carbon) and natural (flax, kenaf, ramie,

jute) fibers, CNTs and matrix material used in the present study are given in Table 7.9.
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Table 7.9. Material properties of fiber and matrix for buckling Problem 138:80.86.182,199,200

Jute Kenaf Ramie Flax Carbon AS4  Glass CNTs Matrix

E: (Gpa) 553 522 60.9 70 225 72.4 450 42

Ex, E; (Gpa) 67 6.1 7.8 70 15 72.4

G, Gi3 (Gpa) 3.1 2.9 3.7 29.58  15-7 30.66 1567
Vi2, Vi3 032 032 0.32 0.183 02 0.2 034
Va3 0.14  0.13 0.17 0.4 0.2

Density(kg/m3) 1340 1300 1550 1400 1800 2400 6244 1250
Cost ($/kg) 095 04 2 0.5 28 2 485 10

7.3.1. Problem 1

In this study, the determination of the mechanical properties of CNT-reinforced
nanocomposites is conducted using a combination of theoretical models. Specifically, the
modified Halpin—-Tsai (H-T) equations and the rule of mixtures are utilized, which
incorporate the effects of CNT agglomeration within the matrix materials. This approach
allows for a comprehensive understanding of the composite behavior under various
loading conditions. First-order shear deformation theory (FSDT) is implemented in the
solution of the problem

In this analysis, the parameters 4,,,,, and weight, represent the maximum critical
buckling load and minimum weight values, respectively. The parameters A,,,, and
weightmax denote the highest critical buckling loads and the lowest weight across all
layers, which consist of carbon/epoxy material at a 0.60 volume fraction of fiber and with
optimized stacking sequences. For the purposes of this study, the coefficients k,and k,
are set to one, reflecting the assumption that the importance of critical buckling load and
weight are considered equally.

The laminate structure is configured with 8 layers and features a length to
thickness ratio (a/h) of 15 and aspect ratio (a/b) of 0.5. Optimization of the critical
buckling loads in fiber-reinforced nanocomposite plates is achieved through the
application of the Modified Differential Evolution Algorithm. This optimization effort
aims to minimize the weight of the plates while adhering to simply supported boundary
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conditions. The objective function F1 is formulated as a penalty function that incorporates
non-dimensionalized critical buckling load 4,,,, and weight as its components.

The design parameters include the fiber orientation angle (6;), volume fraction of
CNT (Venr,), and volume fraction of fiber (V).

The multi-objective optimization problem for multiphase hybrid/non-hybrid
fiber/CNT reinforced nanocomposites targets two primary objectives: achieving the
maximum critical buckling load and minimizing weight. This optimization employs a
coupled approach to simultaneously address these goals.

Problem 1 can be defined mathematically as

L] MInImIZE Fl = k1m12 + k2m22

= (/lmax—lmn)m =( Weight )
1 2 Weight,qx

Amax
e Constraints: = 3% Vewri < Vewrmax: Vewri = 0,
N, =N, =1 (biaxial compression)
Symmetric stacking sequences; [0, 65, 03, 0,1
Symmetric weight fraction of GPLs sequences;
[Venr1/Ventz/Venrs/Ventals
Symmetric volume fraction of Fiber; [Vg1/Vr2/Vis/Vials
a/h =15,a/b = 0.5, N=8 ply,
Venrmax=5%, 0.10 < Vg, < 0.60
Algorithm; Differential Evolution Algorithm
Table 7.10 demonstrates how various hybrid and non-hybrid designs influence the
optimal stacking sequence, fiber volume fraction, and distribution of CNT volume
fraction, aimed at achieving the highest possible critical buckling load and the lowest
achievable weight of the composite plates. This Table provides a detailed comparison of
how design variations impact the mechanical performance objectives. Optimal designs
for various synthetic/natural fiber/CNT-reinforced multiphase composite structures
display variations in fiber orientation angles, fiber volume fractions, and CNT weight
content. This variability underscores the necessity for a unique optimization approach for
each design case, focusing on non-uniform distribution of fibers and CNTs to maximize
critical buckling load and minimize weight. F values effectively reflect the efficiency

level of the optimal design, particularly in terms of critical buckling load and weight.
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Table 7.10. Comparison of optimum Stacking sequence, volume fraction of fiber and

weight fraction of CNT distribution results for maximum critical buckling

load and minimum weight of composite plates

Design F- Design Variables
value Stacking Fiber Volume Fraction Volume Content of CNT
Sequence

[F/F/FIF]s-CNT  0.836  [0/0/0/0]s [0.600/0.100/0.600/0.100]s  [0.049/0.043/0.037/0.071]s
[G/GIGIG]s-CNT ~ 1.213 [0/0/0/0]s [0.600/0.100/0.100/0.100]s  [0.048/0.055/0.050/0.047]s
[313/313]s-CNT 1.042 [0/15/0/0]s [0.600/0.600/0.600/0.100]s  [0.044/0.038/0.033/0.085]s
[K/IK/IK/K]-CNT 1.045  [0/-15/0/0]s [0.600/0.600/0.600/0.100]s  [0.044/0.038/0.033/0.085]s
[R/R/R/R]-CNT 1.097 [0/0/0/0]s [0.600/0.600/0.100/0.100]s  [0.038/0.032/0.065/0.065]s
[CICICIC]s-CNT  0.826 [-15/15/15/0]s [0.600/0.515/0.100/0.100]s  [0.037/0.038/0.063/0.062]s
[CIFIFIF]s-CNT 0.753 [15/15/30/15]s [0.600/0.600/0.600/0.100]s  [0.030/0.036/0.034/0.100]s
[CICIFIF]s-CNT 0.772 [15/-15/-30/-30]s  [0.600/0.100/0.600/0.600]s  [0.032/0.100/0.035/0.033]s
[CICIC/F]s-CNT  0.793 [-15/-15/15/30]s [0.600/0.117/0.100/0.600]s  [0.037/0.061/0.063/0.039]s
[C/IG/G/G]s-CNT ~ 0.897 [-15/-30/30/-30]s  [0.600/0.100/0.100/0.100]s  [0.042/0.054/0.052/0.052]s
[CICIGIG]s-CNT  0.861 [-15/-30/30/-30]s ~ [0.600/0.100/0.100/0.100]s  [0.042/0.054/0.052/0.052]s
[CICIC/G]s-CNT ~ 0.843 [15/15/15/-30]s [0.600/0.500/0.100/0.100]s  [0.037/0.039/0.062/0.062]s
[C/IKIKIK]s-CNT  0.808 [-15/-15/15/0]s [0.600/0.600/0.600/0.100]s  [0.053/0.032/0.030/0.085]s
[C/IC/IK/K]s-CNT ~ 0.805  [15/-15/-15/0]s [0.600/0.600/0.100/0.100]s  [0.036/0.034/0.065/0.065]s
[CICICIK]s-CNT ~ 0.814  [-15/15/-15/0]s [0.600/0.600/0.100/0.100]s  [0.036/0.036/0.064/0.064]s
[C/R/IR/R]s-CNT  0.843 [-15/15/-15/0]s [0.600/0.100/0.100/0.100]s ~ [0.044/0.053/0.052/0.051]s
[C/IC/R/R]s-CNT  0.817 [-15/-15/-15/0]s [0.600/0.600/0.100/0.100]s  [0.035/0.034/0.066/0.065]s
[CICIC/R]s-CNT  0.821 [-15/15/15/0]s [0.600/0.548/0.100/0.100]s  [0.036/0.037/0.064/0.063]s
[C13/33]s-CNT 0.816 [-15/-15/-15/0]s [0.600/0.600/0.600/0.100]s  [0.052/0.032/0.030/0.086]s
[CICIN]s-CNT 0.806 [15/15/15/0]s [0.600/0.600/0.100/0.100]s  [0.036/0.034/0.065/0.065]s
[CICICII]s-CNT 0.815  [15/-15/-15/0]s [0.600/0.557/0.100/0.100]s  [0.036/0.036/0.064/0.064]s

The designs [C/F/F/F]s-CNT, [C/C/F/F]s-CNT, and [C/C/C/F]s-CNT exhibit the

lowest F values, below 0.800, indicating that they are the most efficient cases among the
considered designs. This suggests that the most efficient outcomes are achieved through
the hybridization of flax and carbon fibers with the integration of CNTSs into the matrix.
The glass fiber reinforced [G/G/G/G]s-CNT case, with an F value of 1.213, is less
efficient compared to other three-phase composite designs. It also underperforms relative
to totally natural fiber reinforced cases like [F/F/F/F]s-CNT, [J/J/3/J]s-CNT, [K/K/K/K]s-
CNT, [R/R/R/R]s-CNT, and their various hybridizations. This finding indicates that the
use of CNTs in conjunction with natural fibers is advantageous for applications where
controlling buckling load and weight is critical. Given that weight is a key objective in

the optimization problem, the fully carbon fiber reinforced [C/C/C/C]s-CNT case
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emerges as one of the most efficient designs in terms of critical buckling load and weight.
However, despite the well-known strength and lightweight properties of carbon fiber and
CNTs, hybrid designs that combine carbon fiber with natural fibers such as flax, kenaf,
ramie, and jute, along with CNTSs, prove to be more efficient than the solely carbon fiber
reinforced [C/C/C/C]s-CNTs configuration.

Table 7.11 presents the optimal critical buckling load and weight results for
various hybrid and non-hybrid configurations that include CNTs. Reductions in weight
and critical buckling load are quantified as percentages, providing a comparative analysis
against the [C/C/C/C]s reference optimum case. The [C/F/F/F]s-CNT, [C/C/F/F]s-CNT,
[C/C/C/F]s-CNT, and [C/C/K/K]s-CNT designs are the most efficient, achieving the
lowest F values of 0.75, 0.77, 0.79, and 0.80, respectively.

Table 7.11. Comparison of optimum critical buckling loads and minimum weights and
comparing the results to the reference design

Objective Function

Design F-value Amn Weight Weight Buckling
Reduction Load
Reduction
[F/F/F/F]s-CNT 0.84 106.21 65.16 17.52 39.50
[G/IG/IG/G]s-CNT 1.21 74.67 74.22 6.05 57.47
[3/3/313]s-CNT 1.04 65.51 63.68 19.39 62.68
[K/IK/K/K]-CNT] 1.04 62.60 62.73 20.60 64.34
[R/R/R/R]-CNT 1.10 66.46 66.62 15.68 62.14
[C/CICIC]s-CNT 0.83 144.13 70.40 10.88 17.90
[C/FIFIF]s-CNT 0.75 157.23 68.05 13.87 10.43
[C/C/FIF]s-CNT 0.77 150.66 68.55 13.23 14.18
[CICICIF]s-CNT 0.79 136.49 68.14 13.75 22.25
[C/G/GIG]s-CNT 0.90 115.09 69.69 11.78 34.44
[CICIGIG]s-CNT 0.86 117.34 68.94 12.73 33.16
[CICIC/G]s-CNT 0.84 143.10 71.04 10.08 18.48
[C/K/K/K]s-CNT 0.81 120.21 66.48 15.85 31.53
[C/CIK/K]s-CNT 0.80 147.69 69.74 11.72 15.87
[CICICIK]s-CNT 0.81 146.50 70.08 11.29 16.55
[C/R/IR/R]s-CNT 0.84 111.21 66.51 15.81 36.65
[CIC/IR/R]s-CNT 0.82 148.23 70.36 10.93 15.56
[CICIC/R]s-CNT 0.82 145.88 70.32 10.99 16.90
[C/I1II]s-CNT 0.82 121.77 67.13 15.03 30.63
[C/C/II]s-CNT 0.81 147.87 69.84 11.59 15.77
[C/CICI]s-CNT 0.82 146.40 70.12 11.25 16.60
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The results indicate that a 14% reduction in weight is possible with a 10%
decrease in critical buckling load, while also benefiting from the use of more eco-friendly
fibers. The next most efficient designs after these are [C/C/R/R]s-CNT, [C/C/C/R]s-CNT,
[C/C/IJ]s-CNT, [C/C/C/]s-CNT and [C/C/C/K]s-CNT. These designs provide optimal
solutions to the problem, achieving up to 11.72% weight reduction and a 15% decrease
in critical buckling load.

For the highly efficient [C/F/F/F]s design, it is evident that using flax fiber in the
inner layers, combined with non-uniformly distributed CNT nanofillers, is the most
effective strategy for achieving maximum critical buckling loads and minimum weights.
Additionally, leveraging the beneficial properties of CNTs enables a more biodegradable
design with potential weight savings of up to 14%. In contrast to the [C/F/F/F]s design,
the [C/C/N/N]s-CNT configurations, which utilize Kenaf, Ramie, and Jute fibers, prove
to be more efficient for hybrid optimal designs in terms of weight and buckling loads.
These designs also facilitate the creation of optimal structures that achieve a weight
saving of 11.50% while accepting a decrease in critical buckling load of about 15%.The
[C/CICIC] s-CNT design is also among the most efficient designs, leveraging the low
density and high strength properties of carbon nanotubes. It gives up to 11% weight
saving with 18% decrease in critical buckling load.

This graph displays the optimal configurations of multiphase hybrid and non-
hybrid fiber/CNT reinforced nanocomposites, aimed at maximizing critical buckling load
and minimizing weight. In Figure 7.6, it can be seen that integrating carbon nanotubes
(CNTSs) into the matrix material enhances the hybridization of natural and carbon fibers,
leading to improved outcomes in terms of F-value design parameters within the multi-
objective optimization problem. The carbon/natural fiber reinforced composite plate
designs are more efficient than the optimal designs that only employ natural fiber
reinforcement for the highest critical buckling load. The [C/F/F/F] design, which exhibits
the lowest F-value of 0.376, is identified as the most suitable in terms of weight and
buckling loads. Compared to the [C/C/C/C]s reference design, it is evident that a 14%
weight reduction can be achieved by sacrificing 11% of the critical buckling load in the
[C/F/FIF]s case. The [C/C/K/K]s case also facilitates a more eco-friendly design
compared to the [C/C/C/C]s design, achieving up to a 12% weight reduction and a 15%

decrease in critical buckling load.
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Figure 7.6. Comparison of the optimum design results for maximum critical buckling load

and minimum weight

In conclusion, despite the potential for agglomeration, the inclusion of CNTSs in
material models enhances the efficiency and eco-friendliness of synthetic natural fiber
reinforced composites. This approach effectively compensates for the lower strength
properties of natural fibers, leading to more robust and sustainable design outcomes

thanks to stochastic optimization approaches.
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CHAPTER 8

NANOCOMPOSITE DRIVESHAFT PROBLEM

Driveshafts are crucial components in vehicle transmission systems, responsible
for transmitting motion from the differential to the wheels. During operation, driveshafts
are subjected to various types of stress, including torsional, bending, and normal forces.
These forces are integral to the functioning of the driveshaft but also present challenges
in terms of durability and performance, necessitating careful design and material selection
to ensure reliability and efficiency in power transmission. The picture of driveshaft can

be seen in Figure 8.1.

Figure 8.1. General visual representation of the placement and role of the driveshaft in

the vehicle's transmission system (Source: Markel 2024211

In the current chapter of the thesis, the analysis and optimization of non-hybrid
and hybrid fiber/CNTSs reinforced nanocomposite driveshafts are thoroughly investigated.
Initially, a benchmark problem involving Carbon/Epoxy, Carbon/CNTs/Epoxy, and
Basalt/bio-epoxy composites is addressed to determine fundamental frequency, torsional
critical buckling load, and the factor of safety. These parameters are evaluated according
to Tsai-Wu and Puck failure theories using analytical methods, specifically classical
lamination theory, and the Finite Element Method (FEM) utilizing NASTRAN software.
The results of problem are compared with available results from the literature.

Subsequently, the original optimization problem for multiphase hybrid carbon/flax fiber
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/ICNTs reinforced nanocomposite driveshafts is addressed using a modified differential
evolution algorithm, aimed at refining the design and enhancing the mechanical
properties requirements of the driveshafts. This two-fold approach allows for a
comprehensive assessment and optimization of driveshaft designs under varied material

compositions and structural conditions.

8.1. Benchmark Problem

In this comprehensive study, the structural behaviour of a laminated composite
driveshaft reinforced with multi-walled carbon nanotubes (MWCNTS) was meticulously
analysed through modal and linear buckling analysis, coupled with detailed failure
analysis employing both Tsai-Wu and Puck failure theories. The investigation was
conducted using both an analytical approach and the finite element method (FEM),
providing a robust comparison with existing literature on similar studies. Two distinct
methodologies were implemented for the analyses: the Classical Laminate Theory (CLT)
served as the analytical method, while FEM calculations were executed using the
Autodesk NASTRAN software. These methods were utilized to precisely calculate
critical torsional buckling loads, determine fundamental frequencies, and evaluate failure
indices. Stress analysis was carried out for various composite driveshaft configurations
including Carbon/Epoxy, Carbon/CNTs/Epoxy, and Basalt/bio-epoxy, aiming to
understand the enhancement in mechanical performance and failure resistance offered by
the integration of MWCNTSs into traditional and bio-based epoxy composites.

The foundational example of a composite driveshaft used in this study is drawn
from Kaw's authoritative text, "Mechanics of Composite Materials." In this reference,
Kaw introduces a composite driveshaft to illustrate the analysis, design, and failure of
composite laminates using classical laminate theory. The specific example provided
describes a single-piece driveshaft typically found in civil vehicles, measuring 1480 mm
in length and 100 mm in outside diameter, and it is shown in Figure 8.2.

Key design constraints include a maximum torque capacity of 550 N m, a
minimum bending natural frequency above 80 Hz (corresponding to 4800 rpm), and a
minimum factor of safety (FoS) of 3. Detailed design specifications for this driveshaft are
outlined in Table 8.1.
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Figure 8.2. General dimension of the composite driveshaft (Source: Baltimoreaircoil
2024%12)

In this study, three critical evaluation criteria were considered to assess the
performance and safety of the composite driveshaft. These criteria include: (i) the factor
of safety, calculated based on the stress limit to ensure durability and reliability under
operational conditions; (ii) the critical torsional buckling load, which determines the
shaft's ability to withstand torsional loads without failure; and (iii) the natural frequency,
important for avoiding resonance and ensuring stability at operational speeds. These
parameters are essential for the comprehensive evaluation of the driveshaft's design and
functionality. For benchmark and original optimization problems, these parameters are
utilized to achieve designs with minimum weight for different fiber materials and their

combinations.

Table 8.1. Design specification of the driveshaft

Torque (Nm) 550
Minimum natural frequency (Hz) 80
FoS 3
Length (mm) 1480
Outside radius (mm) 50
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8.1.1. Finite Element Analysis of Composite Driveshafts

The performance evaluation of the driveshaft utilized both Finite Element
Analysis (FEA) and Classical Laminate Theory (CLT). Autodesk Inventor NASTRAN is
used for the FEA modelling, while the CLT analysis was conducted using Wolfram
Mathematica. Additionally, Autodesk Inventor NASTRAN in-CAD was employed to
develop the driveshaft model, defining the composite layup and executing the simulation.
Given that the ratio of the radius to thickness of the hollow tube is greater than 10, shell
theory was deemed appropriate and consequently, shell elements were utilized for the
FEA modelling. This approach provides a comprehensive framework for assessing the
structural integrity and response of the driveshaft under operational loads. Then, 2D
geometric model of the composite tube is created. The second step involves meshing of
2D surface and the creating laminate under idealizations command by defining
mechanical properties of composite plies given in Table 8.2 as orthotropic shell element
material. The 2D finite element model of the composite tube (Figure 8.3) was created. In
total, 4526 SHELL 3 elements having 13640 nodes were used.

Table 8.2. Mechanical Properties of the Carbon/Epoxy, Carbon/CNT/Epoxy and Basalt

/bio-epoxy composite materials®'®

B/E CIE C/ICNT/E

E: (GPa) 54.9 139 140
E,=E3 (GPa) 8.9 6.4 8.3
Vi = Vg3 0.26 0.31 0.32
Uy3 0.35 0.45 0.47
G12=G13 (GPa) 4.9 3.7 4.4
G23(GPa) 2.2 24 2.8
S1 (MPa) 1310 2172 2389
S:1° (MPa) 776 1448 1593
Sz (MPa) 50 44 49
S2° (MPa) 135 199 219
S12 (MPa) 51 86 95
p(kg/m®) 2072 1490 1490

Then, the boundary and loading conditions were applied to the 3D finite element
model by creating two cylindrical coordinate systems (r, ©, z) at the ends of the composite

tube.
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Figure 8.4. Boundary conditions and loadings of static and buckling analysis in Autodesk
Inventor NASTRAN Software
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Figure 8.4 shows the boundary and loading conditions used for the torsional
buckling of the composite tube. One end is fixed in both translation and rotation in r, ©,
and z axes, whereas the translation is fixed in the r-axis for static stress analysis and
buckling analysis. The other end of the driveshaft, which connects to the engine, was
subjected to a torque of 550 N m around the axis of the shaft to simulate the driving force
typically transmitted during operation.

In Figure 8.5. The boundary conditions of normal modes analysis in commercial

software are given as; both ends are fixed for radial and circumferential translation.

T=0, Te=0

T=0. Te=0

Figure 8.5. Boundary conditions and loadings of normal modes analysis in Autodesk
Inventor NASTRAN Software

Mesh properties and set up are given in Table 8.3 for running analysis of the
composite driveshafts. Stress components equalise when element size is above 10 mm,
as shown in ref?3, Therefore, an element size of 10 mm was chosen for the composite
model.

The results for fundamental frequency, critical buckling torque, and safety factor
calculations, derived from both finite element analysis and analytical methods for various
fiber orientation angles and material combinations, align well with each other and

corroborate existing findings in the literature as seen in Table 8.4.
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Table 8.3. Mesh Set up in Autodesk NASTRAN

Mesh Type Quad Shell Element
Element Size (mm) 10

Max Element Growth Rate 1.5

Refinement Ratio 0.6

Max and Min Triangle Angle 20 -30

The factor of safety is calculated using the Tsai-Wu failure theory in analytical

approaches, while the Puck failure theory is applied in Finite Element Software to

determine the FoS. Additionally, four-node shell elements, based on plate theory, are

employed in the commercial software NASTRAN to enhance the accuracy and reliability

of the simulations.

Table 8.4. A summary of comparison for composite driveshaft design parameters

calculations; critical torsional buckling load, fundamental frequency and

factor of safety (Tsai-Wu for CLT and Puck for FEA)

Carbon/Epoxy C/ICNTs/Epoxy B/Bepoxy
Present Searle et Present Searleet  Present Searle
al.23 al. 213 etal.
213
Tc(Nm) CLT 575.67 580.00 591.00 572.00 595.84 598.00
FEA 591.70 612.00 660.00 762.00 674.00 823.00
Difference 0.03 0.05 0.10 0.25 0.12 0.27
(FEA/CLT)%
fn (H2) CLT 106.75 107.00 109.77 109.00 80.65 80.00
FEA 125.00 123.00 134.58 135.00 82.50 99.00
Difference 0.15 0.13 0.18 0.19 0.02 0.19
(FEA/CLT)%
FoS CLT 5.32 5.17 5.30 5.34 4.82 5.47
FEA 6.68 6.67 6.37 6.58 4.60 4.76
Difference 0.20 0.22 0.17 0.19 -0.05 -0.15
(FEA/CLT)%

Results of the failure index are also in good agreement with results of FEM by ref

Searle et al. agreement with each other. The results were verified with data available in

the open literature, where possible.

In Figure 8.6, s12 (shear) and s2 (normal) stress components and biggest puck

failure criterion indexes of matrix or fiber fault are given to compare results from the

literature. The failure indexes indicate the potential failure of composite by matrix
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dominated tensile failure, matrix dominated shear according to three failure modes. The

stress component s1 was not presented in the figures because it was far lower than the

unidirectional strength.
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Figure 8.6. Finite element analysis results for (a) stress components and (b) Puck failure
indexes

Figure 8.6 shows the comparison of stress components and failure index values of
C/ICNT/E composite driveshaft by FEM with (Autodesk NASTRAN) and available
results (ANSYS) by ref. 22 In the Carbon/Epoxy (C/E) and Carbon/CNT/Epoxy
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(C/CNT/E) shafts, the Interlaminar Failure (IRF) values in the 65° plies were found to be
higher than in either the unidirectional or transverse plies. The stress components and
failure indexes obtained from the present NASTRAN finite element analysis and those

obtained from the literature®! using ANSYS are in good agreement.

8.2. Nanocomposite Driveshaft Optimization Problem

In this problem, weight minimization of hybrid and nonhybrid fiber/CNT
reinforced nanocomposite driveshaft problems are obtained by using Modified
Differential Evolution Algorithm by considering fundamental frequency(fn), critical
buckling load (T¢r) and Tsai-Wu failure index (FOS(Tsai-wuyi) as design constraints. The
determination of the mechanical properties of CNTs-reinforced nanocomposites is
conducted using a combination of theoretical models. Specifically, the modified Halpin—
Tsai (H-T) equations and the rule of mixtures are utilized, which incorporate the effects
of CNTs agglomeration within the matrix materials. Flax, Carbon and Glass fibers, CNTs

and matrix material properties are also given in Table 8.5.

Table 8.5. Material Properties for driveshaft optimization problems

Flax?"*  Carbon?!3?®  Glass?? Matrix?'?  CNTs?!?

E; (GPa) 50 230 85 3.45 450
Es, E3 (GPa) 12 15.41 85

G, Gi3 (GPa) 3.4 10.04 35.42 1.26

Viz, V13 0.178  0.29 0.2 0.36

Va3 0.178  0.46 0.2

Density(kg/m®) 1400 18 2400 1250 624.4
SiT (MPa) 750 3350 1550 68 150000
S:¢ (MPa) 150 2500 1550 250

ST (MPa) 150 0 1550 0

S>¢ (MPa) 150 0 1550 0

Si2 (MPa) 20 95 35 70

Stacking sequences of fibers, volume fraction of carbon fiber and volume content

of the CNT at each layer are selected as design variables. Additionally, carbon fiber
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reinforced driveshaft without CNT inclusion is also optimized with constant volume
fraction V¢ = 0.60 to use basic design to see efficiency of design parameter increments.
Problem can be defined mathematically as
e Minimize: Weight(Veg, Wyrck, 6x)
e Constraints: T, (Ver, Wyrck, 0x) = 550 Nm,
Ja Ve, Wyrek, 0x) = 80 Hz,
FoSrsai—wuy) = 3
% Yi=1Venti < Ventmax Venrtorar < 0.20% or 0.30%,
Vir < 0.6, Venrmax=10%,
0, € {0, 15, 30, 45, 60, 75, 90}
Symmetric stacking sequences; [0, 6,, 03, 0,]
Symmetric weight fraction of CNT sequences;

[WCNTl/WCNTZ/WCNT3/WCNT4]S
Symmetric volume fraction of Fiber; [Vg1/Vr2/Vrs/Vials

Algorithm: Differential Evolution

Table 8.6. Optimum stacking sequences, volume fraction of fiber and carbon nanotubes
sequences for composite driveshaft

Designs Stacking Sequence  Volume Fraction of Fiber Volume Fraction of CNT
[C/CICIC]s [0/90/75/90]s [060/0.60/0.60/0.60]s -
[CICICIC]s [75/90/90/0]s [0.31/0.60/0.40/0.60]s -
[G/GIGIGIG]s [-30/-75/90/90 [0.49/0.53/0.46/0.47/0.51]s -

/15]s
[C/CICIC]s-CNT [90/90/90/0]s [0.60/0.54/0.10/0.60] [0.088/0.100/0.100/0.012]s
[F/IFIFIFIFIF]s- [90/90/0/0/90/90]s  [0.53/0.40/0.57/0.54/0.29/0.50]s  [0.043/0.067/0.043/0.090/0.035/0.017]s
CNT
[G/G/IGIGIG]s- [90/90/90/90/0]s [0.57/0.46/0.52/0.45/0.60]s [0.088/0.10/0.036/0.024/0.042]s
CNT
[C/CICIE]s-cnt [0/90/90/90]s [0.36/0.60/0.57/0.27]s [0.10/0.10/0.056/0.088]s
[F/CICIC]s-cnt [90/90/90/0]s [0.57/0.56/0.55/0.60]s [0.068/0.088/0.10/0.088]s

In this problem, stacking sequences optimization of carbon fiber reinforced
composite driveshaft problem are solved by using modified differential algorithm with
constant fiber volume fraction 60% for each layer. The calculated weight of driveshaft is
given as 0.774 kg. First of all, this result is utilized to compare weight minimization

optimization approach results includes volume fraction of fiber and fiber orientation angle
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as design variables for same carbon fiber reinforced composite driveshaft. The optimum
stacking sequences, volume fraction of fibers and volume fraction of CNTSs are given in
Table 8.6. It is resulted that utilizing the volume fraction of carbon fibers as the sole
design variable, the optimization of a composite driveshaft is achieved, resulting in a
8.8% reduction in weight. In Table 8.7, it can be seen that the driveshaft weight may be
reduced by 11.49% compared to traditional optimum fiber reinforced driveshaft with
constant volume fraction of fiber, for [C/C/C/C]s-CNT case. In comparison to an
optimally designed fiber-reinforced driveshaft without carbon nanotubes (CNTS),
incorporating a typical 5% addition of CNTSs to the matrix material led to a further weight
reduction of approximately 2%.

Table 8.7. Minimum weight, natural frequencies, critical torsional buckling loads and

safety factor results of optimum multiphase fiber reinforced nanocomposite

driveshafts
Designs Weight fn Ter FoS Weight
Reduction

[C/CICIC]s 0.774 123.062 694.777 3.195

[CICICIC]s 0.706 96.438 551.171 4.489 8.786
[G/IGIGIGIG]s 1.028 83.884 556.047 3.014 -32.752
[CICICIC]s-CNTs 0.685 99.523 550.117 3.065 11.499
[F/F/IF/FIF/F]s-CNTs 0.879 84.072 579.790 7.376 -13.566
[G/GIGIGIG]s-CNTs 0.929 80.643 551.337 6.261 -20.052
[CICIC/F]s-CNTs 0.687 106.661 555.809 8.350 11.240
[F/CICIC]s-CNTs 0.683 101.138 550.049 4.680 11.757

The [G/G/G/G/G]s case is the least efficient in terms of weight, with 1.028 kg,
but it has been demonstrated that incorporating a maximum of 10% volume fraction of
CNT into each ply can reduce the weight of the driveshaft by 9.65% in the [G/G/G/G/G]s-
CNT case. Moreover, using a fully flax fiber/CNT reinforced nanocomposite driveshaft
([F/F/IF/IFIF/F]s-CNT) results in approximately 15% less weight compared to the glass
fiber/CNTs reinforced design, showcasing significant weight savings and more
ecofriendly design. For the [F/C/C/C]s-CNT design, incorporating flax fiber in the outer
layers enhances the driveshaft by achieving a 12% weight saving compared to traditional
carbon fiber reinforced composite driveshafts. This substitution effectively reduces the

overall weight while maintaining the structural integrity necessary for performance.
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Figure 8.7. Comparison of the optimum design results minimum weight design results for
multiphase hybrid and non-hybrid fiber/CNTSs reinforced nanocomposite

driveshafts

The Figure 8.7 shows the optimal configurations of multiphase hybrid and non-
hybrid fiber/CNTs reinforced nanocomposites driveshafts, aimed at minimizing weight
providing critical buckling loads, fundamental frequency and safety factor for failure
index design constraints limits. In this figure, it can be seen that integrating carbon
nanotubes (CNTSs) into the matrix material with the hybridization of natural and carbon
fibers provides the optimum solution in terms of minimum weight. As can be seen from
the Figure 8.7, just optimizing the fiber volume fraction non-uniformly can reduce the
weight by 8.8 %, while optimizing by adding cnt provides a 11.5% percent weight
advantage. Additionally, the fully flax fiber reinforced nanocomposite driveshaft
([F/F/IF/IF/IF/F]s-CNT) presents an eco-friendly alternative to the glass fiber/CNTs
reinforced driveshaft ([G/G/G/G/G]s-CNT), offering a lighter and more biodegradable
solution.

In this section of the thesis, the Finite Element Method (FEM) is employed to
conduct a comprehensive analysis of optimized hybrid flax/carbon/CNT-reinforced
nanocomposite driveshaft designs. The analyses include free vibration analysis, torsional
buckling analysis, and stress-strain analysis, all performed using the Autodesk
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NASTRAN Solver. To perform the eigenvalue buckling, vibration, and stress-strain
analyses of the optimum multiscale nanocomposite driveshaft design, an appropriate
mesh is generated using linear quadrilateral 4-node shell elements, which serve as an
effective meshing option for the structure. The composite driveshaft is composed of seven
hybrid flax and carbon layers, with dimensions as previously outlined in Table 8.1. The
boundary conditions (BCs) for displacement constraints, provided at the beginning of the
section, are consistently applied across all analyses. These same BCs are used for the
normal modes, eigenvalue buckling, and static analysis of the hybrid nanocomposite
driveshaft. The model was subjected to a convergence test in terms of mesh density,
which led to the selection of a mesh consisting of 13640 nodes and 4526 elements, which
were used to obtain the final solution.

The optimum non-uniform CNT weight content, fibre orientation angle and fibre
volume fraction for each layer of the hybrid flax/carbon/CNT nanocomposite driveshaft
are obtained by [F/C/C/C]s-cnt design and the properties of each layer for this design are
given in Table 8.8. These values are derived from the results of an optimization problem

designed to minimize weight while adhering to the specified constraints.

Table 8.8. Material properties of each ply for optimum inter-ply hybrid flax/carbon/CNTs

nanocomposite driveshafts with modified Halpin-Tsai model

Flax Carbont Carbon? Carbon?®
Ei(MPa)  30422.20 130751.00 128472.00 139774.00
Ex(MPa)  7927.53 8943.66 8784.88 9385.65
Gi12(MPa) 2457.62 3836.21 3740.14 4113.80
Ga3(MPa) 2457.62 2999.65 2945.15 3142.84
V12 0.32 0.32 0.32 0.32
Va3 0.26 0.41 0.41 0.42
p(kg/m®) 129717  1849.71 1834.10 1899.74
S;(MPa) 627.78 2086.56 2056.62 2201.42
S;"(MPa) 285.78 210.56 1666.63 1761.75
S:°(MPa) 363.97 1687.92 214.12 191.42
S,°(MPa)  363.97 287.92 291.63 261.75
T12(MPa) 212.68 264.73 267.33 249.30

Table 8.9 shows a strong agreement between the FEM results and analytical
results for the optimum designs, particularly in terms of the fundamental frequency,
critical torsional buckling load, and factor of safety values for the nanocomposite

driveshaft. For the normal mode analysis results of the hybrid fiber/CNT-reinforced
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nanocomposite driveshaft, a 14% difference is observed compared to the results
calculated using the analytical method. Similarly, there is a 10% difference for the critical
torsional buckling load values. The factor of safety can be determined using both

analytical methods and FEA, with a 4% difference between the two approaches.

Table 8.9. A comparison of the natural frequencies, critical torsional buckling load, and
factor of safety results obtained from finite element analysis (FEA) and

analytical methods for the optimum hybrid nanocomposite driveshaft

[F/CICIC]s-cnt fn(Hz)  Tcr (Nm) FoS
Analytical 101.138  550.049  4.680
FEA (NASTRAN) 115.619 500.750  4.878
Difference (%) 14 10 4.2

The optimum interlayer hybrid fibre/CNT reinforced nanocomposite driveshaft
was derived using the Halpin-Tsai model and Classical Lamination Plate Theory (CLPT),
with the FEM results showing a maximum error margin of only 14%. The present
approach allows the non-uniform material properties in each layer to be accurately
considered in the FEM analysis of fibre-reinforced nanocomposite driveshafts. Using
Autodesk NASTRAN, FEM is effectively applied to multi-scale hybrid fibre/CNT-
reinforced nanocomposites by combining multi-scale modelling with micromechanical
equations.

The factor of safety is calculated based on stress-strain analysis results using the
Puck Failure Theory, applied layer by layer in Autodesk NASTRAN Software. The
normal stresses and shear stress distributions are illustrated in Figure 8.9a. Additionally,
the Puck failure values for the nanocomposite driveshaft are also depicted in Figure 8.9b.

Figures 8.8a and 8.8b display the composite layups, stress components (s1, s2,
and s12), and Puck failure index results for the [F/C/C/C]s nanocomposite driveshaft
design. It is evident that the s2 stress components are significantly lower than the
unidirectional strength due to the presence of 90° layers. The maximum shear stress (S12)
and normal stress (s1) occur in the middle layer of the nanocomposite driveshaft, where
the highest Puck failure index is also observed. The three failure states of the Puck
criterion are also shown, indicating the potential failure of the composite by matrix

dominated tensile failure, matrix dominated shear failure and matrix dominated
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compression failure. Additionally, the shear stress (s12) and Puck failure index for matrix
tension are illustrated in Figures 8.9 (a) and 8.9 (b).
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Figure 8.8. Finite element analysis results for a) stress components and b) puck failure
indexes for multiphase hybrid flax/carbon/CNTSs reinforced nanocomposite

driveshafts
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An eigenvalue buckling analysis was conducted to determine the deformation and
critical buckling load, with the model fully fixed at one end and subjected to torsional
loading at the other end. The analytical method yielded a corresponding buckling torque
value of 550 N-m, while the FEA result was 500.75 N-m. The mode shape from the
eigenvalue buckling analysis is illustrated in Figure 8.10.

A set of the first ten mode shapes of the natural frequency for a simply supported
nanocomposite driveshaft is presented in Figure 8.11, with the first mode excluded due
to its value being zero. FEM analysis was conducted using Autodesk NASTRAN
Software to detect deformation and natural frequencies. The corresponding frequency
values were as follows: (a) 115.61 Hz, (b) 115.63 Hz, (c) 156.10 Hz, (d) 156.54 Hz, (e)
224.13 Hz, () 224.36 Hz, (g) 289.54 Hz, and (h) 289.64 Hz.

In conclusion, although there is a risk of agglomeration, incorporating CNT into material
models significantly boosts the efficiency and environmental sustainability of synthetic
natural fiber reinforced composites. This strategy effectively mitigates the inherent lower
strength properties of natural fibers, resulting in more robust and sustainable designs. The
utilization of stochastic optimization approaches for hybrid nanocomposite driveshaft
design further enhances these outcomes, enabling the development of high-performance,
eco-friendly composite structures. The FEA analysis approach, combined with the
modified Halpin-Tsai method, can be effectively utilized for designing nanocomposite

driveshafts with non-uniform material properties layer by layer.

Figure 8.10 First buckling mode shape of a hybrid nanocomposite driveshaft
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CHAPTER 9

CONCLUSION

This thesis presents a study on designing a hybrid fiber-reinforced multiscale
nanocomposite using stochastic optimization methods. The composite comprises
multiscale components: a macroscale matrix, microscale fiber, and nanoscale CNTs or
GPLs. The development of these multiscale nanocomposite structures aims to meet
conditions of higher natural frequency, increased buckling load, reduced failure index,
lower weight, and cost-effectiveness. These composites are intended for applications in
automotive, aerospace, and aviation industries, offering environmentally friendly
properties. Multiscale hybrid fiber-reinforced nanocomposites can satisfy the
requirements of applications with appropriate stacking sequences, volume fraction of
each ply and weight content of nanofillers (CNTs and GPLs). By using a comprehensive
set of design variables in the optimal design of nanocomposite structures, more
environmentally friendly hybrid natural fibre reinforced nanocomposite structures can be
proposed for applications where vibration, buckling and failure behaviour are critical
factors. These designs also offer minimum cost and weight compared to traditional fully
synthetic fibre reinforced composite structures.

The other concluding points of this thesis can be written as follows;

e Optimum design of multiscale hybrid and non-hybrid natural/synthetic
fibers-reinforced nanocomposite laminates has been proposed by using
CLPT, FSDT, Navier solution, and stochastic optimization methods.

e Halpin-Tsai and Modified Halpin-Tsai models were utilized to determine
the elastic properties of each ply which is composed of fiber, nanofillers
and matrix materials by considering agglomeration and waviness effects.

e The weight fraction of the graphene nanoplatelets (GPLs), the stacking
sequences, and the volume fraction of fibers have been optimized by using
Differential Evolution (DE), Simulated Annealing (SA), and Nelder Mead
(NM) algorithms for multiscale hybrid and non-hybrid nanocomposite
plates.

e The comparison of the different multi-objective approaches (natural

frequency-cost, natural frequency-weight, and natural frequency-cost-
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weight) have been carried out for inter-ply hybrid/non-hybrid two-phase
(fiber+matrix)  and  inter-ply = hybrid/non-hybrid  three-phase
(fiber+nanofillers+matrix) composite structures.

Using inter-ply hybrid fibers with GPLs nano-reinforcement in composite
structures, it is feasible to design high-frequency, low-cost, and low-weight
multilayer composites with high stiffness-to-weight ratios. In this respect,
as a substitute for carbon fiber composites and carbon/glass composites, the
use of flax fiber with GPLs reinforcement in hybrid structures has a
significant potential with 18.2% higher frequency, 7.7% lower weight and
31.3% lower cost.

Regarding the effect of the aspect ratio on the optimal design of multiscale
nanocomposites. it can be concluded that the weight content of GPLs is
evenly distributed across both the outer and inner layers for aspect ratios
between 0.2 and 0.6. However, for aspect ratios between 0.6 and 2 the
weight content is more concentrated on the outer layers as compared to the
inner layers.

For multi-objective designs of composite structures, while carbon fibers
and CNTs or GPLs are commonly used, combining natural fibers (Flax,
Kevlar, Jute, and Ramie) with CNTs and GPLs in interply hybrid designs
can achieve superior results with 30% weight savings and 13% cost
savings.

Considering only the critical buckling load as an objective, the use of
multiphase carbon/epoxy and carbon/epoxy-CNTs nanocomposites allows
the highest critical buckling load.

Multi-objective optimization of multiscale hybrid and non-hybrid
fiber/CNTs reinforced nanocomposites was achieved for maximum critical
buckling loads and minimum weights. Using Kenaf and Flax natural fibers
with carbon fiber and adding CNTs can reduce weight by up to 14% with a
10% decrease in critical buckling load, while also benefiting from more
eco-friendly fibers.

As expected, placing fiber and CNTSs reinforcements in or near the outer
layers is more effective for minimizing weight due to their higher

contribution to laminate stiffness. Numerical results indicated that
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increasing the amount of CNTs reduces the amount of fiber to satisfy the
frequency or buckling constraints in weight minimization problems.

e For driveshaft design with minimum weight, using variable volume
fraction of carbon fibers in addition to stacking sequences can achieve a
8.8% weight reduction compared to traditional constant volume fraction
designs. Moreover, incorporating flax fiber in the outer layers of the
nanocomposite driveshaft enhances it by achieving a 12% weight saving
compared to traditional carbon fiber-reinforced composite driveshafts

e In conclusion, despite the risk of agglomeration, incorporating small
amount of CNTs into material models significantly alters the efficiency and
mechanical response of natural fiber-reinforced composites.

e The approaches used in the thesis study increase the inherent low strength
of natural fibres. The result is more robust and sustainable designs. Using
stochastic optimization approaches for nanocomposite design further
developing these outcomes, enabling the development of high-
performance, eco-friendly composite structures.

For future research on multiscale inter-ply hybrid fiber-reinforced
nanocomposites, the followings can be suggested:

e Conduct experimental investigations of hybrid natural fiber/CNTs
reinforced composite driveshafts and compare the results with optimization
outcomes.

e Extend the study by incorporating objective functions for hygrothermal
effects using a multi-objective optimization approach tailored for aerospace
applications.

e Enhance material models for nano-reinforcement by incorporating more
accurate agglomeration models that are better supported by experimental
data.

e Investigate the performance of hybrid natural fiber-reinforced composites
in cryogenic environments, particularly for liquid hydrogen storage, using
nanofillers such as CNTs and GPLs.
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