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ABSTRACT

Polymer-based composite materials are widely used in various industries. Composite
joining using the adhesive joining method is an increasing concern in various industries
worldwide. The main problems of natural fiber-based polymer matrix composites are their
lower mechanical properties than other materials. In other ways, composite joining was
challenging while controlling the adhesive joining parameters. This thesis aims to develop
a hybrid composite from polyester resin-sisal fiber-E-glass-SiC and study the adhesive
joining of this composite. The composite tensile, flexural, impact, and hardness properties
were analyzed as per ASTM standards. The wt.% of the sisal and E-glass fibers (0,10 and
15) were optimized using Taguchi-based GRA. Further, morphology analysis was analyzed.
The parameters influencing the adhesive joint performance, such as joint configuration (SLJ,
SCJ, and STJ), SiC filler (0, 1.5, and 3)wt.%., and overlap lengths of (20, 25, and 30)mm,
were analyzed and optimized using Taguchi-based GRA. The results from the fabricated
composite show that 42.13 MPa, 185.56 MPa, 24.75 J, and 97.93 HV of tensile, flexural,
impact, and Vickers hardness were achieved respectively. The 15 wt. % of both sisal and E-
glass fibers have more effects on the mechanical properties of the composite. The results of
composite adhesive joining reveal that, a maximum of 32.63 and 90.15 MPa of joint tensile
and flexural strengths were achieved. Based on the Taguchi-based GRA, an optimum joining
parameter of SCJ, 3 wt.% SiC filler and overlap length of 30mm were obtained and had
more influence on the joint strength of the composite. This research work is expected to help
different industries, governments, and researchers working on developing composite and

composite adhesive joining areas.

Keywords: Composite, hand lay-up, GRA, composite joining, mechanical properties.
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CHAPTER-1

INTRODUCTION

1.1 Background of the Study

In recent years, there has been a growing interest in developing advanced materials such as
composite with enhanced mechanical properties for various applications in engineering and
industry. Composite materials are multiphase systems developed by mixing two or more
distinct materials to give them particular qualities that vary from the materials from which
they are developed. The matrix and reinforcement are the two essential phases of composite
materials that result from the physical and chemical mixing of two or more materials with
differing characteristics, and the matrix phase is the most important of them. The primary
responsibility of the matrix is to wrap the reinforcing component around it and hold it
together in the proper shape. To obtain a composite material with high mechanical, chemical,
and physical properties, at least one reinforcement element in the form of particles, flakes,
fabric, or others must be added to the matrix material. Composite materials made with more
than one reinforcement are known as hybrid composite materials. The constituent materials
of the composite exist in two or more phases and are physically as well as mechanically
separable. The properties and performance of the composite depend upon the reinforcement
and matrix materials( Mbeche et al., 2020; Kumar Sharma et al., 2022).
Based on the matrix constituents, composite materials are classified into organic matrix
composites (OMCs), metal matrix composites (MMCs), and ceramic matrix composites
(CMCs) (Figure 1.1). Organic matrix composites can be categorized into two classes of
composites, such as polymer matrix composites (PMCs) and carbon matrix composites,
commonly known as carbon-carbon composites. Based on reinforcement, composite
materials are classified as fiber-reinforced, laminar, and particulate composites (Nagavally,
2016).
Polymer matrix composites (PMCs) have emerged as promising materials due to their
exceptional strength-to-weight ratio, corrosion resistance, and design flexibility. Depending
on the different bases, polymers can be classified into different types. Based on the raw
material used, polymers can be classified as natural, synthetic, or semi-synthetic polymers.
Naturally occurring polymers such as proteins, starch, and cellulose exist in the human body,
animals, and plants. Polymers like nylon and polyethylene are prepared artificially. Semi-
synthetic polymers such as cellulose acetate (rayon) are made by modifying the naturally
1



occurring polymers. The classification of polymers based on molecular structure is either
connected by straight-long chains of identical links (linear chain polymers) or branches
formed from linear chains (branch chain polymer) or monomers connected by covalent
bonds in a three-dimensional structure (cross-linked polymer). Based on polymerization,
polymers are classified as addition polymers (the monomers connected and added linearly
in three-dimensional space, such as polyethylene) and condensation polymers (molecules of
water or alcohol are removed through a chemical reaction) (Chohan et al., 2022; Sumithra
et al 2023).

Metal matric
composite
Based on matrix Polymer matric
phase composite
| | Ceramic polymer

matrix

Particulate reinforced
composite

Composites — Based on

reinforcement

Fiber reinforced
composite

Layered composite

Based on number of
layers

Sandwidch composite

Figure 1. 1 Classification of composite materials(Sumithra et al., 2023)

Polymer matrix composites (PMCs) have a wide range of uses, including the construction of
airplanes, ships, automobiles, military equipment, and sports equipment, due to their higher
size-to-strength ratio, minimum cost, and ease of production processes. (Chohan et al., 2022;
Kumar Sharma et al., 2022). The reinforcement of PMCs with natural fibers, synthetic
fibers, and ceramic particles has been extensively investigated to further enhance their
mechanical and physical properties.

The utilization of natural fibers as reinforcements in composites has gained significant
attention due to their abundant availability, low cost, renewable nature, and biodegradability.

Sisal fiber is a natural fiber derived from the leaves of the Agave sisalana plant, which is



predominantly grown in tropical and subtropical regions. It possesses good mechanical
properties, including high strength, stiffness, and good dimensional stability(Bichang’A et
al., 2022; Appadurai et al., 2022). Sisal fiber is a potential reinforcement for polymer
composites. Beyond its traditional applications such as ropes, carpets, mats, etc, sisal fiber
has potential application in automobile sectors, and aircraft and is effectively used for higher
structural applications. Incorporating sisal fibers into polymer matrices can Improve the
strength, impact resistance, and fracture toughness of the composite (Mbeche et al., 2020;
Sharma et al., 2023).

Alongside natural reinforcement, synthetic fiber reinforcement has also been widely
explored. E-glass fiber, a type of fiberglass, is a commonly used synthetic fiber in
composites. It offers excellent mechanical properties, such as tensile strength, flexural
strength, impact strength, modulus, and resistance to chemical attack due to the enhanced
tension distribution between the fiber and matrix as a result of the improved interfacial
adhesion between the polyester matrix and the glass fiber (Cavalcanti et al., 2019s). E-glass
fiber has been extensively employed in various applications including aerospace,
automotive, and construction industries, to enhance the mechanical performance of the
composite(Begum et al., 2020; Gangil et al., 2020).

In addition to fiber reinforcement, the incorporation of ceramic particles into polymer matrix
has been investigated to further enhance the mechanical properties of composites. Silicon
carbide (SiC) is a widely used ceramic material due to its exceptional hardness, high thermal
conductivity, good tribological properties, and excellent mechanical strength(Madhu et al.,
2018). It is less expensive, and an easily available earth product in comparison to other
engineering oxides with similar properties(Ganesamoorthy et al., 2022). SiC particles can
improve the wear resistance, thermal stability, stiffness of composites, and mechanical
properties suitable for industrial applications. It plays a crucial role in enhancing the
properties of structural materials, especially in the aerospace and automotive industries
(Choudhary et al., 2020; Praveenkumara et al., 2022).

To meet certain design specifications, a variety of fabrication techniques for composite
components were developed. Thus, the choice of technique is the main process required in
composite fabrication to shape the resin and reinforcement. To shape the resin and
reinforcements, molding is the main process required in composite fabrication(Sumithra et
al., 2023). Hand layup is the most basic fabrication method from different types of composite

fabrication methods for thermoset composites. It consists the laying dry fabric layers, or



“plies,” manually onto a tool from a laminate stack, and resin is applied to the dry plies
following the completion of the layup (Nagavally, 2016).

The post-processing methods like joining are equally crucial for determining the
sophisticated and complex composite products for structural integrity (Melese et al., 2021).
Joining methods are crucial for creating large-scale structures and achieving structural
integrity. Adhesive joining is the most versatile joining technology in many engineering
applications, and it is the most practical way to combine and bond composite materials with
other materials such as polymers and metals (Banea & Da Silva, 2009; Worrall et al., 2020).
Low stress concentration, ease of maintenance, and minimum manufacturing cost influence
adhesive joining to become one of the most widely used in different industrial applications.
To ensure the safety, efficiency, and reliability of adhesive bond joints one must understand

their properties and behavior of them (Melese et al., 2022).
1.2 Statement of the Problem

Polymer-based natural fiber-reinforced composites are extensively used in the automotive,
marine industry, and structural applications. However, they have low mechanical properties.
To overcome this problem e-glass, and SiC reinforcements were used with a polyester resin
matrix. Natural fibers cannot be used solely because of certain drawbacks such as low
mechanical strength but it requires the combined advantages of both fibers as natural with
synthetic. Adhesive joining has a predominant advantage such as lower structural weight,
modified damage tolerance, and minimum fabrication cost. The lower joint strength of
adhesively joined composite components occurs due to the lower strength of the adhesive
material used, the type of joint configuration, and the overlap length. This challenge can be
solved by adding SiC nanoparticles to epoxy adhesive material to increase bonding strength
and improve adhesion. Furthermore, in addition to introducing filler particles, different
adhesive joining process parameters such as joint configuration, and overlap length are
considered and optimized. This study aims to enhance mechanical properties such as tensile,
flexural, impact, and hardness by fabricating a polymer-based hybrid composite reinforced
with sisal fiber, E-glass, and SiC. Moreover, the study aims to enhance the joint strength and
investigate the optimized joining parameters of the composite.



1.3 Objectives of the Study

1.3.1

General objectives

The main objective of this thesis study is to develop and investigate the mechanical

properties of polymer matrix hybrid composite reinforced with sisal fiber, E-glass, and SiC;

its adhesive bonding parameters (Joint configuration, filler material, and overlap length)

investigation.

1.3.2

1.

Specific objectives

To develop hybrid polymer composites reinforced with sisal fiber, E-glass, and SiC
samples at different weight percentage ratios through hand lay-up technique.

To test the mechanical properties of the developed composite material including
tensile strength, flexural strength, impact strength, and hardness as per ASTM
standards and morphology analysis using SEM.

To optimize the combination percentage of the fibers for the composite using
Taguchi-based GRA analysis.

To optimize the adhesive bonding technique process parameters such as joint
configuration, filler material, and overlap length for the selected sample with optimal
combination parameters using Taguchi-based GRA.

1.4 Significance of the Study

Focusing on the fabrication, testing, and adhesive bonding of hybrid PMC reinforced with

sisal fiber, E-glass, and SiC, this research has the following basic significances.

Sisal fiber a biodegradable material that is abundantly available in Ethiopia can be
used highly in composite materials for various applications.

The combination ratio of sisal and E-glass fiber used in polyester resin matrix was
optimized and this minimizes the material waste and inappropriate usage of these
fibers.

Introducing the filler into epoxy adhesive has improved the joint strength of the
composite and this results in reducing the damage of composite material components
in different applications.

An understanding of the adhesive bonding performance can benefit the
manufacturing and joining process of composite structures, leading to improved
product performance and reliability.

This research also adds to the body of scientific knowledge in the field of composite

materials, providing valuable data and insights for future studies.



1.5 Scope of the Study

This study covers the development and investigation of a polyester resin polymer matrix
hybrid composite reinforced with sisal fiber, E-glass, and SiC, to enhance the mechanical
properties of polyester-based composite. The hand lay-up technique was used to fabricate
the composite. The research involved testing mechanical properties such as tensile strength
and flexural strength using UTM, impact test using Charpy impact tester, hardness test using
Vickers hardness tester, as well as characterization of the composite materials, including
morphology analysis of the composite material using SEM. The research also optimized the
adhesive joining parameters, including joint configuration, overlap length, and effect of filler
into the adhesive, for obtaining the best parameters of composite joining using Taguchi-
based GRA as well as experimental data analysis using analytical methods, Minitab
software, and Excel.

1.6 Research Motivation

Due to light-weight material application in different sectors, demand was high while
controlling the quality of fabricated composite for required purposes was challenging for
researchers and industries. The raw materials such as natural plants, and agricultural by-
products were highly available to enhance the use of composite fabrication. In other ways
joining composites was challenging for the researchers while controlling adhesive joining
parameters.

1.7 Limitations of the Study

e The lack of a sisal decortication machine to extract fiber, and hence manual
extraction, causes damaged sisal fibers, which could impact the composite
performance.

e The laboratories utilized for this research work are located across the country,
which wastes time and could impact the outcome.

e The mechanical property testing performed did not fully capture the properties
of composites and joints. Additional properties like compression and fatigue tests
are necessary for specific applications.

e There is a shortage of literature related to composite adhesive joining.



1.8 Research Questions
The research questions that were raised with this research work are mentioned below.

1. What is the effect of varying fiber composition?

2. What are the effects of incorporating sisal fiber, E-glass, and SiC on the mechanical

properties of polymer-based composite?
3. What are the effects of adding filler into adhesive on the joint strength of adhesively
joined composite?

4. What is the contribution of this study?
1.9 Thesis Organization
The overall structure of this research work is summarized below.
Chapter One: Introduce the background of polymer-based hybrid composite, composite
joining, objectives, statement of problems, significance of the study, scope of the research,
research motivation, and limitations. Chapter Two: It reviews relevant research papers
regarding natural and synthetic fiber composites, effects of reinforcements, factors affecting
properties of natural fiber composites, joining of polymer-based composite, application area
of natural and synthetic fiber reinforced composites, and research gaps. Chapter Three:
Materials required for the research work, methodology, experimental setups and testing, and
analysis methods were included. Chapter Four: The experimental findings and their deep
discussion as well as optimization have been done. Chapter Five: Conclusion of the overall
work, recommendations from findings, and future works were covered. Finally, References

and various appendices are tabulated.



CHAPTER-2

LITERATURE REVIEW

2.1 Introduction

This chapter reviews previous literature on polymer-based matrix hybrid composites and
adhesive joining of the composite. Effects of reinforcements on polymer-based matrix
composite were reviewed. Factors affecting the properties of the polymer-based hybrid
composite material were discussed. Further studies on the factors affecting the joint strength
of adhesively bonded composite were discussed in detail. Finally, the research gap was
identified and the literature summary was provided.

2.2 Polymer Matrix Composite Materials

A composite material is a heterogeneous material that is synthesized through the mixing of
two or more components that form a compatible matrix and a reinforcing matrix to achieve
particular features and characteristics. The reinforcing and matrix materials that make up the
composites have qualities superior to those of the individual components. The matrix, often
made of resin, distributes the weight among the fibers while shielding them from external
and environmental harm. In turn, the fiber gives the matrix strength and stiffness to reinforce
and help it withstand defects like fractures and cracks. Lightweight, environment-friendly,
bio-degradable, low-cost, plentily available, sustainable, low density, and high strength are
the unique characteristics of composites over conventional materials (Madhu Kumar &
Murthy, 2020; Nagaraj et al., 2020; Rajamahendran et al., 2021).

Based on the matrix constituents, composite materials are classified into organic matrix,
metal matrix, and ceramic matrix composites. Organic matrix composites can be categorized
into two classes of composites, such as polymer matrix composites and carbon matrix
composites, commonly known as carbon-carbon composites. Based on reinforcement,
composite materials are classified as fiber-reinforced, laminar, and particulate composites
(Nagavally, 2016). PMCs are one of the most sorted materials replacing traditional materials
due to its excellent strength-to-weight ratio. PMCs are classified into particle and fiber-
reinforced composites. Furtherly, fiber-reinforced composites are classified as glass fiber
and carbon fiber-reinforced polymers (Begum et al., 2020).

The most frequently employed matrices to create hybrid natural fiber composites are
polymeric (thermoset or thermoplastic) because they are lightweight and can be processed

at low temperatures. Epoxy and unsaturated polyesters are the two primary thermoset resins
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utilized in hybrid natural composites (Neto et al., 2022). Unsaturated polyester resins are a
significant category of thermoset polymers. They are widely used due to their low cost,
superior corrosion resistance, ease of processing, and availability in a variety of grades. Their
inability to release volatile byproducts during the curing process adds to their
attractiveness(Athawale & Pandit, 2019).

Better mechanical properties are obtained with the hybrid natural fiber-reinforced polymer
composite when compared to a single fiber-reinforced polymer composite. Hybridization
between synthetic and natural fiber may enhance the strength, moisture resistance, stiffness,
modulus, and thermal resistance of the composite (Begum et al., 2020). The mechanical
performance and water resistance of NFRCs can be greatly enhanced by hybridizing natural
fibers with synthetic fibers. The most common fiber utilized in hybridization of NFRCs is
glass fiber (Neto et al., 2022).

2.3 Natural Fiber-Reinforced Polymer Composite

Natural fiber composites (NFCs) are composite materials composed of a polymer matrix
reinforced with natural fibers, such as sisal, jute, hemp, and coir. They have gained
significant attention due to their eco-friendly nature, lightweight properties, and cost-
effectiveness (Pereira et al., 2020). Gopal Krishna et al., (2019), stated that minimized
dependence on non-renewable energy, lower pollution, and greenhouse emission are the
environmental advantages offered by natural fiber-reinforced composite materials. Natural
fiber-reinforced composites are employed in a variety of nonstructural automotive
applications, including instrument panels, package trays, door panels, internal engine covers,
boot liners, oil filter liners, and oil air filters (Bichang’A et al., 2022). Low mechanical
properties and absorption of humidity due to the hydrophilic properties of the natural fibers
are the main drawbacks of NFRCs. Furthermore, the poor adhesion between fibers and
matrix, inconsistent fiber quality, thermal stability, and moisture absorption of natural fibers
are the main issues that need to be resolved to improve performance and consequently the
use of NFRCs in the industry (Neto et al., 2022).

2.3.1 Natural fiber

Natural fibers are materials that are obtained directly from plants, animals, and minerals and
can be spun into yarn, made into fabric, or for other industrial purposes. The primary
constituents of these naturally occurring fibers include cellulose, hemicellulose, pectins,

lignin, and trace amounts of extractives (Karthi et al., 2019).



Venkatesan & Bhaskar, (2020) stated the automotive, construction, different energy sources,
and packaging industries use natural fibers such as jute, flax, hemp, coir, and sisal because
they are effective reinforcement in thermoset and thermoplastic matrices. Based on their

source, natural fibers are classified into three as shown in Figure 2.1.

Natural Fibers
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Ramie H{ Banana

— Roselle
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CoconutJ Kapok J— Cotton
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Pineapple FH Abaca Miscanthus

Figure 2. 1 Classification of Natural fibers redrawn from (Karthi et al., 2019)

Sisal fiber

Sisal fiber is a natural, biodegradable, derived from the leaves of the agave sisalana plant,

which can be developed in many countries of the world including Ethiopia. It is one of the

most extensively used natural fibers which is also very easy to cultivate. Nearly, 4.5 million

tons of sisal fibers are produced every year throughout the world. Sisal fibers range in length

from 1 to 1.5 mm and in diameter from 100 to 300 um. Sisal fiber has a high tensile strength

and high cellulose content. After two years of planting, the fibers can be taken out of the

leaves, and the plant has a 12-year productive life (Alemayehu et al., 2020; Mosisa & Batu,

2021; Ramasubbu & Madasamy, 2022).

Naveen et al., (2018) reported that sisal fiber is one of the potential reinforcements for

polymer composite. In addition to its source, age, and location, the physical and mechanical
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properties of sisal fibers are further influenced by gauge length, experimental temperature,
fiber diameter, and strain rate. Sisal fiber can be used in the aircraft and automotive industries
in addition to its more conventional uses in ropes, carpets, and mats. Rajak et al., (2022)
reported that sisal fiber has superior tribological, mechanical, thermal, and chemical
durability as compared to conventional metals. The primary benefits of sisal fibers include
their durability, stretchability, waterproofing, resistance to strain and wear, and resistance to
moisture. However, they also have several drawbacks, including the ability to be flammable,
incompatibility for hot washing, contribution to microplastic pollution, low insulation
capacity, susceptibility to heat damage, and lack of environmental friendliness.
2.3.2 Factors affecting properties of natural fiber composite
The properties of natural fibers depend on several factors, including fiber extraction method,
fiber treatment, fiber orientation, and, hybridization, which are discussed in this section.

e Fiber extraction
Naveen et al., (2018) described that retting, scaraping, or mechanical decortication are the
methods used to extract sisal fiber from leaves. Decortication is the most common technique
for extracting sisal fiber. This method separates the fleshy pulp from the fiber by crushing
the leaves between blunt knives and moisture. The debris contained in the leaves is cleaned
with water. Retting is a conventional method for the extraction of sisal fiber. The sisal leaves
were initially broken down by bacteria, and then fibers were extracted from the pitch.
Radoor et al., 2020; Sathish et al., (2021) described the decoration method involves
removing the sisal leaf’s fleshy green portion while keeping its long fibers in place. The
process requires skill and precision to avoid damaging the fibers. Jaballi et al., (2017)
prepared sisal fiber from the leaves of the sisal (agave sisalana) by cutting off from the
mother plant and removing their higher pointed parts. The remaining leaves were cut to the
needed length. The fiber bundles containing impurities can be easily extracted from recently
obtained sisal leaves, fiber bundles containing impurities are easily retrieved, and they are
rapidly scraped between nails’ hands until all matter is removed. Finally, fibers were dried
in the air.

e Fiber treatment
Natural fibers like sisal are chemically treated to remove lignin, waxy substances, pectin,
and natural oils coating the external surface of the fiber cell wall. Sodium hydroxide is the
most often used chemical for bleaching and/ or cleaning plant fiber surfaces. Different

treatments are used to improve the adhesion between the matrix and fiber of fiber-reinforced
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composite. The alkali treatment of sisal fiber for surface modification results in optimum
impact and tensile strength (Karthi et al., 2019).

Kumaresan et al., (2015) prepared a 5% NaOH solution using sodium hydroxide pellets and
distilled water. The study shows that increasing the percentage of NaOH affects the fiber's
properties by reducing the bonding capacity during the preparation of composites.
Concluded that sodium hydroxide (NaOH) is the most commonly used alkali treatment for
bleaching and cleaning the surface of natural fibers to produce high-quality fibers. Tesfay &
Kahsay, (2020) stated that to remove any NaOH that might be left the alkaline-soaked fibers
were washed using water before they were allowed to dry at room temperature for 72 h. The
result showed that treatment of sisal fibers with NaOH and NaHCOs improves the tensile
and impact strength of the composite laminates. Khan et al., (2018) suggested treating the
fibers with a 5% weight alkali for NFRPCs can have good tensile and flexural characteristics.

e Fiber orientation
Dress et al., (2021) prepared the 30°/60°, 30°/—45°, 0°/90°, and 45°/—45° woven sisal fiber
using a nailed wooden frame as a warp and weft guide. The result showed that the average
absorbed energy and impact strength of 0/90° and 45°/—45° woven sisal fiber reinforced
polymer composite(WSFRPC) was greater compared to 30°/60° and 30°/—45° WSFRPC.
Compared to all other orientation test specimens, the 30°/60° WSFRPC showed less
absorbed energy and impact strength. A 45°/45° oriented woven sisal fiber-reinforced
polyester composite showed better toughness and absorbed energy. It also has better impact
strength than the other orientations of woven sisal fiber-reinforced polyester composites.
Khan et al., (2018) investigated the combination of long/short fibers and particulates that
results in good tensile and flexural properties because particulates reduce the voids between
the fiber and matrix. To achieve good tensile and flexural properties of NFRPCs a fiber
length of 20-50 mm can be used. When a high strength-to-weight ratio is required, NFRPCs
are the material of choice.
e Hybridization

Suriani et al., (2021) mentioned that hybridization is recommended by the majority of
researchers to address the shortcomings of natural fibers and reduce the usage of synthetic
fibers that are harmful to the environment. Pereira et al., (2020) investigated that combining
natural fibers allows for the creation of hybrid composites that fully use the qualities of each
constituent. The hybrid natural fiber-reinforced composites may eventually replace glass
fiber-reinforced composites in applications where very high load-bearing capacities are not

required. Saba et al., (2016) stated hybridization technology facilitates easy manufacturing
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of cost-effective components as well. Composite materials based on natural and synthetic
fibers have proved their potential as effective materials for structural uses.

e Fiber volume
Neto et al., (2022) reported the volume fraction of each type of fiber has an impact on how
the failure occurs. For composites with high-strain fiber volume, fibers dominate the stress
distribution. If the fiber fraction is reversed, the composite’s strength is limited by the low-
strain fiber.
2.4 Synthetic Fiber-Reinforced Polymer Composite
Neto et al., (2022) investigated that, synthetic fibers like glass, carbon, and aramid are being
used in hybrid polymer-based composites due to their biodegradability, initial processing
cost, recyclability, health hazard, energy consumption, and machine abrasion. Cavalcanti et
al., (2019), studied that the addition of synthetic fiber increases the flexural and impact
strength of the composite due to better interfacial adhesion between glass fiber and polyester
matrix which contributed to a better distribution of tension between fiber and matrix.
2.4.1 Synthetic fiber
Synthetic fibers are materials made by humans through chemical synthesis. Carbon and glass
fibers are synthetic fibers widely used as reinforcements (Karthi et al., 2019). The entire
process of creating synthetic fibers takes place in a lab using synthetic polymers which are
typically derived from petroleum byproducts. Synthetic fibers can be processed via spinning,
polymerization, and filament winding processing. The major classifications of synthetic
fibers are organic (such as polyamides, polyesters, polyvinyl derivatives polyolefins),
inorganic (such as glass, carbon, boron, and silicon carbide), and others (Bicomponent and
multicomponent) (Rajak et al., 2022).

o E-glass fiber
Glass fibers are widely used preferred materials in high-performance composite applications
due to their highly attractive physical and mechanical qualities, ease of manufacturing, and
comparably cheap cost to carbon fibers. E-glass fiber is easily mouldable, lightweight,
extremely strong, and robust materials. Fiberglass is frequently used in boats, cars, bathtubs,
hot tubs, water tanks, roofing, pipes, and exterior door skins (Begum et al., 2020; Gangil et
al., 2020).
E-glass fiber reinforced polymer has major advantages including a high strength-to-weight
ratio and combination of lightweight and it is easy to fabricate, which is better than many
conventional materials, (Rajamahendran et al., 2021). EL-Wazery et al., (2017) investigated
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how the percentage of glass fiber affected mechanical properties like impact, bending, and
tensile strength by developing an E-glass fiber reinforced polymer composite with randomly
oriented, with different fiber percentages (15%, 30%, 45%, and 60%) using a hand lay-up
technique. The composites' hardness was assessed using a Brinell hardness tester. The best
mechanical qualities of the fabricated composites were attained at 60% glass fiber weight.
2.5 Ceramic Particle-Reinforced Polymer Composite

Ceramic particle-reinforced polymer composites exhibit enhanced mechanical and thermal
properties due to the synergistic effects of the constituents. The microstructure of these
composites plays a crucial role in determining their properties, with factors like filler particle
ratio and orientation influencing mechanical and thermal behavior significantly (Hassan et
al., 2022). By incorporating ceramic particles into polymer matrices, these composites can
achieve improved fracture toughness and thermal conductivity, surpassing the individual
properties of the constituent materials (Article et al., 2022). Khan et al., (2018) reported that
the addition of coupling agents further improves the tensile and flexural properties. SiC,
graphite, ZrOz, and Al,O3 are commonly utilized as coupling agents.

2.5.1 Silicon carbide

Silicon carbide is a synthetic material with good mechanical, electrical, tribological, and
thermal properties for industrial applications. Particles of SiC are produced when sand and
carbon undergo a high-temperature electrochemical reaction (Ravi Raj & Vijaya Ramnath,
2021). Silicon carbide is a low-density materials that have good resistance to oxidation, high
temperatures, and chemicals. This filler material lowers costs without compromising the
properties of composites by minimizing the amounts of reinforcement added. Adding these
fillers could result in a 5-10% reduction in volume cost (Choudhary et al., 2020;
Praveenkumara et al., 2022).

Sharma et al. (2018) fabricated epoxy composites reinforced with glass fiber and silicon
carbide (SiC) filler to investigate processing and characterization through the hand layup
method. The result shows that the strength of glass epoxy composites increases as the filler
material volume percentage increases. Also, the bending, hardness, and compressive
strength increased as the percentage of glass fibers and SiC increased. However, the fracture
Strength of GFRP was decreased.

Madhu et al., 2018; Ramadan et al., (2017) conducted an additional investigation into SiC
particles and jute-reinforced epoxy composites revealing 8% and 15% increases in tensile
and flexural strength, respectively. According to the SEM images, material breakdown
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happens when fibers envelop the particles, causing the connection between the fibers to
weaken. The main benefit of SiC particles in hybrid composites developed from natural and
synthetic fiber is improving their hardness.

(Mullaikodi et al., 2019) developed a new composite using SiC nanoparticles as secondary
reinforcement and Kevlar 49 and S-Glass fibers as main reinforcement. The amounts of the
SiC nanoparticles were varied. A comparison was done between the laminates' tensile
strength with and without SiC particles. There was a 35% increase in tensile strength for 5%
SiC and an 18% increase for 10% SiC. Maximum tensile strength was obtained when the

laminate was developed with 5% SiC.
2.6 Hybrid PMCs Reinforced with Natural, Glass, and Ceramic

Arpitha et al., (2017) incorporated the sisal and E-glass fabrics with the epoxy matrix and
added silicon carbide filler to the sisal fabrics. The physical and mechanical properties of
composite laminates were evaluated according to ASTM standards, and the results showed
that the voids were reduced and the physical properties were enhanced by the incorporation
of E-glass and silicon carbide filler. Njoku et al., (2011) studied hybrid composites of
sisal/periwinkle shell and E-glass/periwinkle shell prepared at a fixed fiber-to-polyester ratio
of 30:70 through the hand lay-up method. The results showed that the mechanical properties
of the E-glass fiber-reinforced polyester composite improved while those of the sisal fiber-
reinforced composite decreased due to the addition of periwinkle shell particles.
Ramesh et al. (2021) investigated the tribological behavior of polyester composites
reinforced with natural/synthetic fiber. The study was focused on sisal fiber, glass fiber, and
hybrid sisal/glass fiber reinforced polyester composites. The samples were fabricated with
the fiber volume fraction varying between 20 and 40% via the compression molding method.
The result revealed a significant improvement in the tensile, flexural, and impact properties
of the hybrid composite.
2.7 Fabrication Techniques of Hybrid Polymer Composite
The polymer composites can be developed by using various fabrication methods (Chohan et
al., 2022) as shown in Figure 2.2.

a. Pultrusion
Pultrusion is a fabrication technique that creates desired cross-sectional shapes without
regard to length by pulling layers of fabric bathed in resin through a heated die. High
productivity, minimal material waste, high quality, and quick composite processing are the
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results of this technique. However, incorrect fiber wet-out, die jamming, and fiber breaking
are the draw drawbacks of this method (Chohan et al., 2022).

— Filament winding process

— Pultrusion

Thermosetting matrix

composites

— Hand lay up and spraying

Manufacturing of polymer| |

matrix composites — Resin transfer molding

Diaphragm forming
process

Thermoplastic matrix

composites

Injection molding

Figure 2. 2 Classification of manufacturing techniques (Chohan et al., 2022)

b. Resin transfer molding
It is a process used for the fabrication of thermosetting polymer composites. The pre-shaped,
dry reinforcements are pressed into a heated die mold. The heated mold is then closed,
pushing liquid resin into it to cure the component; at last, the mold is opened to remove the
portion. The advantage of this approach is that it allows for the automation of massive,
complex patterns and curves at low cost and with skilled labor (Chohan et al., 2022).

c. Filament winding process
In this method, fiber trails are spooled in various directions on a spindle after being forced
through a liquid resin solution. This quick and affordable method allows for precise control
of the resin composition, making it ideal for usage in gas cylinders, pressure vessels, pipes,
and chemical storage tanks (Chohan et al., 2022; Begum et al., 2020).

d. Hand lay-up method
Hand layup is the simplest method of developing the thermosets-based fibers composite. It

is the most common and least expensive open-molding method because it requires the least
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amount of equipment (Chohan et al., 2022;Y ogeshwaran et al., 2020). Fiber reinforcements
are placed by hand in a mold and resin is applied with a roller. This process is used to make
both large and small items. Relatively lower mold costs, easy availability of the tools
required for production, and mold maintainability are advantages of the hand lay-up method.
To avoid the sticking of polymer to the surface of a mold and to get a good surface finish of
the product, fibers as a reinforcement are placed at the upper surface of the mold thin plastic
sheets are used on the bottom of the mold and then a releasing agent is sprayed on it(Abas
et al., 2018; Venkateshwaran et al., 2011). The hybrid composite was made using a hand
lay-up method. Hand lay-up is the most common and least expensive open-molding method
because it requires the least amount of equipment(Sayam et al., 2022).

2.8 Testing and Characterization of Hybrid Composite

The hybrid composite's stacking order is very important for its flexural properties. a
specimen’s tensile and compressive stresses reach their maximums on its top and bottom
faces, respectively, and then linearly decline towards the neutral line, or the middle of the
specimen under a 3-point bending flexural load. The impact resistance of hybrid composites
is closely related to the mechanical characteristics of the fibers, layer stacking order as well
as the fiber's and matrix's interfacial adhesion (Cavalcanti et al., 2019; Neto et al., 2022).
2.9 Adhesive Bonding of Polymer-Based Composite

Polymer-based composite joining refers to the process of connecting or bonding different
components or sections of a composite material made primarily of polymers. It involves the
fusion or adhesion of multiple components to create a unified structure. Joining methods for
these composites can vary depending on the specific materials involved, the desired
properties of the final structure, and the application requirements (Melese & Tesfie, 2023).
Casas Pulido et al., (2019), report that adhesion is the state in which two surfaces are held
together by an interfacial junction (the region where two materials come into contact and
form a bond) while cohesion is the term used to indicate the state that tends to associate the
particles of substance by secondary valence forces (attractive forces that act between
molecules to hold atoms together). Depending on its chemical and physical properties, an
adhesive's cohesive strength changes as it cures or sets.

Malekinejad et al., (2023) reported that adhesive joining is a joining mechanism in which
adhesive material is added between the adherend surfaces to hold them together by the
formation of adhesive bonds after solidifications. It is the highest versatile joining

technology in many engineering applications, and it is the most practical way to combine
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and bond composite materials with other materials such as polymers and metals. Adhesively
bonded joints are becoming good alternatives to mechanical joints in engineering as they
provide predominant advantages such as lower structural weight, modified damage
tolerance, and minimum fabrication cost over conventional fasteners (Banea & Da Silva,
2009; Worrall et al., 2020). Melese et al., (2022) stated that low-stress concentration, ease
of maintenance, minimum manufacturing cost, and other factors influence adhesive joining
to become one of the most widely used in different industrial applications. To ensure the
safety, efficiency, and reliability of adhesive bond joining one must understand the
properties and behavior of adhesively bonded joints

2.9.1 Advantage of adhesive joining over other joining methods

Composite materials joining methods can be categorized into three methods. These are
adhesive joining, mechanical joining, and welding joining. Mechanical joining is the process
of forming joins using mechanical forces. Fiber-reinforced plastic materials are not well-
suited for mechanical joining, especially in intricate designs such as wind turbine systems or
aircraft. This is because things like adding structural discontinuities, adding extra weight,
and having protruding bolt heads and nuts enhance aerodynamic drag (AIKHUELE, 2019).
Compared to mechanical fastening, adhesive bonding has several advantages in composite
joining applications. Compared to riveted connections, adhesively bonded joints have a
higher degree of stiffness due to their more uniform stress distribution along the bonded
surface. They also offer superior fatigue strength, shock absorption, dampening, and sealing
as well as electrical insulation. Adhesive bonding is also a manufacturing-friendly
technology that has a lower overall fabrication cost than other joining techniques, frequently
only requires single-side access, and permits a high degree of automation with quick cycle
durations for quick production (Omairey et al., 2021).

Welding is a joining technique in which materials of the same type, such as metals, polymers,
or ceramics, are joined by chemical bonds due to the attraction of ions, atoms, or molecules
to one another under the combined action of heat and pressure. The kinds of bonds that
develop across the joint are the same kinds of bonds present in the materials that are being
joined. Adhesive bonding is different from welding since welding does not require chemical
reactions (Messler, 2004; Siddique et al., 2023). In composite materials with a polymeric
matrix, when traditional joining techniques like welding and mechanical joining may result
in a stress concentration or are impractical, they prove to be particularly beneficial (Barbosa
et al., 2018; Casas Pulido et al., 2019).
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2.9.2 Parameters that affect the strength of adhesively bonded composites
The strength of adhesive bonded composites is influenced by several key parameters,
including, surface preparation, adhesive type, adhesive thickness, overlap length, joint
configuration, and manufacturing bonding process.

e Surface Preparation
Surface preparation has a direct impact on how well the bonded joint performs. Surface
treatment of adherend should ensure the removal of contaminants (lubricants, dust,
microorganisms) from surfaces. The key factors to get a strong and durable join are good
surface wettability, good activation of the material surfaces being bonded, and surface
energy (Banea et al., 2014; Budhe et al., 2017). Etching is the method of surface treatment
applied to composites to eliminate impurities, change the chemistry and surface roughness,
or create a lot of pores. Typically, the treated composite is submerged completely in a bath
of acidic or basic solution for a predetermined amount of time, temperature, and
concentration. Sodium hydroxide, or NaOH, is a base solution that is frequently applied to
composite materials treatments(Yudhanto et al., 2021). Melese & Tesfie, (2023) effective
joint preparation greatly depends on surface preparation. Acetone washing and 200-grit
sandpaper grinding improve adhesion in the join region.

e Adhesive types
The adhesives used in structural applications are epoxies (a high strength and temperature
resistance), cyanoacrylates (which bond to plastic and rubber quickly but have poor
resistance to moisture and temperature), an-aerobics (suitable for bonding cylindrical
shapes), acrylics (cure quickly and tolerate dirty and poorly prepared surfaces),
polyurethanes (good flexibility at low temperatures and fatigue resistance), polyurethane
(which have flexibility at low temperatures and fatigue resistance), silicones(excellent low-
stress applications, high degree of flexibility and very high-temperature resistance), and
high-temperature adhesive (phenolics, and polyimides) (Banea & Da Silva, 2009; Omairey
etal., 2021).

e Adhesive thickness
Different adhesive systems require different adhesive thicknesses depending on the;
Function/properties: An adhesive thickness can be small (less than 100 um) for maximum
peak strength. However, if impact resistance is needed or the joint dimensions vary, the bond
line can be much larger, more than 1 mm, and
Type of cure: The thickness of adhesives that are cured chemically (such as epoxies, and

acrylics) can be extremely small, but those cured by external factors (such as moisture-curing
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polyurethanes, and silicones) need a much larger adhesive thickness to provide a large
enough external surface area for efficient moisture diffusion from the atmosphere (Worrall
et al., 2020).

e Overlap length
Overlap length is the length of the contact area between the adherents and the adhesive. It
influences the stress distribution and the load transfer capacity of the joint. (Rangaswamy et
al., 2020) revealed the effects of overlap length performance for single lap adhesively
bonded joint within fiber-reinforced polymer tubular adherents subject to static and cyclic
torsional loading conditions of overlap length (12 mm, 20 mm,30 mm, and 40 mm) and
constant thickness (0.8mm). It was concluded that the static capacity of the composite joints
increased, but not so significantly at overlap lengths above the effective length, and under
cyclic loading, the increase in overlap length increased the life cycle of the bond.
Kadioglu et al. (2018) used materials of woven carbon fiber-reinforced polymer matrix
composite and film adhesive, and employed parameters such as an SLJ configuration of
overlap lengths (15 mm, 25 mm, and 40 mm), and two distinct composite adherend
thicknesses of 2 mm and 3 mm, respectively.

e Joint configuration
Typically, single-lap, double-lap, scarf, and stepped-lap joints are joint configurations that
have been examined in the literature(Siddique et al., 2023). Bonded joints are usually
anticipated to withstand static or cyclic loads for extended periods without negatively
affecting the structure's ability to support loads(Nascimento et al., 2021). Commonly, scarf
joints, stepped-lap joints, double-lap joints, and single-lap joints are the types of joint
configurations. Melese et al., (2021) experimentally investigated the joining behavior of
jute/sisal fibers epoxy laminates using different joint configurations. Joint configuration
(single lap, scarf, and double strap butt joints), types of adhesive material, and adherents
were the parameters for joint strength. Among the various joint configurations investigated,
the double-strap butt joint was found to be most suitable for all types of material systems
(sisal/epoxy, jute/epoxy, and hybrid/epoxy).

e Manufacturing bonding process
The bonding process is one of the factors to consider because it has an impact on all aspects
of joint strength. Three bonding processes namely co-curing, co-bonding, and secondary
bonding are primarily used to manufacture the bonded connection between composite
adherend. The co-curing of both substrate parts are simultaneously cured while the co-

bonding process is performed when the substrate or adherend is cured with the adhesive.
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Secondary bonding is when the adhesive layer is cured between two pre-cured substrates.
The multi-material bonding process is similar to secondary bonding except with a
combination of metal and composite substrates instead of only cured composite substrates
(Budhe et al., 2017).

2.9.3 Effect of additive/ filler on joint strength of composite materials

Fillers are solid materials that are insoluble in adhesive and are added to adhesives to
improve adhesion, lower adhesive costs, modify mechanical properties, raise viscosity,
improve electrical and/or thermal conductivity, and increase bonding strength. Biobased
fillers (cellulose nanoparticles, tree bark powders), carbon-based fillers (carbon black,
carbon nanotubes,), ceramic fillers (aluminum oxide, silicon carbide), metallic fillers
(aluminum, copper), silicon-based fillers (silica), and hybrid fillers (consisting more than
one type of filler) are some of the filler substances used. The type and quantity of filler used
will have an impact on the characteristics of the adhesive (Anag, 2023; Sanghvi et al., 2022).
Anag, (2023) investigated that, an epoxy adhesive was mixed with powdered mussels, olive
pomace, and walnuts in varying weight ratios (5 percent, 15%, and 30%), and diameters (38
and 45 micrometers). The obtained adhesives with additives were used to link the steel
materials in the form of single-lap joints. The results revealed that, in comparison to pure
adhesive, binding strengths increased when the particle size was 45 um; however, for 38 um
powders, the strength value improved only at the 5% additive ratio. When 45 um powder
additives were added to joints, the strength increased up to 38% as compared to pure
adhesive; for 38 um, this rate was found to be 31%.

Chavooshian et al., (2017) presented research on how silicon carbide nanoparticles affect
the strength of adhesion in steel-glass/epoxy composite joints joined by two-part structural
acrylic adhesives. The shear and tensile strength of the composite joints were significantly
increased by the addition of nano silicon carbide to the two-part acrylic adhesive. When filler
was added up to 1.5 weight percent, the shear and tensile strengths of the adhesive joints
increased; however, as filler was added further, they dropped. Additionally, the peel strength
of the joints decreased as a result of the nanoparticle addition. SEM micrographs indicated
that the fracture was altered by the incorporation of nanoparticles.

The summary of adhesive joining process parameters from the previous work of different

researchers was given in Table 2.1.
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Table 2. 1 Summarized literature review for selection of process parameters

Authors,  Materials Process Parameters
Years Filler wt.% Joint Overlap Layer
configuration length(mm) thickness(mm)
(Afendi et Epoxy- Scarf joint Ranged
al.,, 2011)  (Al-alloy) - (SCJ) - between 0.1 to
1.2
(Campilho Carbon- Stepped lap 10,20,30,40, 0.2
etal., epoxy - joint (STJ) 50,60,70 and
2013) composite 80
(Chavoos Steel-epoxy  SiC nano-  Single lap joint 0.2
hianetal.,, composite particle (SLJ) -
2017)
(Kadioglu C-fiber- Stepped lap Constant at 0.2
etal., reinforced - joint (STJ) 15, 25 and 40
2018) PMCs
(Alveset  A7075and 30° scarf angle 59 0.2
al., 2018) stainless -
steel 30 4
(Brito et Carbon- Stepped lap 12.5, 25,
al., 2020) fiber - joint (STJ) 37.5, and 50 -
reinforced
polymer
(Hyeon- Scarf joint 99 0.2
Seok et - (SCJ)
al., 2020)
(Khashaba Carbon SiC nano- Scarf joint 5° scarf angle 0.17-0.25
etal., fiber particle (SC))
2022) composite
(Anag, DX51D+Z Bio-fillers  Single lap joint 12.5
2023) galvanized (SLY) -
steel
(Melese & Natural Single lap joint > 20(25.4 0.1to2
Tesfie,  fiber-PMCs. - (SLJ) is optimal)
2023)
(Venugop  Glass fiber- Graphene Single lap joint - -
al & reinforced  nanoparticles (SLJ)
Sudhagar polymer
P, 2024)
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2.10 Optimization Process

Mosisa & Sirhabizu, (2019) described that Taguchi experimental design is a suitable design
since it minimizes the number of runs and applies to process optimization, product creation,
and quality control of diverse products. This set of fractional factorial designs is focused on
main effect estimation. According to the Taguchi design approach, the product quality
(signal) to uncontrollable conditions (noise) should be high. Lilly Mercy et al., (2017) used
Taguchi's design of experiment to conduct the experiments by varying the levels of input
parameters and resulting responses were identified and converted to a grey scale to get the
optimal combination. The quality of data was validated through Analysis of Variance
(ANOVA). Grey relational analysis (GRA) was used for optimizing multi-response (tensile
and flexural strength). The natural composites from durian skin fiber and PP matrix were
analyzed using the response surface methodology (RSM) and design of experiment (DOE)
method (Sumesh & Kanthavel, 2022).

(Pandya & Rathod, 2020) employed grey relational analysis to address the interdependencies
among multi-responses. Events with no information are categorized as black, and those with
all the information are categorized as white. Grey or hazy refers to the conditions that lie
between these extremes. The ANOVA method is applied when multiple cases are involved.
This method analyses the degree of homogeneity between several data sets. An F-test is used
to compare the two necessary estimates of population variance (the variation between and
within samples).

2.11 Application of Hybrid Polymer Composite

Hybrid fiber composites are now used in the fabrication of automotive parts, including door
panels, instrument panels, armrests, headrests, seat shells, and parcel shells (Satyanarayana
et al., 2009). Natural fiber polymer composites can also be used to manufacture thermally
sound materials that need fire-resistant qualities. This is because natural fibers have
microstructures that are porous and give them fire resistance(Gangil et al., 2020; Shahinur
& Hasan, 2020). Polymer-based natural fiber-reinforced Hybrids composites are also
utilized in a variety of structural and outdoor applications, such as marine constructions,
aircraft parts, leisure equipment, and automobile exterior underfloor panels (Nurazzi et al.,
2021).

Figure 2.3. shows the application of natural fibers in Mercedes-Benz components (Li et al.,
2020), where (a) A-glass, (b) C-glass, (c) E-glass, and (d) S-glass.
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Figure 2. 3 Mercedes-Benz components containing natural fibers (Li et al., 2020)
2.12 Literature summary
Various research have been done on the development and investigation of polymer-based
composites reinforced with natural and synthetic fibers, and fillers using the hand layup
method. NFRCs have gained significant attention due to their eco-friendly nature,
lightweight properties, and cost-effectiveness. Low mechanical properties and absorption of
humidity due to the hydrophilic properties of the natural fibers are the main drawbacks of
NFRCs. Furthermore, poor adhesion between fibers and matrix, inconsistent fiber quality,
and moisture absorption of natural fibers are the main issues that need to be resolved to
improve performance and consequently the use of NFRC composites in the industry.
Synthetic fiber increases the flexural and impact strength of the composite due to better
interfacial adhesion between glass fiber and polyester matrix, which contributes to a better
distribution of tension between fiber and matrix. Silicon carbide is a synthetic material with
good mechanical, electrical, tribological, and thermal properties for industrial applications.
Based on the previous work results, the mechanical performance and water resistance of
PMCs can be greatly enhanced by hybridizing natural fibers with synthetic fibers and adding
filler.
The joining of polymer-based composites refers to the process of connecting or bonding
different components or sections of a composite material made primarily of polymers.
Adhesive joining is a joining mechanism in which adhesive material is added between the
adherend surfaces to hold them together through the formation of adhesive bonds after
solidification. As discussed in various literature, the joint strength of the adhesively joined
composite materials is highly affected by surface preparation, joint configuration, adhesive
type, overlap length, and manufacturing bonding processes. Additives are solid materials
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that are insoluble in adhesive and are added to adhesives to improve adhesion, lower
adhesive costs, modify mechanical properties, raise viscosity, improve electrical and/or
thermal conductivity, and increase bonding strength.

2.13 Research Gaps

Although polymer-based composite materials are reinforced with both natural fiber and
synthetic fiber, their mechanical performance is not sufficient. However, the mechanical
performance of composite materials depends on several factors, including the fibers (type,
orientation, and length), matrix material, the interface between fiber and matrix, and
fabrication methods as studied (Lokesh et al., 2020; Sadasivuni et al., 2020). Epoxy polymer-
based composites reinforced with sisal fiber, SiC, and E-glass are most commonly studied
by many researchers and used for different applications. However, few studies are available
on a polyester-based composite reinforced with sisal fiber and E-glass and the effect of
hybridization with SiC has not yet been well studied. In addition to this, a lot of research has
been conducted around composite joining through the adhesive joining technique by
considering a single process parameter of the joint without integrating multi-process
parameters (Joint configuration, filler wt.%, and overlap length together) that can affect the
bond strength of adhesive joining. Furthermore, few studies are available on utilizing the
filler or additives in adhesive materials to enhance the joint strength of composite adherends.
In this research, the effects of fiber weight percentage were studied for mechanical
performance. It has been revealed that void creation during the fabrication process lowers
the composite’s strength. To overcome this, SiC filler was used to close the space between
the fiber and the matrix, creating dense composite structures and lowering the number of
gaps and pores in the material(Sen et al., 2021). Finally, the SiC powder was added to the
adhesive material (epoxy) to enhance the joint strength of the adhesively joined composite
of “Polyester-sisal fiber-E-glass-SiC”.
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CHAPTER-3

MATERIALS AND METHODS

3.1 Introduction

In this chapter, the required materials, and sample preparation process for developing the
hybrid polymer composite material reinforced with sisal fiber-E Glass-SiC composite as well
as for joining using the adhesive joining technique were discussed. The methodology of the
experimental process was provided. Testing and characterization methods of the composite
were discussed. Adhesive joint samples were prepared based on the selected process
parameters as per ASTM and their testing methods were also provided. Figure 3.1 shows the

research methodology of this research.
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Figure 3. 1 Research methodology
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3.2 Materials

The basic materials selected for this research to produce the new and modified composite
material are matrix material (polyester resins), and reinforcements (sisal fiber, SiC, and E-
glass). Other materials, such as release agents, hardeners, sodium hydroxide, and distilled
water, were used to facilitate the fabrication, increase the bonding between matrix and
reinforcements, and clean up the fibers before the fabrication of the composite were

discussed in the following sub-sections.

Figure 3. 2 Basic required materials
3.2.1 Polyester resins
Polyester resins are thermosetting polymer materials and are cured when mixed with
hardener. The general-purpose polyester resin was a matrix material that was mixed with
reinforcements to fabricate the required composite material. Unsaturated polyester known
as “TOPAZ-1110 Phthalic Anhydride,” used for general purposes, was purchased from
World Fiber Glass and Water Proofing Engineering, Addis Ababa, Ethiopia, and utilized for

this research. The properties of matrix and reinforcement materials are given in Table 3.1.

Figure 3. 3 Polyester resin
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Table 3. 1 Properties of the materials (Naveen et al., 2018; EL-Wazery et al., 2017; Begum

et al., 2020)
Properties of Properties of the
Properties Polyester resins reinforcement materials
SiC E-glass

Density ( g/cm3) 1.2-1.5 3.22 2.55
Melting point (C°) 60 2730 1725
Tensile strength (MPa) 20-40 240-1625 3400
Young Modulus (GPa) 2-4.5 90-170 71
Modulus of elasticity (GPa) 3.23 410 72

3.2.2 Sisal fiber

Sisal fiber is a natural fiber derived from the leaves of the Agave sisalana plant. Two to four-
year-old sisal fiber was collected from Ejere, Oromia, Ethiopia, located 42 km from Addis
Ababa the capital city. Based on the different literature, the mechanical properties, chemical
composition, and moisture content of sisal fiber are described in Tables 3.2 and 3.3.

Table 3. 2 Properties of sisal fiber Source: (Naveen et al., 2018)

Properties Density Tensile strength Young Modulus
(g/cm3) (MPa) (GPa)
Sisal fiber ~ 1.33-1.5 400-700 9.0-38.0

Figure 3. 4 a) Agave sisalana plant b) Sisal fibers

Table 3. 3 Chemical composition and moisture content of sisal fiber (Bekele et al., 2022)

Cellulose Hemicellulose  Lignin  Moisture content
(%) (%) (%) (% w.b)
65 12 9.9 10
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3.2.3 Silicon carbide ( SiC)

SiC particles are used to strengthen fibers, enabling them to bear greater compressive,
tensile, flexural, and shear stresses, as discussed in section 2.5. It has been revealed that void
creation during the fabrication process lowers the composite’s strength. SiC was added as
the filler particle and a black powder of silicon carbide with a 50-150-micron particle size
was used for this research work. The properties of SiC are described in Table 3.1 and the

SiC powder is shown in Figure 3.5.

Figure 3. 5 Silicon carbide (SiC) powder

3.24 E-glass
E-glass, or electrical-grade glass, is a type of glass that is commonly used as a reinforcement
fiber in composite development. It is a popular choice due to its excellent mechanical
properties, high strength, and cost-effectiveness as explained in section 2.4. The chemical
composition of E-glass is given in Table 3.4 and random-type fiberglass is shown in Figure
3.6.
Table 3. 4 Chemical composition of E-glass (Naveen et al., 2018), (Arpitha et al., 2017)

SiO2 Al>O3 CaO+MgO B:203 Na,0+K>0

54wt% 14wt% 22wWt% 10wt% less than 2wt%

Figure 3. 6 Chopped straight mat E-glass fiber (Fiber mat 450)
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3.2.5 Release agents
One of the release agents known as honey waxes was utilized for easy removal of developed

composite samples from mold. This release agent is given in Figure 3.7.

Figure 3. 7 White petroleum jelly - A mold release agent
3.2.6 Hardener
A hardener material or catalyst was used to solidify the fabricated composite laminate
following the mixture with polyester resins in a ratio of 10:1. For this purpose, “methyl ethyl
ketone peroxide hardener,” was purchased from World Fiber Glass and Water Proofing

Engineering, Addis Ababa, Ethiopia. This material is given in Figure 3.8.

Figure 3. 8 Hardener (Catalyst)
3.2.7 Sodium hydroxide
Sodium Hydroxide was used for sisal fiber treatment to remove the lignin, pectin,
hemicellulose, and waxy elements that may result in the deprived fiber. This chemical was
purchased from the local market of “Labcoom Trading PLC. Addis Ababa”. This material is
shown in Figure 3.9.

(@) Sodium hydroxide and ( b) Pellet form NaOH
Figure 3. 9 Fiber treating material
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3.2.8 Distilled water
Distilled water removed contaminants such as bacteria, algae, lead, and rust and dissolved

minerals such as sodium, calcium, potassium, and other impurities. This material is given in
Figure 3.10.

Figure 3. 10 Distilled water
3.2.9 Adhesive material
Epoxy adhesive is the fitting and available adhesive material for joining the developed
composite. Araldite is a two-component, rapid-curing transparent epoxy used to bond a
variety of substrates. These materials are depicted in Figure 3.11 and the materials properties
are shown in Table 3.5.

Table 3. 5 Properties of the adhesive araldite(Ozer & Erbayrak, 2018)

Adhesive  Tensile  Tensileyield  Elasticity Tensile  Poisson’s
strength strength modulus failure ratio
(MPa) (MPa) (MPa) strain (%)
Araldite 21.6 12.6 1850 4.77 0.33

=,. Aralditel|

Figure 3. 11 Epoxy resin with hardener (Araldite )

3.3 Methodology

Design of the experiment, sample fabrication methods, testing and characterization of
composite, composite adhesive joining, and grey relational analysis methods were provided
in this section.
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3.3.1 Design of Experiment

Factors such as fiber orientation, fiber treatment, and hybridizations are affecting mechanical
properties of the polymer-based composite. The sisal fiber treatment effect was kept constant
because it was suggested that a 5% NaOH solution is best, as discussed in Section 2.3, while
random fiber orientation was used and different wt.% ratios of the reinforcements were
considered, as described in Table 3.6. Chopped sisal fiber was used as it was recommended
to be used with hybridization of the composite, and the detail was given in section 2.3.

a. Design of experiment for composite fabrication
Based on the previous literature on different related works, the compositions of
reinforcements with three factors and three levels were selected as described in Table 3.6.
The wt.%. of sisal and E-glass fibers was selected based on their optimum combination wt.%.
ratio in hybridization as investigated by the authors (Njoku et al., 2011; Chokshi et al., 2017;
Chaudhary et al., 2017; Ahmed & Khanna, 2020), and SiC as discussed in section 2.5.
Table 3. 6 Process parameters for composite fabrication

S/No Parameters Levels

1 W1t.% of sisal fiber 0 10 15
2 Wt.% of E-glass 0 10 15
3 W1t.% of SiC 5 5 5

The combinations of matrix and reinforcements were designed as described in Table 3.7.

Table 3. 7 DOE for composite fabrication based Taguchi L9 orthogonal array

S/No Reinforcements Matrix
Sisal fiber E-glass  SiC (Wt.%) (Polyester resin)

(Wt.%) (Wt.%0) (W1t.%)
1 0 0 5 95
2 0 10 5 85
3 0 15 5 80
4 10 0 5 85
5 10 10 5 75
6 10 15 5 70
7 15 0 5 70
8 15 10 5 70
9 15 15 5 65
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b. Design of experiment for adhesively joined composite

Adhesive joining process parameters were selected based on the previous work of different

researchers from the literature review as discussed in section 2.9. Joint configuration, overlap

length, and addition of filler to adhesive were selected based on their optimum combination

weight percentage ratio in hybridization as investigated by the authors (Kadioglu et al., 2018;
Fenta & Tsegaw, 2023; Brito et al., 2020; Banea et al., 2018; Anag, 2023; Chavooshian et

al., 2017; Sanghvi et al., 2022) as given in Table 3.8, to assess their effects on the joint

performance.

Table 3. 8 Process parameters for composite adhesive joining

Process parameters Levels
Joint configuration SLJ, SCJ, and STJ
Overlap length(mm) 20, 25 and 30

SiC filler to epoxy adhesive (wt. %) 0, 1.5, 3

Based on Taguchi orthogonal array L of the design of the experiment for adhesive joints,

nine specimens were prepared, and experimental investigations were conducted. Nine trial

specimens obtained by Minitab 20 software are given in Table 3.9.

Table 3. 9 DOE for composite adhesive joining based on Taguchi Lg orthogonal array

Sample  Joint configuration  Filler (wt.%)  Overlap length

1

© 0O N o o B~ wWwDN

SLJ 0 20
SLJ 1.5 25
SLJ 3 30
SCJ 0 25
SCJ 1.5 30
SCJ 3 20
ST 0 30
STJ 1.5 20
STJ 3 25

From the design of the experiment based on Lg that was described in Table 3.9, 9 different

samples were required due to the effect of the considered process parameters. Mechanical

properties such as joint tensile and joint flexural testing were performed for each specimen.
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3.3.2 Sample fabrication methods
This section discusses fabrication methods such as fiber extraction method, fiber treatment
method, chopping fiber, mold preparation, sample preparation process, and hand layup

methods.

(a) Harvesting sisal leaf (b) Manual extraction (c) Extracted sisal fibers

Figure 3. 12 Sisal fiber extraction process

a) Fiber extraction method
Sisal fiber was extracted from the leaf part of Agave sisalana, which was collected from
Ejere, Oromia Region, Ethiopia. The fibers were extracted by the manual method using non-
serrated knives. The extracted fibers dried in the sun for 8 hours. Once dried, the fibers were
ready for chemical treatment.

b) Sisal fiber treatment method
Alkali treatment involves immersing the sisal fiber in the NaOH solution. The extracted
fibers were immersed in a NaOH solution for about 12 hours at room temperature. Then,
after being treated with NaOH these fibers were thoroughly washed with fresh water and
distilled water to remove any sticking of NaOH on the fiber surface, and finally dried at
room temperature for 24 hours. The good tensile and flexural properties of NFRPCs can be
achieved by using a 5% wt alkali treatment of the fibers (Khan et al., 2018). Therefore,
Chemical treatment for sisal fiber was done by using sodium hydroxide (NaOH 5%). The
required temperature and soaking time to treat in the solution were in the range of 20-180
°C and 15min-48hrs, respectively (Naveen & Maheswaran., 2015). In the present research,
the following steps were followed for NaOH treatment as shown in Figure 3.13.

1. Prepare the NaOH solution: Dissolve a 5% concentration of NaOH in 95% distilled

water to create a solution.
2. Soak the sisal fibers: Immersing the sisal fiber in the NaOH solution for 12 hours

at room temperature.
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3. Rinse and Neutralize: After soaking, the fibers were rinsed thoroughly with water
to remove excess NaOH, and any remaining alkalinity was neutralized by rinsing
with distilled water. The fiber was washed repeatedly with water.

4. Drying: Finally, the neutralized sisal fiber was dried in sunlight for two days.

(@) Solution preparation (b) Soaking in solution (c) Drying
Figure 3. 13 Sisal fiber treatment process

c) Chopped sisal fiber preparation
The good tensile and flexural properties of NFRPCs can be achieved by using the optimum

fiber length of 20 to 50mm as discussed in section 2.3. Therefore, the sisal fiber was re-sized

to a length of 25mm by using a ruler and scissors.

(@) Chopping sisal fiber  (b) Chopped sisal fiber
Figure 3. 14 Chopping process

d) Mold preparation
The mold of rectangular shape was prepared from sheet metal material with the dimension

of (270 x 180 x 5)mm.

(@) Mold preparation inashop  (b) Prepared mold (c) Mold with top cover plate

Figure 3. 15 Mold for fabrication of the composite
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e) Mass and volume fraction of the matrix and reinforcements of the composite
The volume fraction of each material can be calculated by using their weight fraction and
density. This calculation was based on the formulation available in published papers (Sen et
al., 2021). The basic formulas used to calculate the weight fraction were given in Egs. 3.1 to
3.3.

Fiber weight fraction = %, fs = % Wiy = % (3.1)
Filler weight fraction = Ti)”:g—m, fsc = st: (3.2)
Matrix weight fraction = %, fm = WW’: (3.3)

W, =W, = W, + W, + W + W, (3.4)
Wi = Wi+ Wi+ Wfse + Wiy = 100% or 1 (3.5)

The volume and volume fraction of fibers, matrix, and their composite were given in Egs.
3.6t0 3.10.

W, W, W, W, 3.6
Vs:_s'Vq:_g'Vsc:i:Vm:_m (3.6)

Ps Pg Psc Pm

V= Vo= Vot Wy + Voo + Vi (37)

] . _ Fiber volume | _ _ Y (3,8)
Fiber volume fraction = Totalvolume Vfs = 7 Vig = ”
) . Fillervolume _ Vs (3.9)
Filler volume fraction = Totalvolume ’ fsc = m
, ) Matrix volume _ Vn (3.10)
Matrix volume fraction = Total volume ’ fm = V_t
Vis+Vimn+Vfg+ Vi =1 (3.11)

The density of the composite can be calculated as Egs. (3.12) and (3.13), and the weight of

the composite can be calculated as Eq. 3.14.
1

pe= ———— butV =% (3.12)

Vs+Vg+Vsc+Vim p

1 (3.13)

We Wy Wee Wy
—Sp gy scym
Ps Py Psc Pm

We = V. X pe (3.14)

The mass of the matrix, reinforcements, and composite laminate was calculated based on the

Pc =

formula provided in equations 3.15 and 3.16.
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Mass of compsite (Cp,)= C, * G, (3.15)

Where C,,, Cp, and C,- mass, density and volume of composite respectively
By considering the dimension of the mold = 270, w = 180, and t = 5 ) the volume of the
composite can be calculated based on the volume of the mold as follows.
The volume of mold (M,,)=1xw X t (3.16)
M, =270 x 180 x 5 = 243cm3
Where M, -volume of mold, w- width, and t- thickness
The density value for each parameter was taken from published research work on the same
area, especially for sisal fibers, from related work based in Ethiopia(Bekele et al., 2022) as
well as based on the material specifications. These density values were given in Table 3.10.

Table 3. 10 Density of matrix and reinforcements

Materials list Density (g/cm?3)
Unsaturated polyester resins 1.15
Sisal fiber (5% NaOH treated) 2.31
E-glass 2.55
SiC 3.22

For sample 1, by considering their weight percentage as described in Table 3.7.

Sisal fiber = 0 wt.% = 0.00, E-glass = 0 wt.% = 0, SiC = 5 wt.% = 0.05, and Polyester resin
=95 wt.% = 0.95.

From Eq. 3.13.

1 1 3
Pc= Wy Wg Wee Wi — 0 .0 Io.05|0.95:1-1gg/cm , and
ps  Pg  Psc Pm 231 255 3.22 1.15

From Eq. 3.16,
V=243, W, = V. x p, =243 x1.19 =288.73 (
Therefore, the calculated masses were;

Mass of sisal fiber = Og,

Mass of E-glass = 0g,

Mass of SiC=0.05 x 288.73 = 14.44g, and

Mass of polyester resin = 0.95 x 288.73 = 274.29g.

Accordingly, the mass of reinforcements and matrix material in each of the rest eight samples

(S2, S3, S4, Ss, Se, S7, Se, and Sg) were calculated and tabulated in Table 3.11.
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Table 3. 11 Mass of reinforcements and matrix material

o Composition (Wt.%) Calculated mass (g)

E- Sisal  E- Polyester sjsal  E- Polyester  Total
& fiber glass SIC  resin fiber glass SiC  resin

S1 0 0 5 95 0 0 14.44 27429 288.73
S2 0 10 5 85 0 30.61 15.30 260.18 306.09
S3 0 15 5 80 0 4734 1578 25246 315.58
Sa 10 0 5 85 30.45 0 15.23 258.85 304.53
Ss 10 10 5 75 32.29 3229 16.2 24293 323.71
Se 10 15 5 70 33.46 50.18 16.73 234.19 334.56
S7 15 0 5 70 52.89 0 1763 246.82 317.34
Sg 15 10 5 70 50.04 33.36 16.68 23353 333.61
S 15 15 5 65 51.74 51.74 17.25 224.2 344.93

f) Hand layup
The hand lay-up method was used to fabricate nine laminates for composite testing and

characterization.

Figure 3. 16 Hand layup process

g) Sample preparation process for composite material
The materials used to fabricate these laminates are listed in section 3.2. Initially, the releasing
agent (petroleum jelly) was applied over the mold surface to facilitate the removal of
laminates from the mold. Then SiC was mixed with polyester resin by using a mechanical
stirrer and a uniform mixture was obtained. Next, the chopped fibers were mixed manually
for the hybrid composite. The fibers were laid manually after a thin layer of resin mixed with
SiC was applied to the mold. The roller was used to achieve a homogeneous structure and a
c-clamp was applied to the entire setup to remove the air bubbles and for applying equal

load. It was left for 24 hours to cure. The mixing ratio for each nine samples was tabulated
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in Table 3.7, and the basic procedures used for sample preparation were shown in Figure
3.17.

Material preparation

(Sisal Fiber, E-glass, SiC, and Polyester resins)

¥
Measure weight of materials as per required using Electronic balance machine

: 1

Mixing Sisal and E-glass fibers manually, Polyester with SiC using magnetic

L 5

Fabricate composite by hand lay-up method in the prepared mold

L §

Machining the composite as per ASTM standard sizes for testing and

characterization purposes

Figure 3. 17 General flow diagram of composite development

(a) Weight measuring (b) Mixing using stirrer (c) Preparing laminate in mold

(d) Tightening using C-clamp (e) Laminates (f) Machining for tests

Figure 3. 18 Composite fabrication process
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3.3.3 Testing and Characterization of the Composite

The testing and characterization of this composite material are crucial to assess its
mechanical and physical properties as well as its overall performance and suitability for
specific applications. These assessments involve a range of experimental techniques,

including tensile testing, flexural testing, impact testing, Vickers hardness testing, and SEM

analysis.
Specimens Specimens
for flexural for tensile
test test
Specimens
Specimens for vickers
for impact hardness
test

Figure 3. 19 Prepared specimens as per ASTM standards
3.3.3.1 Tensile strength testing
A tensile strength test is used to determine how much load a composite sample can withstand
before it fractures. The test was performed by using a universal testing machine called
INSTRO 5985 UTM with a capacity of 50KN that exists in Federal Engineering University
College, bishoftu, Ethiopia. The tensile test specimen was prepared as per ASTM D3039
standard. In each case, three specimens were tested to determine the average result. a

constant rectangular cross-section (250 x 25 x 5) mm were used.

Sample
under

test

(@) Machine setup and (b) Sample adjusted

Figure 3. 20 Tensile strength testing
Test procedure- Specimens were inserted into a UTM’s grips at a specified grip separation

and pulled until they broke. The 2 mm/min standard test speed was taken in to account.
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Finally, the tensile stress and elongation were measured using an extensometer. The samples
before and after the test are shown in Figure 3.21.

Figure 3. 21 Tensile strength test (a) Before test and (b) Afterr%ggltjre
3.3.3.2 Flexural strength testing
A flexural strength test was performed to identify how composite samples behave under
transverse compressive load. The test was conducted by using a universal testing machine

with a capacity of 50KN as per the ASTM-D790 standard. The specimen dimension is

Sample

under test

Figure 3. 22 Flexural strength testing: (a) Machine setup and (b) Sample adjustment
Test method: A bar of rectangular cross-section supported as a beam is deflected at a
constant rate as shown in Figure 3.23. The bar rests on two supports and is loaded using a
loading nose midway between the supports known as a three-point loading system. Where P
is load.

SUPPORT SPAN

Figure 3. 23 A three-point loading system loading diagram
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Figure 3. 24 Flexural strength test (a) Before test (b) After test ;

3.3.3.3 Impact Test

An impact test is a technique used to determine a material’s ability to resist deformation
when subjected to a sudden shock or impulse load. The Charpy impact test is a standardized
impact test that determines the amount of energy absorbed by a material during fracture. It
involves striking a notched test specimen with a pendulum hammer from the side. The test
was conducted as per the ASTM D6110 standard, using a Charpy impact testing machine at

Engineering Defense University College, Bishoftu, Ethiopia. The specimen dimension was

Figure 3. 25 Impact testing: (a) Machine setup and (b) Sample adjustment
(a) [ )

Fractured area

Figure 3. 26 Impact strength test (a) Before test and (b) After test
3.3.3.4 Vickers hardness testing
The Vickers hardness test is based on optical measurement. The ASTM E-384 standard was
used with a specimen dimension of 20 x 20 x 5 mm, microhardness test procedures define
various loads utilizing a diamond indenter to make an indentation that is measured and

translated to a hardness value. The hardness of specimens was measured using a Vickers
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hardness tester (HVS-50) with a load of 10 Kg and dwelling time of 10 seconds. Three

measurements were taken for each sample and the average values were reported.

Sample

under test

a
.

Figure 3. 27 Vickers hardness testing: (a) Machine setup and (b) Sample adjustment

The basic formula used to calculate the HV was given as follows.
HV = Test for surface indentation * hardness constant
=0.102* 2F (sin 13602)d?
Where HV is the Vickers hardness value, F is load in kg, and d- Arithmetic mean of two

diagonals, (di+ d2)?, diand dzare in mm.

Figure 3. 28 Vickers hardness test samples
3.3.3.5 Morphological analysis
In the present study, the composite's morphology and topography were analysed using an
SEM device. Five samples were selected for morphology analysis based on their mechanical
property performances. An SEM known as JEOL7500 Field Emission Scanning Electron

microscopy that was found in the biology department of ASTU was utilized for this purpose.

(a) Machine setup (b) Sample image
Figure 3. 29 SEM analysis
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Figure 3. 30 Specimens for SEM analysis
3.3.4 Composite-Adhesive Joint Preparation
The specimens for testing and characterizing the adhesively joined composite were prepared
according to the ASTM standards. Grinding with 200-grit sandpaper was used for surface
preparation as discussed in section 2.9.2. Surface treatment was done for the specimens. The
procedure of specimen preparation for adhesive joining tests was discussed in the section

below and clearly shown in Figure 3.31.

Fabricated composite
1 |

Machinina the composite as per ASTM
¥

Surface preparation and surface treatment for adhesive joint preparation

2 5

Applying liquid adhesives to make joints
¥

Finally, joint samples were prepared

Figure 3. 31 Composite adhesive joint preparation
a) Machining composite samples for preparation of the specimens
The specimens were machined based on ASTM standards by jig saw into required samples
with distinctive design configurations. Samples with a single lap joint, stepped lap joint, and

scarf lap joint type of joint configurations were prepared.

(a) Laminates (b) Machining

Figure 3. 32 Machining process
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L s
(@) Single lap (b) Stepped lap and () Scarf lap
Figure 3. 33 Sample preparation for joining

b) Surface treatment of adhesively bonded composite
Surface treatment is the process of removing contaminants, dust, and the release agent used
during composite fabrication and it’s the very critical process of preparing adhesive joints.
In the present study, NaOH is used for surface treatment of the adhesively joined area of the
composite. After machining the composite, surface treatment of the samples was done and
then the samples were ready to be bonded by using adhesive materials. In this study, the
following basic procedures were followed for surface treatment of the adhesive joints.
a. Cleaning: Contaminants such as dust, dirt, grease, or any others were removed by
cleaning the surface using 5 % NaOH solvent.
b. Mechanical Abrasion: Abrading the surface helps to improve adhesion by creating
a roughened texture for the adhesive to bond with. Sanding methods created a
roughened surface profile that enhances mechanical interlocking between the

adhesive and the composite material. The joined surfaces were abraded using 200-

grit sandpaper.

Figure 3. 34 Abrading the joining surface area using sandpaper
c. Degreasing: After mechanical abrasion, it is essential to degrease the surface to
remove any remaining contaminants. 5% NaOH solvent was used to ensure the
surfaces were cleaned and free from contaminants that could interface with the

bonding process.
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(a) Solution preparation and (b) Rinsing in the solution
Figure 3. 35 Surface treatment of the adhesive joining areas
¢) Mixing liquids and preparing the samples

Once surface treatment was completed, the epoxy adhesive was mixed with nanoparticles
SiC ( 20-30 nm diameter) using a magnetic stirrer, and later with the hardener thoroughly
until uniform color could be achieved. The thickness of the adhesive in the joint was
controlled to 0.95 mm. Sheet metal spacers were utilized to control the adhesive thickness
added between adherends. Finally, the mixed resin and hardener were applied to the surface
of the prepared samples. The specimens were allowed to be cured at room temperature for

seven days.

(d) After mixing (e) Preparing the joints

Figure 3. 36 Specimens preparation process

46



3.3.5 Testing of the adhesively bonded composite

The joint strength testing of the adhesively joined composite was conducted after the
identification/selection of composite materials with high mechanical properties. Mechanical
properties such as joint tensile strength and joint flexural strength were conducted for the
adhesively joined composite to analyze the joint strength of the composite. The adhesive
layer thickness was adjusted by using sheet metal spacers. Therefore, this section presents
joint strength testing of the adhesively joined composite.

3.3.5.1 Joint tensile strength testing adhesively bonded composite

To minimize the impacts of varying environmental conditions, all specimens were examined
at room temperature (23C°) and relative humidity of 50%. The ASTM-D5868 standard
specifications were followed in the preparation of specimens and the geometrical details of
the SLJ, SCJ, and STJ of the specimens as given in Table 3.12 and Figure 3.36. For each
type of joint, three separate specimens were tested to ensure the repeatability of the findings.
The specimens after being prepared by machining and machine setup for tensile strength
testing are shown in Figures 3.37 and 3.38.

Table 3. 12 Summary of dimensional parameters (Brito et al., 2020)

S/No  Dimensional Parameters Joint configurations
SLJ SCJ STJ

1 Thickness of Adherend (mm) 3 3.5 3

2 Adhesive thickness (mm) 0.95 0.95 0.95

3 Overlap length (mm) 20,25,30 20,25,30 20,25,30

4 Total length of specimen (mm) 170-180 170-180 170-180

5 Specimen width (mm) 25.4 25.4 25.4

6 Number of steps - - 1

}47 100mm ﬂ

(@) Single lap
joint (SLJ)

~ 20,25,30mm
|
. [
Adhesive
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25 4mm
(b) Scarf lap l
JOInt (SLJ) Adhesive
' .
| : | ¢3m.m
2 202530mm
<+—— 100mm L
(c) Stepped 25 4o
lap joint g l
(STJ)
Adhesive ~ :
} — 20,25,30mm

Upper
tightener
Lower
tightener
Specimen

(a) Samples before joining (b) Samples after joining

48



Fractured area

(c) After experimental testing
Figure 3. 39 Specimens for a tensile test
3.3.5.2 Joint flexural strength for adhesively bonded composite
The joining dimension parameters for joint flexural strength tests are similar to the
dimensional parameters shown in Table 3.12 as per ASTM standards. The samples before

and after tests are shown in Figure 3.40.

Load cell

Specimen

(a) Samples before joining (b) Samples after joining
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Fractured area

(c) After experimental testing

Figure 3. 41 Specimens for joint flexural test

3.3.6 Taguchi based-grey relational analysis
In this section, the weight percentage of fibers in composite fabrication, and the adhesive
joining parameters, such as overlap length, filler wt.%, and joint configuration, were
optimized for the proper and efficient adhesive joining of the composite material under the
study. Taguchi-based GRA was implemented for this purpose. In grey relational
optimization, data pre-processing is necessary because different data sets may have different
ranges and units. For this reason, the results of various mechanical properties are normalized
in the range between 0 and 1 during GRA as given by Eq.3.19, and 3.20. To conduct the
grey relational analysis, the following simple steps were followed.

1. S/N was calculated by using Minitab 20 software based on Egs. (3.17) and (3.18)

For larger the better

= ratio = -10 (log ) + (-7) (3.17)
Lj

1
Y;
For smaller the better
S . 1 2
~ ratio = -10 (log ;) +(Y7) (3.18)
Where, n number of replication for each experiment and, Yiﬁ- response values

2. Normalization of the S/N ratio

For larger the better

. (Yij—min(Yij))
XIJ - (max(Yij)—min(Yij))

(3.19)

For smaller the better
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.. (max(Yij)-Yij))
Xij = (max(Yij)—-min(Yij))

Where Xij Normalized S/N ratio and Yij S/N ratio obtained from Taguchi

(3.20)

3. Calculation of the deviation sequence and quality loss

A=1-Xij (3.21)

Where 1 is the highest value of quality loss and A is quality loss
4. Determination of the grey relation coefficient (GRC) calculated from the
normalized data obtained from Eq belows.

The distinguishing coefficient lies between 0 and 1, most of the researchers consider
the distinguishing coefficient value for GRA as 0.5, to weaken the influence if the
deviation sequence Delta max gets too big. Therefore, in this research, the coefficient

is taken as 0.5.

GCij = g min +¢ dmax (3.22)

8ij +¢ Smax
Where ¢ is distinguishing coefficient
5. Determination of grey relational grade (GRG) is by utilizing Eq 3.23.
Gi = () X GCij (3.23)
Where m is the number of process responses. In this work, tensile, flexural, impact,
and hardness strengths are the four responses. Therefore m is 1/4 which is 0.25.
The GRG is used to average the GRC associated with every performance characteristic. It is
used as the basis for evaluating the multiple performance characteristics. The level of the

input parameter with the highest GRG is the optimum level. Furthermore, a statistical

ANOVA is conducted to determine the statistical significance of the process parameters.
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CHAPTER-4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter discusses the results obtained for all experimental tests and the findings of each
specific objective of this research work. These were shown for both the developed composite
material and the composite adhesive joining. Tensile testing, flexural testing, impact testing,
hardness testing, and SEM analysis were utilized to assess the composite material's
properties and performance. GRA was performed to convert all mechanical properties into
single results, optimizing the fiber wt.% sisal fiber, and E-glass. The joining parameters such
as joint configuration, filler wt.%, and overlap lengths were analyzed to assess the strength
of adhesive joined composite, focusing on the joint tensile and flexural strengths for joint
quality. Finally, the maximum experimental results obtained in this research were compared
to the related literature to determine the significance of the findings.

4.2 Testing and Characterization for Composite

The composite materials' tensile, flexural, impact, and hardness strengths were analyzed in
the following sub-sections.

4.2.1 Analysis of Tensile Strength

The experimental results obtained for each sample are given in Table 4.1, and the average
tensile strength values for each sample were calculated from the trial values.

Table 4. 1 Experimental results for tensile testing of composite

Samples s-1 S2 S3 S4 S5 S6 S7 S8 S9
Sisal fiber 0 0 0 10 10 10 15 15 15
(Wt.%.)

E-glass 0 10 15 0 10 15 0 10 15
(Wt.%.)

SiC (wt.%.) 5 5 5 5 5 5 5 5 5
Tensile 10.06 27.6 331 226 36.4 417 254 371 421
strength(MPa) 1 1 7 3 4 6 1 3

Figure 4.1 shows the tensile strength results of nine samples. The highest strength of 42.13
MPa was achieved for sample number nine. This was developed from 15 wt.% of sisal fiber

and glass fiber with 5 wt.% of SiC. Samples 6, 5, 8, 3, 2, 7, and 4 were the listed samples in
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descending order of their impact strength results, resulting from the variations of wt.% of
sisal fiber, and E-glass, SiC, and their hybridization effects. This maximum strength was
achieved due to the maximum weight percentage of fibers (E-glass fiber with sisal fiber) and
the filler SiC. The strength of composite samples was different due to different wt.% of the
materials used. The lowest strength was achieved for sample one ( 10.06 MPa ) due to the
non-availability of fibers in the polyester resin. This sample was developed from 5 wt.% of

SiC and 95 wt.% of polyester resin matrix.

50 ~
g
é 40 T
= 30 A
o
c
S 20 A
[72]
2
‘s 10 A
S

S1 S2 S3 S4 S5 S6 S7 S8 SS9
Samples

Figure 4. 1 Tensile strength experimental test results

Based on the results of Figure 4.1, the composite strength is affected by fiber materials wt.%
and filler material used. Research by (Hapuhinna & Gunaratne, 2022) demonstrated that an
escalation in E-glass fiber weight percentage enhanced the tensile strength of the polyester-
based composite. In this investigation as the weight percentage of E-glass fiber increases in
the matrix and SiC filler, the strength of the composite also increases. Research on sisal
fiber-reinforced composites (Sahu et al., 2021) demonstrates that parameters including
tensile strength improve up to a maximum point with increased fiber content, and in the
present study, tensile strength was high with 15 wt.% of sisal fiber. The addition of SiC filler
has a positive effect on the strength of the hybrid composite. The hybridization process has
improved the tensile strength of the composite and therefore, the tensile strength of samples
5,6, 8, and 9 are high. A balancing effect was achieved by hybridizing natural and synthetic
fibers within the polyester resin matrix. This kind of investigation was also reported by
(Gangil et al., 2020).

Figure 4.2 shows the stress vs elongation (%) diagram, the elongation of sample 1 was low

as compared to other samples due to its material composition.
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Figure 4. 2 Stress— elongation diagram
A sample with maximum tensile strength has shown minimum elongation compared to
others. The elongation % Samples nine and six were 5.69 and 5.11% respectively. The
maximum elongation of 7.8 % was recorded for sample 8.
4.2.2 Analysis of flexural strength
The experimental results of flexural strength obtained for each sample are given in Table
4.2, and the average flexural strength values for each sample were calculated from the trial
values.
Table 4. 2 Experimental results for flexural testing of composite
Samples S-1 S22 S3 S4 S5 S-6 S-7 S-8 S-9
Sisal fiber 0 0 0 10 10 10 15 15 15

(Wt.%.)

E-glass 0 10 15 0 10 15 0 10 15
(Wt.%.)

SiC (wt.%.) 5 5 5 5 5 5 5 5 5
Flexural 25. 762 973 688 163.8 1855 918 119.1 158
strength 40 0 0 7 1 6 3 9 .26
(MPa)

Table 4.2 shows the flexural strength results of nine samples. The obtained flexural testing
results for sample 1 of combosition (0 wt.% of sisal and E-glass, 5 wt.% of SiC, and 95 wt.%
of polyester resin) was 25.40 MPa, sample 2 of combosition (0 wt.% of sisal, 10 wt.% E-
glass, 5 wt.% of SiC, and 85 wt.% of polyester resin) was 76.20 MPa, sample 3 of
combosition (0 wt.% of sisal, 15 wt.% E-glass, 5 wt.% of SiC, and 80 wt.% of polyester
resin) was 97.30MPa, sample 4 of combosition (10 wt.% of sisal, 0 wt.% E-glass, 5 wt.% of
SiC, and 85 wt.% of polyester resin) was 68.87MPa, sample 5 of combosition (10 wt.% of

sisal, 10 wt.% E-glass, 5 wt.% of SiC, and 75 wt.% of polyester resin) was 163.81 MPa,
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sample 6 of combosition (10 wt.% of sisal, 15 wt.% E-glass, 5 wt.% of SiC, and 70 wt.% of
polyester resin) was 185.56 MPa, sample 7 of combosition (15 wt.% of sisal, 0 wt.% E-glass,
5 wt.% of SiC, and 80 wt.% of polyester resin) was 91.83 MPa, sample 8 of combosition (15
wt.% of sisal, 10 wt.% E-glass, 5 wt.% of SiC, and 70 wt.% of polyester resin) was
119.19MPa, and sample 9 of combosition (15 wt.% of sisal, 15 wt.% E-glass, 5 wt.% of SiC,
and 65 wt.% of polyester resin) was 158.26 MPa.

The highest strength of 185.56 MPa was achieved for sample number six. This maximum
strength was achieved due to the maximum concentration of E-glass fiber, medium wt.% of
the sisal fiber, and the filler SiC. The lowest strength was achieved for sample one ( 25.40
MPa ) due to the non-availability of fibers in the polyester resin.
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Figure 4. 3 Flexural strength experimental test results
The results of Figure 4.3 indicate that the composite strength was affected by the fiber
materials weight percentage and filler material used. The material strength of samples 1, 2,
and 3 increases uniformly due to the increases in E-glass fiber wt.%, while it was highly
increased for samples 5, 6, 8, and 9 due to the use of sisal fiber and E-glass fiber materials
with each other. (Athith et al., 2021) investigated that, the incorporation of SiC filler
modifies the flexural strength of composite. The addition of sisal fiber in the polyester resin
matrix and with SiC filler increases the flexural strength of the composite as it was observed
from the results of samples 4, and 7 as well as the addition of E-glass fiber in samples 2, and
3. Based on the obtained results, the strengths of samples 5, 6, 8, and 9 have been improved
by the hybridization of natural and synthetic fibers within the polyester resin matrix. This
kind of investigation was reported by (Mohamad et al., 2023). According to (Hatti et al.,
2022) the value of flexural strength rises with the addition of E-glass fiber, and the flexural

strength results shown in Figure 4.3 depict the same observation.
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4.2.3 Impact test analysis
The experimental results obtained for each sample are given in Table 4.3, and the average
impact strength values for each sample were calculated from the trial values.

Table 4. 3 Experimental results for impact test analysis of composite

Samples S1 S2 S3 S4 S5 S6 S7 S8 S9
Sisal  fiber 0 0 0 10 10 10 15 15 15
(Wt.%.)
E-glass 0 10 15 0 10 15 0 10 15
(Wt.%.)
SiC (Wt%.) 5 5 5 5 5 5 5 5 5
Impact 45 65 1025 95 115 135 17 21 2475
energy(J)

~ 25 T ..‘:".’

2 PR

3 20 - o

2 oy

S 15 1 —_

k= _ o W

S 10 - IEEE R R

2 = e B e - B R

e 513 E% o B B ﬁi o

s BEEgH B

S1 S2 S3 S4 S5 S6 S7 S8 S9
Samples

Figure 4. 4 Impact strength experimental test results
Figure 4.4 shows the impact strength plots of nine samples. The obtained impact testing
results for sample 1 of combosition (0 wt.% of sisal and E-glass, 5 wt.% of SiC, and 95 wt.%
of polyester resin) was 4.5 J, sample 2 of combosition (0 wt.% of sisal, 10 wt.% E-glass, 5
wt.% of SiC, and 85 wt.% of polyester resin) was 6.5 J, sample 3 of combosition (0 wt.% of
sisal, 15 wt.% E-glass, 5 wt.% of SiC, and 80 wt.% of polyester resin) was 10.25 J, sample
4 of combosition (10 wt.% of sisal, 0 wt.% E-glass, 5 wt.% of SiC, and 85 wt.% of polyester
resin) was 9.5J, sample 5 of combosition (10 wt.% of sisal, 10 wt.% E-glass, 5 wt.% of SiC,
and 75 wt.% of polyester resin) was 11.5J, sample 6 of combosition (10 wt.% of sisal, 15
wt.% E-glass, 5 wt.% of SiC, and 70 wt.% of polyester resin) was 13.5J, sample 7 of
combosition (15 wt.% of sisal, 0 wt.% E-glass, 5 wt.% of SiC, and 80 wt.% of polyester
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resin) was 17J, sample 8 of combosition (15 wt.% of sisal, 10 wt.% E-glass, 5 wt.% of SiC,
and 70 wt.% of polyester resin) was 21J, and sample 9 of combosition (15 wt.% of sisal, 15
wt.% E-glass, 5 wt.% of SiC, and 65 wt.% of polyester resin) was 24.74.

The highest impact of 24.75 J was achieved for sample number nine. This sample was
developed from 15 wt.% of sisal fiber, 15 wt.% glass fiber, and 5 wt.% of SiC. This
maximum strength was achieved due to the maximum concentration of E-glass fiber,
maximum wt.% of the sisal fiber, and the filler used. Samples 8, 7, 6, 5, 3, 4, 3, and 2 were
the listed samples in descending order of their impact strength results that resulted from the
variations of wt.% of sisal fiber, and E-glass, SiC and their hybridization effects. The lowest
energy was achieved for sample one ( 4.5 J ) due to the non-availability of fibers in the
polyester resin. The impact energy of the composite is increased by adding Sisal fiber to the
polyester resin matrix together with SiC filler, as seen by the results of samples 4 and 7. In
a similar vein, adding of E-glass resulted in samples 2 and 3. However, the effect of E-glass
fiber was maximum. Similar results were investigated by (Palanikumar et al., 2016). The
impact strength of the hybrid composite was increased as it can be observed in samples 5, 6,
8, and 9. This is due to the incorporation of both sisal and E-glass fiber and SiC filler into
the polyester matrix, (Begum et al., 2020; Gangil et al., 2020) reported the same outcomes.
4.2.4 Analysis of Vickery hardness test

The experimental results obtained for each sample are given in Table 4.4, and the average
Vickers hardness values for each sample were calculated from the trial values.

Table 4. 4 Experimental results for Vickers hardness testing of composite

Samples S<1 S2 S3 S4 S5 S6 S-7 S-8 S-9
Sisal fiber 0 0 0 10 10 10 15 15 15
(Wt.%.)

E-glass (wt.%.) O 10 15 0 10 15 0 10 15
SiC (wt.%.) 5 5 5 5 5 5 5 5 5
Vickers 583 69.8 734 789 811 910 877 899 979
hardness (HV) 3 7 3 7 3 3

Figure 4.5 shows the Vickers hardness results of nine samples. The Vickers hardness of
97.93 HV was achieved for sample number nine. This sample was developed from 15 wt.%
of sisal fiber and glass fiber with 5 wt.% of SiC. Samples 6, 8, 7, 5, 4, 3, and 2 were the
leading composites based on their strength due to the variations of wt.% of sisal fiber and E-

glass. This maximum Vickers hardness value was achieved due to the maximum wt.% of
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sisal fiber as it increases the surface roughness and interfacial bonding with the polyester
matrix. The lowest strength was achieved for sample one (58.3 HV) due to the non-
availability of fibers in the polyester resin. This sample was developed from 5 wt.% of SiC
and 95 wt.% of polyester resin matrix.
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Figure 4. 5 Vickers hardness experimental test results
The results of Figure 4.5 further indicate that the hardness of the composite is influenced by
the weight percentage of the fiber materials and the filler material used. The strength of
samples 1, 2, and 3 shows a uniform increase as the weight percentage of E-glass fiber
increases, while it significantly increases from sample 4 to sample 9 due to the incorporation
of sisal fiber. Samples 5, 6, 8, and 9 exhibit the highest Vickers hardness values compared
to the other samples, attributed to the combined effects of sisal fiber and E-glass fiber.
However, the hardness is slightly lower for samples 1, 2, 3, 4, and 7 due to the utilized fiber
types. Similar results were reported by (Rasu & Veerabathiran, 2023). Incorporation of the
SiC filler into a polymer-based composite increases the hardness, contributing to improved
Vickers hardness values(Praveenkumara et al., 2022), similarly, the obtained hardness
values were enhanced.
4.3 Optimization of process parameters for mechanical properties
In this sub-section, the weight percentages of fibers were considered and optimized for
obtaining the optimal parameters that highly influenced the mechanical properties such as
tensile, flexural, impact, and hardness strengths of the composite.
4.3.1 Optimization of process parameters for tensile strength
The weight percentages of fibers were optimized for tensile strength by employing the
experimental results to identify the optimal parameter combinations that maximize tensile

strength.
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4.3.1.1 Taguchi analysis using signal-to-noise ratio for tensile strength

The weight percentage of Sisal fiber and E-glass fibers are the parameters required to be

optimized by considering the weight percentage of SiC filler as a constant variable. The

tensile strength was measured by conducting the experiments according to the designed

experimental matrix for each combination of factors. The SNR values were calculated based

on the measured tensile strength data considering the nature of optimization larger-the-

better. These experimental results and SNR values are given in Table 4.5. The S/N ratio was

calculated using Eq. 3.17 in Minitab 20 software.

Table 4. 5 The result of tensile strength and S/N of the experimental result

Specimens Sisal fiber Glass fiber Tensile S/N  ratio
wt.% wt.% strength (dB)
(MPa)
S1 0 0 10.06 20.0520
S2 0 10 27.61 28.8213
S3 0 15 33.11 30.3992
S4 10 0 22.67 27.1090
S5 10 10 36.43 31.2292
S6 10 15 41.74 32.4110
S7 15 0 25.46 28.1172
S8 15 10 37.11 31.3898
S9 15 15 42.13 32.4918
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Figure 4. 6 The main effect plot for the SN ratio of tensile strength
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The optimal combination of process parameters was obtained by analyzing the SNR results.
Figure 4.6 shows the main effect plot for the SNR of tensile strength and the optimal
parameter combinations for the increased tensile strength were observed. The optimum
parameter combination for SNR was achieved at 15 wt.%. of E-glass fiber and 15 wt.%. of
sisal fiber at level 3. Therefore, the optimum parameter combination for tensile strength was
A3B3.

Table 4. 6 Tensile strength response table for S/N ratios (Larger is better)

Level Sisal fiber Glass fiber
1 26.42 25.09

2 30.25 30.48

3 30.67 31.77
Delta 4.24 6.67
Rank 2 1

Table 4.6 shows the response table for SNR of the tensile strength. From this table, E-glass
fiber was the first contributor to the maximum tensile strength of the composite with a 6.67
delta number while Sisal fiber was second-ranked with a delta number of 4.24.
4.3.1.2 Analysis of variance for tensile strength of the composite
The optimum parameter combination for SNR of tensile strength was A3B3. The optimum
values for maximum tensile strength were the sisal fiber of 15 wt.% and E-glass fiber of 15
wt.%. in level 3.
Table 4. 7 Analysis of variance results of the tensile strength
Source DOF SeqSS AdjSS Adj F-value P-value Contributi

MS on %
Sisal 2 32.80 32.80 16.402 5.14 0.039
) 27.15
fiber
E-glass 2 75.23 75.23 37.616 11.78 0.021
) 62.27
fiber
Residual 4 12.77 12.77 3.192 - -
10.57
Error
Total 8 120.81 - - 100

S =1.7867, R-Sq = 89.43%, R-Sq(adj) = 78.86%
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From Table 4.7, E-glass fiber contributed 62.2713 % which was the maximum contribution,
and the contribution percentage of sisal fiber was 27.1501%. The higher contribution
percentage means more effect of that parameter on the output result. Therefore, E-glass fiber
has more effects on the tensile strength of the composite. The predicted tensile strength tested
under the optimum value is 43.19. The actual value was obtained from the experimental
result of the tensile strength, which was 42.13 MPa.

Table 4. 8 Calculation of the percentage error value for tensile strength

Optimum parameter Tensile Tensile strength  Error
strength actual predicted %
Sisal fiber 15 wt.% 42.13 43.19 2.52

E-glass fiber 15 wt.%

The obtained percentage error was less than 5% which is acceptable.

4.3.2 Optimization of process parameters for flexural strength
The weight percentage of Sisal fiber and E-glass fibers are the parameters required to be
optimized by considering the weight percentage of SiC filler as a constant variable.
4.3.2.1 Taguchi analysis using signal-to-noise ratio for flexural strength
The flexural strength was measured by conducting the experiments according to the designed
experimental matrix for each combination of factors. The SNR values were calculated based
on the measured flexural strength data considering the nature of optimization larger-the-
better. These experimental results and SNR values are given in Table 4.9. The S/N ratio was
calculated using Eqg. 3.17 in Minitab 20 software.

Table 4. 9 The result of flexural strength and S/N of the experimental result

Specimens Sisal fiber Glass fiber Flexural S/N ratio
wt.% wt.% strength (MPa) (dB)
S1 0 0 25.40 28.0967
S2 0 10 76.20 37.6391
S3 0 15 97.30 39.7623
S4 10 0 68.87 36.7606
S5 10 10 163.81 44.2868
S6 10 15 185.56 45.3697
S7 15 0 91.83 39.2597
S8 15 10 119.19 41.5248
S9 15 15 158.26 43.9874
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The response table of SNR for the flexural strength is displayed in Table 4.6. According to
this table, E-glass fiber contributed the most to the composite's maximum flexural strength
with an 8.33 delta number, followed by Sisal fiber with a 6.97 delta number which ranked
second.

Table 4. 10 S/N ratios response Table for flexural strength (Larger is better)

Level Sisal fiber E-glass fiber
1 35.17 34.71

2 42.14 41.15

3 41.59 43.04

Delta 6.97 8.33

Rank 2 1

The main effect plot for the SNR of tensile strength is displayed in Figure 4.11, and the best
parameter combinations for an increase in tensile strength were found. Optimal SNR was
achieved at 15% of E-glass fiber (level 3) and 10% of sisal fiber (level 2). Consequently,

A2B3 was the best parameter combination for SNR of flexural strength.
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Figure 4. 7 The main effect plot for the SN ratio of flexural strength
4.3.2.2 Analysis of variance for flexural strength of the composite
A2B3 was the optimal parameter combination for SNR of flexural strength. The optimum
values for flexural strength were sisal fiber at 10 wt.% in level 2 and E-glass fiber at 10 wt.%
in level 3. Based on these values the predicted flexural strength values are calculated and

given in Table 4.11.
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Table 4. 11 Analysis of variance results of flexural strength
Source DOF SeqSS AdjSS  Adj F-value P-value Contributio

MS n (%)
Sisal 2 90.20 90.20 45.100 10.13 0.027
. 40.52
fiber
E-glass 2 11456 11456 57.280 12.86 0.018
. 51.47
fiber
Residual 4 17.82 17.82 4.454 - -
8.01
Error
Total 8 222.58 - - - - 100

S = 2.1105, R-Sq = 92.00%, R-Sq(adj) = 83.99%

Based on the optimized values of the parameters, the percentage error was calculated from

the predicted flexural strength values and actual flexural strength values. These values are
given in Table 4.12. The predicted tensile strength tested under the optimum value was
176.851.

Table 4. 12 Calculation of the percentage error value for tensile strength

Optimum parameter Flexural Flexural strength  Error %
strength actual predicted

Sisal fiber 10 wt.% 186.56 176.851 4.69

E-glass fiber 15 wt.%

The obtained percentage error was less than 5% which is acceptable. Therefore, the model
was validated.

4.3.3 Optimization of process parameters for impact strength

The weight percentage of Sisal fiber and E-glass fibers are the parameters required to be
optimized by considering the weight percentage of SiC filler as a constant variable.

4.3.3.1 Taguchi analysis using signal-to-noise ratio for impact strength

The impact strength results were measured and obtained by conducting the experiments
according to the designed experimental matrix for each combination of factors. The SNR
values were calculated based on the measured values considering the nature of optimization
larger-the-better. These experimental results and SNR values are given in Table 4.13. The
analysis of optimum results was identified from the response table and the plot of the main

effect for the SN ratio of impact strength. The S/N ratio was calculated using Eq. 3.17.
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Table 4.14 shows the response Table for S/N ratios of impact strength. In this case, the

weight percentage of sisal fiber was the highest contribution factor ranked number one with

a 9.8 delta value while, E-glass fiber was the second contributor with a 4.49 delta number.

Table 4. 13 The result of impact test analysis and S/N of the experimental result

Specimens Sisal fiber  Glass fiber Impact S/N ratio
wt.% wt.% strength (J) (dB)
1 0 0 4.50 13.0643
2 0 10 6.50 16.2583
3 0 15 10.25 20.2145
4 10 0 9.50 19.5545
5 10 10 11.50 21.2140
6 10 15 13.50 22.6067
7 15 0 17.00 24.6090
8 15 10 21.00 26.4444
9 15 15 24.75 27.8715

Table 4. 14 S/N ratios response Table for impact strength (Larger is better)

Level Sisal fiber Glass fiber
1 16.51 19.08

2 21.13 21.31

3 26.31 23.56
Delta 9.80 4.49
Rank 1 2
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Figure 4. 8 The main effect plot for the SN ratio of impact strength
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The main effect plot for the SN ratio of impact strength is displayed in Figure 4.8. shows
that 15 wt.% of sisal fiber at level 3 and 15 wt.% E-glass fiber at level 3 were the optimum
parameters for maximum impact strength of the composite material developed in this
research work. Therefore, the optimum parameter combination for SNR of impact strength
was A3B3.
4.3.3.2 Analysis of variance for impact strength of the composite
The optimum parameter combination for SNR of impact strength was A3B3 with sisal fiber
at 15 wt.% and E-glass fiber at 15 wt.% in level 3.
Table 4. 15 Analysis of variance results of impact strength
Source DOF SeqSS AdjSS Adj F- P-  Contribution

MS  value value (%)
Sisal 2 144,104 144.104 72.052 52.77 0.001
. 80.15
fiber
E-glass 2 30.218 30.218 15.109 11.07 0.023
] 16.81
fiber
Residual 4 5.461 5461 1.365 - -
3.04
Error
Total 8 179.783 - - - - 100.00

S = 1.1685, R-Sq = 96.96%, R-Sq(adj) = 93.92%

From Table 4.15, sisal fiber contributed the maximum amount of 80.1544 %. This shows the
effect of sisal fiber was greater for the obtained maximum impact strength. E-glass shows
minimum contribution. The predicted tensile strength tested under the optimum value is
23.9167.

Table 4. 16 Calculation of the percentage error value for impact strength

Optimum parameter  Impact Impact strength Error %
strength actual predicted

Sisal fiber 15 wt.% 24.75 23.9167 3.35

E-glass fiber 15 wt.%

The calculated percentage error was 3.35 which was ales than 5% and the percentage error

was acceptable.
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4.3.4 Optimization of process parameters for Vickers hardness
The weight percentage of Sisal fiber and E-glass fibers are the parameters required to be
optimized by considering the weight percentage of SiC filler as a constant variable.
4.3.4.1 Taguchi analysis using signal-to-noise ratio for hardness
The hardness test was measured by conducting the experiments according to the designed
experimental matrix for each combination of factors. The SNR values were calculated based
on the measured Vickers hardness data considering the nature of optimization larger-the-
better. These experimental results and SNR values are given in Table 4.17. The S/N ratio
was calculated using Eqg. 3.17.

Table 4. 17 The result of hardness test analysis and S/N of the experimental result

Specimens  Sisal fiber  Glass fiber Vickery S/N ratio
wt.% wt.% hardness (MPa) (dB)
1 0 0 73.47 37.3222
2 0 10 78.93 37.9448
3 0 15 81.17 38.1879
4 10 0 91.03 39.1837
5 10 10 87.70 38.8600
6 10 15 89.90 39.0752
7 15 0 97.93 39.8183
8 15 10 73.47 37.3222
9 15 15 78.93 37.9448

The response for S/N ratios of the Vickers hardness displayed in Table 4.18 shows sisal fiber
reinforcement was the higher contributor in this composite material for the obtained
maximum hardness while, E-glass fiber is the second one. This shows that the effect of sisal
fiber was maximum as compared to E-glass fiber in obtained maximum Vickers hardness.

Table 4. 18 S/N ratios response Table for Vickers hardness (Larger is better)

Level Sisal fiber E-glass fiber
1 36.51 37.37

2 38.44 38.05

3 39.25 38.77
Delta 2.75 1.40
Rank 1 2
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The main effect plot for the SN ratio of the Vickers hardness displayed in Figure 4.9 shows
that the optimum wt.% of sisal fiber and E-glass fiber were obtained at level 3. Therefore,
the optimum parameter combination for SNR of the Vickery hardness test was A3B3.

Main Effects Plot for SN ratios

Data Means

Sisal fiber E-glass fiber

Mean of SN ratios
w w
~ o«
w o

36.5

0 10 15 0 10 15

Signa-to-naise: Larger s better
Figure 4. 9 The main effect plot for the SN ratio of the Vickers hardness

4.3.4.2 Analysis of variance for Vickers hardness of the composite
The optimum parameter combination for SNR of the Vickery hardness test was A3B3. These
optimum values for maximum Vickers hardness are sisal fiber at 15 wt.% and E-glass fiber
at 15 wt.%. Based on these values, the contribution percentage and percentage error were
calculated and given in Tables 4.19 and 4.20 respectively.
Table 4. 19 Analysis of variance results of Vickers hardness

Source DOF SeqSS AdjSS Adj F- P-  Contribution

MS  value value %

Sisal 2 11.9366 11.9366 5.9683 36.91 0.003

. 76.85
fiber
E-glass 2 29497 29497 1.4749 9.12 0.032

) 18.99
fiber
Residual 4 0.6468 0.6468 0.1617 - -

416

Error
Total 8 15.5331 - - - - 100

S = 0.4021, R-Sq = 95.84%, R-Sq(adj) = 91.67%

From Table 4.18, sisal fiber contributes 76.8462 %, which means the effect of sisal fiber was

more on the Vickers hardness of the composite. E-glass fiber contributes 18.9898 % of the

total percentage.
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Table 4. 20 Calculation of the percentage error value for Vickers hardness

Optimum parameter

actual

predicted

Vickers hardness Vickers hardness Error

Sisal fiber
E-glass fiber

15 wt.%

15 wt.%

97.93

98.4022

0.48

The predicted hardness was 98.40 and the actual was 97.93. The obtained percentage error

was 0.48 which is less than 5% and hence it is acceptable.

4.3.5 Grey relational analysis for multi-response analysis of the composite

The mechanical properties (Tensile strength, flexural strength, impact test, and hardness

strength) were converted into single results using GRA analysis to obtain the optimal fiber

weight percentage for the composite. Tensile strength, flexural strength, impact test, and

hardness strength need to be maximized, and hence larger the better case was selected

throughout the responses. The basic steps for conducting the GRA are given in Section 3.3.6,

and the results are given in Tables 4.21 to 4.23.

Table 4. 21 Experimental results and S/N ratio for each responses

Samples Response for all S/N ratio for each experimental result of
experimental results the samples
TS FS IS HV TS FS IS HV
1 10.06 25.40 4.5 58.3 20.0520 28.0967 13.0643 37.3222
2 27.61 76.20 6.5 69.83 28.8213 37.6391 16.2583 37.9448
3 33.11 9730 10.25 7347 30.3992 39.7623 20.2145 38.1879
4 22.67 68.87 95 78.93 27.1090 36.7606 19.5545 39.1837
5 36.43 163.81 115 81.17 31.2292 442868 21.2140 38.8600
6 41.74 18556 135 91.03 324110 45.3697 22.6067 39.0752
7 25.46 91.83 17 87.7 28.1172 39.2597 24.6090 39.8183
8 37.11 11919 21 89.9 31.3898 41.5248 26.4444  37.3222
9 42.13 158.26 24.75 97.93 324918 43.9874 27.8715 37.9448

The normalized values and deviation sequences were calculated based on Eq.3.19 and 3.21

respectively using Excel software. The values are given in Table 4.22.
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Table 4. 22 Normalized values and deviation sequence of normalized S/N ratio

Normalized values Deviation sequence
TS FS IS HV TS FS IS HV
0 0 0 0 1 1 1 1

0.7049 0.5524 0.2157 0.2494 0.2951 0.4476 0.7843 0.7506
0.8318 0.6754 0.4829 0.3468 0.1682 0.3246 0.5171 0.6532
0.5673 0.5016 0.4383 0.7458 0.4327 0.4984 0.5617 0.2542
0.8985 0.9373 0.5504 0.6161 0.1015 0.06273 0.4496 0.3839
0.9935 1 0.6444 0.7023 0.0065 0 0.3556 0.2977
0.6483 0.6463 0.7797 1 0.3517 0.3537 0.2203 0
0.9114 0.7774 0.9036 0 0.0886 0.2226 0.0964 1

1 0.9200 1 0.2494 0 0.0800 0 0.7506

© 0O N oo O A W N P Sample

Table 4. 23 Grey relational coefficient, GRG and rank
Samples TS FS IS H GRG
0.3333 0.33333 0.3333 0.3333 0.3333
0.6289 0.5277 0.3893 0.3998 0.4864
0.7483 0.6063 0.4916 0.4336 0.5699
0.5361 0.5008 0.4709 0.6629 0.5427
0.8313 0.8886 0.5265 0.5657 0.7030
0.9872 1 0.5844 0.6268 0.7996
0.5871 0.5857 0.6941 1 0.7167
0.8495 0.6919 0.8384 0.3333 0.6783
9 1 0.8620 1 0.3998 0.8155

Designation: GRG-grey relational grade, R-rank

0o ~N o g A~ W N R
R g W N A~ N O o O I

The Grey relational coefficient, GRG, and ranked samples of optimum values of parameters
displayed in Table 4.23 show that, sample number nine was the composite material that
ranked first for its high mechanical properties. The composition of this sample was a sisal
fiber of 15 wt.%, E-glass fiber of 15 wt.%, SiC of 5 wt.%, and polyester resin of 65 wt.%.
4.3.6 Analysis of mean for GRG composite

The response table for the GRG displayed in Table 4.24 shows that sisal fiber wt.% in
level 3 was the more optimal composition, while the sisal fiber wt.% in levels 2 and 1

were the second and third optimal composition, respectively.
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Table 4. 24 Response Table for the GRG (Larger is better)

Level Sisal fiber E-glass fiber
1 0.4632 0.5309

2 0.6818 0.6226

3 0.7368 0.7283
Delta 0.2736 0.1974
Rank 1 2

The parameters with the highest effect on the mean from Table 4.24 were sisal fiber with a
0.2736 of delta value ranked 1 and E-glass ranked second with a 0.1974 delta value. The
actual or optimum value was calculated based on values obtained from experimental results
using the linear regression equation (Pandya & Rathod, 2020).

Opm = A3 + B3 —(m) = 0.7368+ 0.7283 — (0.6273)

Opm =0.8378 and this is the actual value.

Where m is the average performance mean value for GRG (i.e.: m = 0.6273)
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Figure 4. 10 The main effect plot for the mean of GRG

From the S/N ratio plot shown in Figure 4.10, the optimum values for the composite are sisal
fiber at 15 wt.% and E-glass fiber at 15 wt.%.

4.3.7 Determining optimum condition for GRG of the composite

The optimum prediction condition for SNR in which, the GRG response result of the material
was obtained with the terms set was shown in Table 4.25. The selected optimum parameters
in the study were at the highest wt.% of sisal and highest wt.% of E-glass which was A3B3.

Therefore optimal mechanical properties of the developed composite were achieved at 30 wt
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% fibers (i.e. 15 wt % sisal fiber and 15 wt % sisal fiber E-glass fibers). The observed results

are in line with the research work reported earlier by the authors (Sinitsky, et al. 2022).
Table 4. 25 The predicted optimal value of GRG

Factors Levels Values Rank Prediction SNR Values mean
Sisal fiber 3 15 wt.% 1 -1.20777 0.8380
E-glass fiber 3 15 wt.% 2
4.3.8 Analysis of variance for GRG of composite
Table 4. 26 Analysis of Variance for GRG (mean)
Source DOF SeqSS AdjSS AdjMS F- P- Cont.%
value value
Sisal fiber 2 0.12564 0.12564 0.062820 18.04 0.010 63.41
E-glass fiber 2 0.05856 0.05856 0.029281 8.41  0.037  29.56
Residual Error 4 0.01393 0.01393 0.003482 - - 7.03
Total 8 0.19813 100

S = 0.0590, R-Sq = 92.97%, R-Sq(adj) = 85.94%

The ANOVA table for GRG displayed in Table 4.25 shows that the sisal fiber contributed
63.41 % while E-glass fiber contributed 29.56%. The weight percentage of sisal fiber had

more effects on the mechanical properties of the developed composite, while E-glass fiber

was the next. Due to its cellulose-rich composition and chemically treated, sisal fiber plays

a crucial role in enhancing the mechanical properties of the composite. The obtained results

are in line with the work carried out earlier by (Sinitsky, et al. 2022).

Table 4. 27 Calculation of the percentage error value for GRG

Optimum parameters  Actual value of  Predicted value Error

GRG of GRG %
Sisal fiber 15 wt.% 0.8378 0.8380 0.024
E-glass fiber 15 wt.%

The percentage error between the predicted value and the actual value was 0.024, which is

very small. Therefore, the obtained percentage error was acceptable.

The normal probability plot obtained for GRA is given in Figure 4.11. Data points were

distributed along the reference line, and it suggests the data follows a normal distribution.
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Figure 4. 11 Normal probability plot

4.4 Confirmation test for composite

After determining the optimal process parameters and their respective levels, the next step
was to confirm if the predicted results disagreed with the experimental data. If the
combination of optimal process parameters level matches any experimental trial in the
orthogonal array, it will not be necessary to conduct a confirmation test. Unless it is
appropriate to do experimentation at that new level. In this study, the optimal process
parameter combination was A3B3, and this predicted result coincides with the experimental
results of sample nine. The composition of this sample was a sisal fiber of 15 wt.%, E-glass
fiber of 15 wt.%, SiC of 5 wt.%, and polyester resin of 65 wt.%. Therefore, there is no need

to conduct a confirmation test.
4.5 The comparison with previous work on mechanical properties of the
composite

In this section, the maximum values obtained from each test's experimental results were
compared with those of the same tests obtained in other related literature papers by other
researchers. The achieved value of tensile, flexural, impact, and Vickers hardness strengths
in the current research were compared with the work of other researchers and tabulated in
Tables 4.28 and 4.29.
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Table 4. 28 Comparison of tensile (TS) and flexural strengths (FS)
Matrix  Fibers Filler Fabrication TS (MPa) FS(MPa) References

material method

Polyester Sisal/E- SiC  Hand layup 42.3 185.56 Current
resin glass work
Polyester  Glass SiC  Hand layup 33.1 - (Palle et al.,

fiber 2022)
Epoxy Sisal NA  Hand layup - 82.6£4.77  (Pereira et
/Glass al., 2020)
Polyester  Sisal NA  Hand layup <18 <65 (Njoku et
/Glass al., 2011)

Table 4. 29 Comparison of impact and Vickery hardness strengths

Matrix  Fibers  Filler Fabrication Impact Hardness References
material method J) (VH)
polyester Sisal/E-  SiC Hand layup  24.75 97.93 Current work

resin glass
Epoxy Glass NA Hand layup 18.4 - (Palanikumar
etal., 2016)
Epoxy Sisal- NA Hand layup - <90 (Atmakuri et
Caryota al., 2021)

Designation: NA- Not available

As shown in Tables 4.28 and 4.29, the tensile, flexural, impact, and hardness of the
developed composite in the current work were improved due to the hybridization effects of
fibers and SiC particles.

4.6 Analysis of Composite Bonding

In this sub-section parameters (Joint configuration, filler wt.%, and overlap length ) that
affect the strength of the adhesive joined composite were analyzed for selected samples for
tensile joint strength, and flexural joint strength to get the quality of the joint. This composite
joining analysis was done for a composite with high mechanical properties, which were
obtained after optimization of the experimental results. Therefore, this composite material
was a material developed with a material composition of 15 wt.% Sisal fiber, 15 wt.% E-

glass fiber, 5 % SiC filler, and 65% polyester resin as explained in section 4.3.5.
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4.6.1 Effects of joining parameters on tensile strength of the adhesively joined
composite

The experimental results for tensile strength of adhesively joined composite materials

developed from a polyester resin matrix reinforced with sisal fiber, E-glass fiber, and SiC

filler are given in Table 4.30. These results were obtained for nine different runs by

considering the joining parameters.

Table 4. 30 Experimental results for tensile strength of adhesively joined composite

Runs Joining parameters Av. Tensile
Joint Filler ~ Overlap strength

configuration (wt.%) length (MPa)
R-1 SLJ 0 20 21.02
R-2 SLJ 15 25 26.51
R-3 SLJ 3 30 29.29
R-4 SCJ 0 25 23.38
R-5 SCJ 1.5 30 28.57
R-6 SCJ 3 20 27.35
R-7 STJ 0 30 25.90
R-8 STJ 1.5 20 29.18
R-9 STJ 3 25 31.44

The joint tensile increased gradually from 21.02 to 29.29 MPa ( by 28.23 % ), due to the
increased SiC contents from 0 to 3 wt.% and an overlap length from 20 to 30mm for SLJ.
With the SCJ configuration, the strength rises from 23.38 to 28.57 (increased by 18.12
%), due to the increase of SiC composition from 0 to 1.5 and length of 25 to 30mm. But
strength decreased from 28.57 to 27.35 ( by 4.27) due reduction in overlap length from
30 to 20mm. The joint strength was enhanced from 25.90 to 29.18 ( by 11.24% ) due to
an increase of filler from 0 to 1.5 wt.%. The material effect and substantial geometry
were found on the maximum load of SLJ, with the benefit of a large overlap length (Brito
et al., 2020). Similarly, the strength increased from 29.18 to 31.44 MPa ( by 2.28), due
to an increase of SiC filler from 1.5 to 3 wt.%. These could be attributed to the effective
stress transfer that occurs between the araldite epoxy and the nanoparticles, which is

crucial in enhancing the adhesion properties of adhesive bonds.
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Figure 4. 12 Effects of filler wt.%. on joint strength for different joint configurations

Figure 4.12 shows that the STJ of the joint configuration achieved the highest tensile strength
of 31.44 MPa at 3 wt.% SiC filler. In addition to this, the strength of 29.18 MPa and 25.90
MPa were obtained at 1.5 wt.% and 0 wt.% of SiC filler respectively. Whereas the SLJ and
SCJ show a maximum strength of 28.57 MPa at 1.5 wt.% of SiC and 29.29 MPa at 3 wt.%
of SiC filler respectively. The STJ shows the maximum strength over the three ranges of SiC
wt.% and the SCJ shows the same results up to 1.5 wt.% of SiC. However, the strength of
SCJ decreases above 1.5 wt.% of SiC filler due to the surface treatment and surface
preparation. Similar phenomena were reported by (Rangaswamy et al., 2020; Shang,
Marques, Machado, Carbas, Jiang, & Silva, 2019). Finally, the SLJ, STJ, and SCJ show the
minimum joint strength at 0 wt.% of SiC and increased after the addition of SiC wt.%. This
shows that the joint strength of composite materials can be increased using SiC filler
materials in the adhesive materials. This occurred as the result of efficient stress transfer
between the SiC particle and the polymer composite, which improves the adhesion properties
of the adhesive material. The obtained results are in line with the work carried out earlier by
(Chavooshian et al., 2017).
Figure 4.13 shows the effects of SiC filler wt.%. on joint strength for different overlap
lengths. With varying overlap lengths, the effect of SiC filler weight percentage on joint
strength in adhesive materials varies. The maximum joint strength of 29.29 MPa ( with SLJ
) and 28.57 (with SCJ) MPa were achieved for 30mm overlap length at 3 wt.% and 1.5 wt.%
respectively. The minimum joint strength values were identified with a 20mm overlap length
at 0 wt.% of SiC filler and the medium joint strength was obtained with a 25 mm overlap
length at 0 wt.% of SiC filler.
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Figure 4. 13 The effects of SiC filler wt.%. on joint strength for overlap lengths
Figure 4.13 further explains that as the overlap lengths of joining surfaces increase the joint
strength between the adherends increases. Based on the results tabulated in Figure 4.13, the
joint strength increases as filler wt % increases with the overlap lengths, and similar results
were reported by (Kadioglu et al., 2019; Mejbel et al., 2019).
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Figure 4. 14 The effects of overlap length on joint strength for joint configurations
Figure 4.14 shows the effects of overlap length on joint strength for different joint
configurations. The maximum joint strength of 25.90 MPa was obtained with an overlap
length of 30mm at 0 wt.% of SiC filler. The effect of overlap length increases for SLJ and
STJ over the ranges of overlap lengths and highly increases up to 25mm of overlap length
for the SCJ. Increasing the overlap length generally increases the joint strength for all three
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types of joint configurations, because a longer overlap length provides more surface area for
the adhesive to bond to, which increases the strength of the joint. The observed results align
with the research work reported earlier by authors (Jeevi et al., 2019; Abbasi et al., 2023).
4.6.2 Effects of bonding parameters on joint flexural strength of the adhesively
joined composite
The experimental results for joint flexural strength of adhesively joined composite were
given in Table 4.31. Nine different joint flexural strength results were obtained by
considering different adhesive joining process parameters.

Table 4. 31 Experimental results for joint flexural strength testing of adhesively joined

Runs Joining parameters Av. Flexural
Joint Filler  Overlap strength

configuration (wt.%) length (MPa)
R-1 SLJ 0 20 55.74
R-2 SLJ 15 25 61.71
R-3 SLJ 3 30 67.96
R-4 SCJ 0 25 64.96
R-5 SCJ 15 30 70.59
R-6 SCJ 3 20 76.69
R-7 STJ 0 30 66.76
R-8 STJ 15 20 72.40
R-9 STJ 3 25 79.23

Based on Table 4.3, the joint flexural strength increased gradually from 55.74 to 67.96
MPa ( by 17.98 % ), due to the increased SiC contents from 0 to 3 wt.% and an overlap
length from 20 to 30mm with SLJ configuration. With the SCJ configuration, the strength
rises from 64.96 to 70.59 (by 7.98 %), due to the increase of SiC composition from 0 to
1.5 and length of 25 to 30mm, similarly increases from 70.59 to 76.69 ( by 7.95 % ) as
SiC increased from 1.5 to 3 wt.% and overlap length reduce from 30 to 20mm. With STJ
configuration the joint strength was enhanced from 66.76 to 72.40 ( by 7.79% ) due to
an increase of filler from 0 to 1.5 wt.%. Similarly, the strength increased from 72.40 to
79.23 MPa ( by 8.62 %), due to the increase of SiC filler from 1.5 to 3 wt.%. A slight
rise in joint strength was recorded over 20mm of overlap length (Melese et al., 2022),
and the effect of overlap length was minimal with the SCJ and STL.
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Figure 4. 15 The effects of filler wt.%. on joint flexural strength for joint configurations
Figure 4.15 shows the effects of SiC filler wt.%. on joint flexural strength for different
configurations. The joint flexural strength for the three joint configurations increases as the
SiC filler wt.% increases. The maximum joint flexural strength of 79.23 MPa was achieved
by STJ at 3 wt.% of SiC, 76.69 MPa with SCJ at 3 wt.% of SiC, and 72.40 MPa with STJ at
1.5 wt.% of SiC. These results occurred due to the SiC filler with varying weight
percentages. The minimum joint flexural strength of 55.74 MPa, 64.96 MPa, and 66.76 MPa
for the three joint configurations of SLJ, SCJ, and STJ respectively was obtained at 0 wt.%
of the SiC filler. The observed results align with the research work reported earlier by
(Sanghvi et al., 2022).
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Figure 4. 16 The effects of filler wt.%. on flexural strength for overlap lengths
Figure 4.16 displays the effects of SiC filler wt.%. on the joint flexural strength for different
overlap lengths. The joint strength for the adhesive joints was increased with the addition of
filler and an increase in overlap lengths. The maximum joint strength of 79.23 MPa was
achieved in run number nine of STJ at 3 wt.% of SiC. A 67.96 MPa was obtained for SLJ at

3 wt.% of SiC and 76.69 MPa resulted for SCJ at 3 wt.% of SiC. Based on the graph of
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Figure 4.16, the wt.% of SiC filler and the increment of overlap lengths have a positive
impact on the joint strength of composite materials developed from polyester resin matrix
and sisal fiber, glass fiber, and SiC reinforcement. Similar findings were reported by authors
(Kadioglu et al., 2018).
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Figure 4. 17 The effects of overlap length on flexural strength for joint configurations
Figure 4. 17 displays the effects of overlap length on joint flexural strength for different joint
configurations. As the the overlap length increases the joint strength increases for each joint
configuration. The maximum flexural strength was obtained for STJ at 3 wt.% of SiC and
25 mm overlap length. A 55.74 MPa of the joint strength was the minimum joint strength
value achieved by SLJ, 20 mm of overlap length, and 0 wt.% of SiC. This implies that the
smaller overlap length results in the minimum joint strength of the adhesive joint especially
for an adhesive without filler materials. The observed results were in line with the research
work reported earlier by the authors (Rangaswamy et al., 2020).

4.7 Optimization of process parameters for adhesive joint strength

4.7.1 Optimization of process parameters for joint tensile strength

The joint configuration, wt.% of SiC filler, and overlap lengths were optimized for joint
tensile strength by employing the experimental result to identify the optimal parameter
combinations that maximize the tensile strength of the joint.

The joint configuration, wt.% of SiC filler, and overlap lengths are the parameters required
to be optimized by considering the adhesive type, and adhesive layer as a constant variable.
The joint tensile strength was measured by conducting the experiments according to the
designed experimental matrix for each combination of factors. The SNR values were
calculated based on the measured tensile strength data considering the nature of optimization

larger-the-better. These experimental results and SNR values are given in Table 4.32.
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Table 4. 32 Tensile strength and S/N ratio of the adhesive joint

Specimens  Joint Wt.% of Overlap Tensile  S/N ratio
configuration SiC filler  joint strength (dB)
(MPa)
S1 SLJ 0.0 20 21.02 26.4540
S2 SLJ 15 25 26.51 28.4682
S3 SLJ 3.0 30 29.29 29.3344
S4 SCJ 0.0 25 23.39 27.3794
S5 SCJ 15 30 28.57 29.1172
S6 SCJ 3.0 20 27.35 28.7381
S7 STJ 0.0 30 25.90 28.2660
S8 STJ 15 20 29.17 29.3007
S9 STJ 3.0 25 31.44 29.9506

Table 4.33 shows the response table for SNR of the joint tensile strength. From this table,
filler (with a 1.97 delta number) was the first contributor in the obtained maximum joint
tensile strength, and joint configuration ( with a delta number of 4.24) was the second
ranker while overlap length ( 0.74 with a 1.97 delta number) was the third-ranked
contributor.

Table 4. 33 Response Table for S/N ratios of Tensile strength

Level Joint configuration  Filler wt.% Overlap length

1 28.09 27.37 28.16
2 28.41 28.96 28.60
3 29.17 29.34 28.91
Delta 1.09 1.97 0.74
Rank 2 1 3

The main effect plot for the SNR of joint tensile strength displayed in Figure 4.18 shows the
optimal parameter combinations for the increased joint tensile strength observed at the
optimum SNR of STJ joint configuration in level 3, 3 wt.% SiC filler in level 3, and an
overlap length of 30mm in level 3. Therefore, the optimum parameter combination for SNR
of tensile strength was A3B3C3.
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Figure 4. 18 The main effect plot for the SN ratio of tensile strength in adhesive joint
4.7.1.1 Analysis of variance for tensile strength of the composite adhesive joint
The optimum values for maximum joint tensile strength are joint configuration with STJ,
SiC filler at 3 wt.%, and overlap length at 30mm. Based on these optimal values of the
adhesively joined composite material, the analysis of variance for the S/N ratio of the tensile
strength was obtained and given in Table 4.35. The maximum contribution % of 70.4788 %
was achieved by filler wt.%, 19.9675% by joint configuration, and 8.9130 % by overlap

length. The obtained results are in line with the work carried out earlier by (Basavarajappa

etal., 2021).
Table 4. 34 Analysis of Variance for S/N ratio of the tensile strength
Source DOF SeqSS Adj Adj F- P- Cont.
SS MS value  value %
Joint conf. 2 1867 1867 0.933 3116 0.031 19.97
Filler wt.%. 2 6.588 6.588 3.294 109.98 0.009 70.48
Overlap length 2 0.833 0.833 0417 1391 0.067 8.91
Residual Error 2 0.060 0.060 0.030 0.64
Total 8 9.348 100

S =0.1731, R-Sq = 99.36%, R-Sq(adj) = 97.44%

Designation: Cont.%- percentage of contribution, Joint conf.- joint configuration

Table 4.34 discusses the percentage error between the actual and predicted values. The
predicted joint tensile strength tested under the optimum value is 32.1981. The level of
optimum parameters did not coincide with the experimental trial in the orthogonal array. The
actual tensile strength value was not available in the experimental tests conducted using the
designed Lo orthogonal array. It was obtained after testing based on the new process

parameters and 33.04 MPa of tensile strength was achieved.
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Table 4. 35 Calculation of the percentage error value for tensile strength

Optimum parameter Tensile Tensile strength Error
strength actual predicted %

Joint configuration  STL 33.04 32.1981 2.54

Filler wt.%. 3%

Overlap length 30

4.7.2 Optimization of process parameters for flexural strength
The joint configuration, wt.% of SiC filler, and overlap lengths were optimized for tensile
strength by employing the experimental result to identify the optimal parameter
combinations that maximize the flexural strength of the joint.
4.7.2.1 Taguchi analysis using signal-to-noise ratio for flexural strength
The experimental results and SNR values are given in Table 4.36.

Table 4. 36 Flexural strength and S/N of the adhesive joints

Specimens Joint W1t.% of SiC Overlap S/N ratio
configuration filler length (dB)
1 SLJ 0.0 20 34.9239
2 SLJ 15 25 35.8066
3 SLJ 3.0 30 36.6446
4 SCJ 0.0 25 36.2534
5 SCJ 15 30 36.9749
6 SCJ 3.0 20 37.6952
7 STJ 0.0 30 36.4899
8 STJ 15 20 37.1952
9 STJ 3.0 25 37.9782

The response Table for S/N ratios of joint flexural strength displayed in Table 4.36 shows
filler wt.% ( a 1.55 delta value) was the highest contributor to the adhesive joint strength of
the composite materials developed from polyester matrix reinforced with sisal fiber, E-glass
fiber, and SiC filler. Joint configuration ( a 1.43 delta value) was the second-ranked
parameter that affected the joint strength and finally, overlap length (a 0.1 delta value) was
the third-ranked. These results show that the effect of filler materials was high for the joint
strength of the composite.
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Table 4. 37 S/N ratios response Table for joint flexural strength

Level Joint configuration  Filler wt.%. Overlap length
1 35.79 35.89 36.60

2 36.97 36.66 36.68

3 37.22 37.44 36.70
Delta 1.43 1.55 0.10
Rank 2 1 3

Main Effects Plot for Means

Data Means

Joint configuration Filler wt.%. Overlap length

Figure 4. 19 The main effect plot for the SN ratio of flexural strength in adhesive joint
The main effect plot for the SNR of joint flexural strength displayed in Figure 4.19 shows
the optimal parameter combinations for the increased joint flexural strength observed at the
optimum SNR of STJ joint configuration in level 3, 3 wt.% SiC filler in level 3, and an
overlap length of 25mm in level 2. Therefore, the optimum parameter combination for SNR
of tensile strength was A3B3C2.
4.7.2.2 Analysis of variance for flexural strength of the composite adhesive joint
The optimum parameter combination for the SNR of joint flexural strength was A3B3C2.
That means the optimal parameters for maximum joint flexural strength are joint
configuration with STJ, SiC filler at 3 wt.%, and overlap length at 25mm. Table 4.39 displays
the analysis of variance for the S/N ratio of the joint flexural strength. Filler wt.%.
contributes a maximum contribution percentage of 50.55 % and Joint configuration
contributes 49.1169%. The minimum contribution percentage of 0.2218 % was achieved by
overlap length. The obtained results are in line with the work carried out earlier by
(Mottaghian & Taheri, 2023).
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Table 4. 38 Analysis of Variance for S/N ratio of the joint flexural strength
Source DOF SeqSS AdjSS Adj F- P- Cont.

MS value value %

Joint conf. 2 3.503 3.503 1.751 448.65 0.002 49.12
Filler wt.%. 2 3.605 3.605 1.803 461.76 0.002 50.55
Overlap length 2 0.016  0.016 0.008 203 0330 0.22
Residual Error 2 0.008 0.008 0.004 - - 0.11
Total 8 7.132 - - - - 100

S = 0.0625, R-Sq = 99.89%, R-Sq(adj) = 99.56%

Table 4. 39 Calculation of the percentage error value for joint flexural strength

Optimum parameter Flexural Flexural strength  Error
strength actual predicted %
Joint configuration STJ 79.23 79.16 0.09
SiC filler 3wt.%
overlap length 25mm

The optimum parameters combination of the joint flexural strength were an STJ joint
configuration, 3wt.% of SiC nanoparticle filler, and 25 mm of an overlap length. The
predicted joint flexural strength was 79.16 and the actual flexural strength was 79.23. The
calculated percentage error was 0.09, which was less than 5%. Therefore, the observed error
was acceptable.

4.7.3 GRA for multi-response analysis of the adhesive joint strength

In this analysis, the joint mechanical properties (Joint tensile and flexural strengths) were
converted into single results using GRA analysis to obtain the optimal joint process
parameters. Joint tensile and flexural strengths need to be maximized, and hence larger the
better case was selected throughout the responses.

Response values and S/N ratios for all experimental results of the output responses( joint
tensile and joint flexural strength was) calculated and given in Table 4.40. The response

values were the data obtained after the experimentation of each sample.
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Table 4. 40 Response values and S/N ratios for all experimental results

Samples Experimental results Signal-to-noise ratios
TS FS TS FS

1 26.4540 55.74 9.3964 34.9239
2 28.4682 61.71 15.8198 35.8066
3 29.3344 67.96 18.7101 36.6446
4 27.3794 64.96 19.3976 36.2534
5 29.1172 70.59 21.0076 36.9749
6 28.7381 76.69 19.0945 37.6952
7 28.2660 66.76 17.1828 36.4899
8 29.3007 72.40 17.1104 37.1952
9 29.9506 79.23 18.5782 37.9782

The normalized values and deviation sequences were calculated using Eq.3.19 and 3.21
respectively using Excel software. Grey relational coefficient and grey relational grade were
calculated using Eq. 3.22 and 3.23 respectively. The values are given in Table 4.41. The
ranks were identified using Excel, based on the maximum GRG.

Table 4. 41 Determination of the normalized values, deviation sequence of normalized S/N
ratio, calculated GRC, GRG, and rank

Normalized Deviation Calculated GRC GRG Rank

% values sequence

% JTS JFS JTS JFS JTS JFS

{D 0 0 1 1 0.3333 0.3333 0.1667 9
2 05532 0.2890 0.4468 0.7110 0.5281 0.4129 0.2352 8
3 08021 0.5634 0.1979 0.4366 0.7165 0.5338 0.3126 6
4 08613 0.4353 0.1387 0.5647 0.7829 0.4696 0.3131 5
5 1 0.6715 0 0.3285 1 0.6035 0.4009 2
6 0.8352 0.9073 0.1648 0.0927 0.7521 0.8437 0.3990 3
7 0.6706 05127 0.3294 04873 0.6028 0.5064 0.2773 7
8 0.6644 0.7436 0.3356 0.2564 0.5983 0.6611 0.3149 4
9 0.7908 1 0.2092 0 0.7050 1 0.4262 1

4.7.4 Analysis of mean for GRG
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Table 4. 42 Response Table for a GRG (Larger is better)

Level Joint configuration  Filler wt.% Overlap length

1 0.2382 0.2524 0.2935
2 0.3710 0.3170 0.3249
3 0.3395 0.3793 0.3303
Delta 0.1328 0.1269 0.0368
Rank 1 2 3

The maximum effect on the mean from Table 4.42 was Joint configuration with a
0.1328 delta value ranked 1, Filler wt.% is ranked second with a 0.1269 delta value,

and Overlap length was ranked third with a 0.0368 delta value.

Opm = A2 + B3 + C3 - 2m =0.3710 + 0.3793 + 0.3303 — 2(0.3162) = 0.4482 is the actual
value. Where m is the average performance mean value for GRG (i.e.: m = 0.3162)

Main Effects Plot for Means
Data Means

Joint configuration Filler wt.%. Overlap length

Mean of Means

Figure 4. 20 The main effect plot for f GRG in the adhesive joint
4.7.5 Determining optimum condition for GRG of the composite adhesive joint
The optimum prediction condition for SNR in which, the GRG response result of the material
was obtained with the terms set was shown in Table 4.43. The selected optimum parameters

were A2B3C3.
Table 4. 43 The predicted optimal value of GRG

Factors Levels Values of Rank Predicted Values
levels S/N ratio mean

Joint conf. 2 SCJ 1 -6.26456 0.4481

SiC filler 3 3wt.% 2

overlap length 3 30mm 3
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Table 4. 44 Calculation of the percentage error value for GRG

Optimum parameter GRG actual GRG predicted Error %
Joint conf. SCJ 0.4482 0.4481 0.022
SiC filler 3 wt.%
overlap length 30mm

The calculated percentage error was 0.022, which was less than 5%. Therefore, the observed
error was acceptable. The utilized model was also valid.
4.7.6 Analysis of variance for GRG of the composite adhesive joint

Table 4. 45 Analysis of Variance for GRG (mean)

Source DOF SeqSS AdjSS Adj F- P- Cont.
MS value  value %
Joint conf. 2 0.0289 0.0289 0.0144 2490  0.039 51.08
Filler wt.%. 2 0.0242 0.0242 0.0121 20.81 0.046  42.69
Overlap length 2 0.0024 0.0024 0.0012 2.04 0329 4.8
Residual Error 2 0.0012 0.0012 0.0006 - - 2.05
Total 8 0.0566 - - - - 100

For the combined effects of responses, the joint configuration contributed 51.08 %, Filler
42.69 %, and overlap length 4.18 %. The joint configuration was highly influenced and filler
wt.% holds the second effect, an overlap length shared minimum effects. These results are
due to the high-stress distribution more evenly across the interface by joint configurations
and SiC filler, leading to enhanced joint strength. The obtained investigation was in line with
the work carried out earlier by (Hanumantharaya et al., 2019; Mottaghian & Taheri, 2023).
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Figure 4. 21 Normal probability plot for GRG
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The normal probability plot is given in Figure 4.21 and shows the data set closely follows
the normal distribution.

4.8 Confirmation test for joint strength

After determining the optimal process parameters and their respective levels, the next step
was to confirm if the predicted results disagreed with the experimental data. If the
combination of optimal process parameters level matches any experimental trial in the
orthogonal array, it will not be necessary to conduct a confirmation test. Unless it is
appropriate to do experimentation at that new level. In this study, the predicted optimal
process parameter combination was A2B3C3, and this predicted result did not coincide with
the experimental results of sample nine. Therefore, the confirmation tests were conducted
per optimal process parameters to confirm the standard quality for adhesively joined as
suggested by experimental results for each response. The response values obtained from
confirmation tests are a joint tensile strength of 32.63 MPa and a joint flexural strength of
90.15 MPa. Therefore, it can be concluded that the hybrid Taguchi and GRA combined gives
an excellent result in predicting the joint tensile and flexural strengths in the adhesive joining
of composite adherents fabricated from polyester resin matrix reinforced with sisal fiber, E-
glass, and SiC filler.

Table 4. 46 Confirmation experiments for an optimized parameter combination determined
by GRA

Exp. Input parameters Outputs

no. Joint Filler Overlap Tensile Flexural
configuration (wt.%) length (mm) strength (MPa) strength(MPa)
1 SCJ 3wt.%SiC 30 32.63 90.15

4.8.1 SEM analysis for the developed composite

SEM analysis was done for the selected best composite having good mechanical properties
after obtaining the result of GRA analysis for the developed composite. Therefore, samples
9, 6,5, 3, and 1 were selected for SEM analysis. The morphology analysis was undertaken
at a magnification of 20 um for samples 9,6,5 and 3, and 100 um for sample 1. The obtained
results are discussed in Figure 4.49 respectively. SEM analysis was employed to examine

the interfacial characteristics of the composite.
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Figure 4. 22 Image of SEM analysis.

As seen from the SEM images of the composite, Figure 4.22 (a), and (b) show the strong
bond, which indicated better interaction of fibers and matrix, as a result, the mechanical
properties were improved. Figure 4.22 (c) shows the voids and porosity in the laminate.
Figure 4.22 (d) shows the voids in the laminate. Figure 4.22 (e) shows the resin-rich area
and voids present in the laminate. In the resin-rich area, smoother surface cracking occurs.
The proposed hybrid composite represents an excellent bond between fibers, filler material,
and matrix when compared to composite with a minimum fibers as well as no fibers.
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CHAPTER-5

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

5.1.1 Composite fabrication, testing, and characterization

In this research paper, a hybrid polymer-based composite reinforced with sisal fiber, E-glass,
and SiC filler was fabricated. The mechanical properties including tensile strength, flexural
strength, impact strength, and Vickers hardness tests of the developed composites were
investigated as per ASTM standards. SEM analysis was also investigated. The weight
percentage of sisal fiber and E-glass fibers were optimized using Taguchi-based GRA. The
obtained results provide valuable insights into the performance of the hybrid composite
material, which can be useful for potential applications. Based on the accomplished
investigation of the composite and its outcome, the following conclusions were drawn.

1. A maximum tensile strength result of 42.13 MPa was achieved for sample 9. The
optimum SNR was achieved at A3B3. Therefore, the optimum fibers parameter
combination of tensile strength was 15 wt.%. of E-glass fiber and 15 wt.%. of sisal
fiber at level 3.

2. A maximum flexural strength result of 186.56 MPa was achieved for sample 6. The
optimum parameter values for flexural strength were sisal fiber at 10 wt.% in level 2
and E-glass fiber at 10 wt.% in level 3.

3. A maximum impact strength result of 24.75 MPa was achieved for sample 9. The
optimum parameter combination for SNR of impact strength was A3B3 with sisal
fiber at 15 wt.% and E-glass fiber at 15 wt.% in level 3.

4. A maximum impact strength result of 97.93 MPa was achieved for sample 9. These
optimum values for maximum Vickers hardness are sisal fiber at 15 wt.% and E-
glass fiber at 15 wt.%.

5. From GRA analysis, the optimal combination ratio of fibers was achieved using 15
wt.% of sisal fiber and 15 wt.% of E-glass fiber. Therefore, the performance of the
composites has been improved and a balancing effect is achieved by the
hybridization of natural and synthetic fibers within the polyester resin matrix, and
SiC.

6. Tensile strength, flexural strength, impact strength, and hardness were increased by

increasing the weight percentage of fibers and SiC filler particles.
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5.1.2 Composite adhesive bonding

Furthermore, the research focuses on optimizing the process parameters of the adhesive
joined composite developed from a polyester matrix reinforced with sisal fiber, E-glass fiber,
and SiC. The joint configuration, filler material (additive), and overlap length were
considered as the process parameters, and the Taguchi-based GRA method was employed
for the optimization process. Two-component araldite epoxy adhesives (Epoxy resin and
epoxy hardener) were reinforced with silicon carbide nanoparticles. The nanocomposite
adhesive was used to bond the composite material (adherends) developed from “a hybrid
polymer-based composite reinforced with sisal fiber, E-glass, and SiC filler”. The
introduction of nano silicon carbide to the aforementioned two-component araldite epoxy
adhesive led to an increase in the joint tensile and flexural strengths of the composite
adherends. Based on the completed investigation the following conclusions were drawn.

1. The joint tensile and flexural strengths increased gradually from 21.02 to 29.29 MPa
('with an increase of about 28.23 % ), and 55.74 to 67.96 MPa ( with an increase of
about 17.98 % ), respectively, by increasing the SiC contents from 0 to 3 wt.% and
an overlap length from 20 to 30mm for SLJ. These could be attributed to the effective
stress transfer that occurs between the araldite epoxy and the nanoparticles, which is
crucial in enhancing the adhesion properties of adhesive bonds.

2. The joint tensile and flexural strengths increased gradually from 23.38 to 27.35 MPa
(by 14.52 %), and 64.96 to 76.69 MPa ( by 15.30 % ), respectively, by increasing
the SiC contents from 0 to 3 wt.% and varying overlap length of 20, 25, and 30mm
with SCJ configuration.

3. Similarly, the joint tensile and flexural strengths enhanced from 25.90 to 31.44 ( by
17.6 %), and 66.76 to 79.23 ( by 15.74) respectively, by increasing the SiC contents
from 0 to 3 wt.% and varying overlap length of 20, 25, and 30mm with STJ
configuration.

4. The optimum process parameter values for maximum joint tensile strength are joint
configuration with STJ, SiC filler at 3 wt.%, and overlap length at 30mm. It was
obtained after testing based on the new level of the process parameters and 33.04
MPa of Tensile strength was achieved.

5. The optimal parameters for maximum joint flexural strength were joint configuration
with STJ, SiC filler at 3 wt.%, and overlap length at 25mm. A 79.23 MPa of joint

flexural strength was achieved.
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6.

The selected optimum process parameters for the composite joint strength obtained
after GRA was A2B3C3. These were the joint configuration at level 2, SiC filler at
level 3, and, overlap length at level 3. A 32.63 and 90.15 MPa of joint tensile and
flexural strengths were obtained from a confirmation experiment for an optimized
parameter combination determined by GRA. Therefore, SCT type joint
configuration, 3 wt.% of SiC additive/filler, and 30 mm of overlap lengths were the
optimum process parameters for effective adhesive joining of the adherends
fabricated from a hybrid polymer-based composite reinforced with sisal fiber, E-

glass, and SiC filler composite materials.

52 RECOMMENDATION

Based on the results and conclusions found in this study, the following recommendations

were provided.

1.

The addition of SiC filler with sisal and E-glass reinforcements has increased the
hardness of the developed composite and using this composite material in
applications requiring maximum hardness is recommended.

Sisal fiber has shown a potential effect in the hybridization with polyester, E-glass,
and SiC filler, and can be used to replace the conventional reinforcements for various
applications.

For an application requiring the maximum joint tensile strength, the joining
parameters such as a joint configuration with STJ, SiC filler at 3 wt.%, and overlap
length at 30mm are recommended.

Similarly, for an application requiring the maximum joint flexural strength, the
joining parameters such as a joint configuration with STJ, SiC filler at 3 wt.%, and
overlap length at 25mm are recommended.

The addition of SiC nanoparticles reinforces the adhesive matrix and increases the
joint tensile and flexural strengths of the adhesively bonded composite joint. These
are particularly beneficial in applications where high-strength bondings are required
including the marine industry, automotive industry, energy source, and construction

industry.
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5.3 FUTURE WORK

This research work opens up several possibilities for future work. Some potential directions

for future research include:

1.

Fabrication of the composite using other fabrication methods like resin transfer
molding.

Optimizing the process parameters considered in the research using other
optimization techniques such as a Genetic algorithm (GA) and artificial neural
network (ANN).

Assess the composite’s resistance to environmental factors such as moisture, UV
radiation, and temperature variation to ensure its suitability for real-world
application.

Expand the study to include a broader range of adhesive joining parameters and
optimize them. Consider the influence of factors such as adhesive type and the
addition of other bio-nano filler materials into adhesives on the strength and
reliability of the adhesive joints.

Explore the potential applications of the developed hybrid polymer composite in

specific industries, such as automotive, aerospace, construction, or marine.
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APPENDIXES

Appendix-A: Experimental results of mechanical properties

Experimental results for tensile testing of composite

Samples S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9
Tensile | Trial-1 | 8.72 | 22.64|31.60 | 21.5 |36.9 |41.7 |25.83|39.14 |45.75
strength | Trial-2 | 11.6 |28.8 |33.12 | 23.6 |34.7 |36.64 | 23.34 | 33.4 | 40.64
(MPa) | Trial-3 |9.85 |31.4 |34.6 |229 |37.7 |46.88|27.2 |38.78 | 40.00
Av.Tensile
strength(MPa) 10.06 | 27.61 | 33.11 | 22.67 | 36.43 | 41.74 | 25.46 | 37.11 | 42.13
Standard
deviation 145 1450 |150 |1.07 |155 |512 |196 |3.22 |3.15
Experimental results for flexural testing of composite
Samples S-1 |S-2 |S3 [|S4 |S5 S-6 S-7 | S-8 S-9
Flexural | Trial | 11.7 | 82.0 | 93.7 | 64.4 |162.0 | 1875 |99.6 |117.2 | 158.2
strength | -1 2 6 8 8 2 7 5 3 6
(MPa) Trial | 23.4|87.9 [ 99.6 |70.3 |164.1 183.4 93.7 | 1055 |164.1
-2 5 2 5 4 2 8 1 2
Trial | 41.0 | 58.6 | 98.4 165.2 82.0 |134.8
3 3 ) . 71.8 9 185.7 6 ) 152.4
Av.Flexural 254 176.2 | 973 |68.8 |163.8 | 1855 |91.8 | 119.1 | 158.2
strength(MPa) | O 0 0 7 1 6 3 9 6
ig‘/rl‘ggg‘:] 147|155 [ 310 387 |17 |21 |90 |148 |586
Experimental results for Impact strength of composite
Samples S-1 |S2 |S3 |S4 |S5 |S6 |S7 |S8 [S9
Impact | Trial-1 | 4.5 6.5 9.25 |10 11 125 185 |22 25.5
strength | Trial-2 | 5 7 115 (95 12 15 165 | 20 25
(KJ) Trial-3 | 4 6 10 9 115 |13 16 21 23.75
Av. Impact (J) 4.5 6.5 10.25 | 9.5 115 |135 |17 21 24.75
géf/rl‘ggg‘:] 05 |05 [115 |05 |05 [1.32 |132 |1 |09
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Experimental results for Vickers hardness testing of composite

Samples S-1 |S-2 S-3 S-4 S-5 S-6 S-7 S-8 |S-9
Vickers | Trial-1 | 514 |67.2 |73.1 |745 |834 |[856 |839 |845 |929
hardness | Trial-2 | 589 |695 |77.1 |89.2 |77.1 |91.1 |96.0 |904 |95.2
(MPa) Trial-3 | 546 |728 | 702 |731 |83.0 |964 |83.2 |94.8 |98.7
Av.hardness 58.3 |69.83|73.47 | 7893 |81.17 | 91.03 | 87.7 |89.9 |97.93
(HV)
gtar.‘d"’.‘rd 3.76 |2.81 [346 |892 |353 |540 |72 |517 [2.92
eviation
Experimental results for joint tensile strength testing of composite
Samples R-1 R-2 R-3 R-4 R-5 R-6 R-7 R-8 R-9
Tensile | Trial-1 | 20.92 | 26.04 | 29.87 | 23.96 | 29.67 | 25.66 | 25.64 | 30.48 | 30.35
strength | Trial-2 | 21.61 | 25.98 | 29.21 | 22.74 | 27.56 | 28.49 | 26.4 | 28.12 | 32.06
(MPa) Trial-3 | 20.54 | 27.51 | 28.79 | 23.46 | 28.47 | 27.89 | 25.66 | 28.93 | 31.92
Av.Tensile 21.02 | 26.51 | 29.29 | 23.38 | 28.57 | 27.35 | 25.90 | 29.18 | 31.44
strength(MPa)
Standard 054 (087 |054 |061 |106 |149 |043 |12 |0.95
deviation
Experimental results for joint flexural strength testing of composite
Samples R-1 R-2 |R-3 |R4 |R-5 R-6 R-7 R-8 R-9
Flexural | Trial 78.0 | 75.9
59.06 | 68.9 70.34 | 79.19 | 66.93 | 72.68 | 75.16
strength | -1 8 3
(MPa) Trial 56.7
) 60.93 . 644 |58.6 |71.28 | 72.05 | 67.57 | 73.23 | 76.42
Trial 59.4 | 61.3 |60.3
47.24 70.15 | 78.84 | 65.77 | 71.3 86.12
-3 5 9 6
Av.Flexural 61.7 | 679 |64.9
strength(MPa) 55.74 |1 6 6 70.59 | 76.69 | 66.76 | 72.40 | 79.23
Standard 742 |637 |889 |954 |061 [403 |091 |0.99 |6.0
deviation
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APPENDIX -B: Stress-elongation table and diagram

Stress — elongation table: Sample 9:trial 2

No. |5 [N/mn?] [E [2] =
0 | 0.00 |
1 |oss 0.00
2 |o.o0 0.00
3 |1.04 0.00
4 |016 0.02
5 |0.16 0.25
6 |0.96 0.60
7 |136 0.82
g8 |128 1.02
8 [112 125
10 |0.96 1.76
11 |080 194
12 |024 210
113|088 225
14 |2.40 243
15 |4.00 264
16 2R 2 R4 hd

Stress-elongation-table .

Ok

Print

i Cancel :

Stress-elongation-table .

Ho. |5 [N/mne] [E [2] =
17 656 305
18 |7.60 326
19 |7.60 348
20 |10.48 369
21 |12.40 3.90
22 |14.40 41
23 |16.48 432
24 |18.48 432
25 |20.80 478
26 |23.28 4.97
27 |26.00 519
28 |29.12 5.40
29 |32.48 5.62
30 |36.24 5.83
3 |40.64 609 |
32 |24.08 6.52
33 1336 b K1 =

0K

Print

Cancel

Stress (N/mm? )— elongation (%) diagram: Sample 9:trial 2

Stress-elongation-diagram .

1] 4

Print

Test report

LCancel

[N /]
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APPENDIX-C: Flexural bending test results
Flexural bending test loading for the composite and adhesive joint respectively

w. Flectional strength H w Flectional strength u

Flexural bending test for optimal parameters of the adhesive joint after confirmation test

w. Flectional strength H

01
&
N S

Test report

Lancel
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APPENDIX -D: Vickers hardness results
The result and image of vickers hardness for sample 6 and 9 respectively

Mi 0
Data[d)
1= 600, d2= an20

[7]d2 = d1 (Always)
Hardness(H)

HV =

Conversion Values
HV[Vickers) = ‘ NA
Add data to report
0.0 ) mm [ Add

7] Capture image with objects and grid lines

| Measurement | Report |

Measuremd ent Settings
Type | Vickers
Weight 10 - [kt

StdVal. | Define Std. ] :::‘ :
Data(d)
@ PITT—y w230
142 = d1 (Aways)
Hardness(H)

Add data o report
00 o | g |

Capture image with objects and grid lines.
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