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Kevlar 29 is the most widely used body armor material, since it possesses
higher impact resistance compared to other man-made synthetic fibers, such
as carbon, glass, etc. Even though Kevlar fabric provides an acceptable
range of protection, it is not biodegradable and its manufacturing process is
very harmful to the environment. This research has focused on evaluating the
effect of hybridizing natural fiber with Kevlar 29 and the influence of adding
GNP (Graphene nanoplatelets) on the mechanical, moisture diffusion,
morphological, structural, ballistic performance, thermal degradation and
viscoelastic properties of laminated composites. Through AHP (Analytical
hierarchy process) method, naturally woven novel Cocos nucifera sheath
(CS) was identified as a potential natural fiber to be hybridized with Kevlar for
body armour applications. Laminated composites were fabricated by
incorporating Kevlar and Cocos nucifera sheath layers in the epoxy matrix
through hand lay-up method followed by hot pressing. GNP were added with
epoxy through ultrasonication process. The mechanical, ballistic,
thermogravimetric and dynamic mechanical testing’s were performed as per
international standards. The mechanical and moisture diffusion properties
analysis revealed that the hybrid Kevlar/CS (75/25) composites exhibited
better mechanical and moisture resistance behavior among the hybrid
composites. Moreover, addition of GNP improved the tensile, flexural, impact
and interlaminar shear properties of laminated composites. However, optimal
wt. % of GNP varies with different laminates. Moisture diffusion analysis
showed that the laminates with 0.25wt % of GNP content efficiently hinder
water uptake by closing all the unoccupied pores inside the laminate.
Morphological investigations (SEM and FESEM) have proven that addition of
GNP improved the interfacial adhesion and dispersion. Structural (XRD and



FTIR) analysis reveals that at 0.25wt% of GNP, all the hybrid composites
have shown better crystallinity index and the functional groups presents in the
GNP can form a strong interactions with the fibers and matrix. The obtained
ballistic results revealed that hybrid composites and CS/epoxy composite
panels exhibited similar energy absorption and ballistic limit compared to
Kevlar/epoxy composites due to CS’s chemical composition, architecture,
and unique shock wave dissipation mechanism. Moreover, addition of GNP
improved the energy absorption by 8.5% (nine plies) and 12.88% (12 plies)
and the ballistic limit by 4.28% (nine plies) and 6.17% (12 plies), respectively
of Kevlar/epoxy/GNP composites at 0.25 wt. %. However, hybrid
Kevlar/CS/epoxy/GNP  composites and CS/epoxy/GNP laminated
composites didn’t show significant improvement after adding GNP. The
obtained TGA results showed that Kevlar/CS (75/25) hybrid composites
exhibited comparable thermal stability with Kevlar/epoxy composites.
Differential scanning calorimetry (DSC) results revealed that hybrid
composite offers a virtuous resistance or stability towards heat in the epoxy
composites. Viscoelastic analysis results showed that the storage modulus
(E’) and loss modulus (E”) of Kevlar/CS (75/25) hybrid composites were
higher among the laminates due to improved interfacial interactions and
effective stress transfer rate. Also, inclusion of GNP enhanced the thermal
stability and viscoelastic properties of hybrid composites due to effective
crosslinking which improves the stress transfer rate. Hence, this new eco-
friendly material (Cocos nucifera sheath) will efficiently replace Kevlar fabric
in the protective applications.
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Kevlar 29 paling banyak digunakan sebagai bahan perisai badan kerana
ianya mempunyai rintangan hentaman yang lebih tinggi berbanding serat
sintetik buatan manusia yang lain, seperti karbon, kaca, dan sebagainya.
Walaupun kain Kevlar menyediakan perlindungan yang tinggi, namun ianya
tidak boleh biodegradasi dan proses pembuatannya sangat berbahaya
kepada alam sekitar. Kajian ini menumpukan kepada penilaian kesan serat
semulajadi hibridisasi dengan Kevlar 29 dan pengaruh penambahan GNP
(Graphene nanoplatelets) kepada sifat-sifat mekanik, penyebaran
kelembapan, morfologi, struktur, prestasi balistik, kemerosotan terma dan
sifat viskoelastik komposit berlapis. Melalui kaedah AHP (proses hirarki
analisis), novel semulajadi Cocos nucifera sarung (CS) telah dikenalpasti
sebagai serat asli yang berpotensi untuk dikombrinasi dengan Kevlar untuk
aplikasi perisai badan. Komposit berlapis telah difabrikasi dengan
menggabungkan lapisan sarung Kevlar dan Cocos nucifera dalam matrik
epoksi melalui kaedah layangan tangan diikuti dengan penekan panas. GNP
ditambah dengan epoksi melalui proses ultrasonication. Ujian mekanikal,
balistik, termogravimetrik dan dinamik telah dijalankan berdasarkan piawaian
antarabangsa. Analisis sifat penyebaran mekanikal dan kelembapan
mendedahkan bahawa komposit Kevlar / CS (75/25) hibrid menunjukkan
kelakuan rintangan mekanikal dan kelembapan yang lebih baik dibandingkan
dengan komposit hibrid yang lain. Selain itu, penambahan GNP telah
meningkatkan sifat ricih, lentur, kesan dan sifat geseran interlaminar
komposit berlapis. Walau bagaimanapun, berat optimum wt % daripada GNP
berbeza dengan laminates yang berlainan. Analisis penyembaran lembapan
menunjukkan bahawa laminates dengan 0.25wt% kandungan GNP cekap
menghalang penyerapan air dengan menutup semua liang kosong di dalam
lamina. Penyiasatan morfologi (SEM dan FESEM) telah membuktikan
bahawa penambahan GNP meningkatkan penyebaran dan lekatan antara
muka. Analisis struktur (XRD dan FTIR) mendedahkan bahawa pada
0.25wt% GNP, semua komposit hibrid telah menunjukkan indeks crystallinity



yang lebih baik dan kumpulan-kumpulan fungsi yang dibentangkan dalam
GNP boleh membentuk interaksi yang kuat dengan serat dan matriks.
Keputusan balistik yang diperolehi menunjukkan bahawa komposit hibrid dan
panel komposit CS / epoksi mempamerkan penyerapan tenaga yang sama
dan had balistik berbanding dengan komposit Kevlar / epoksi kerana
komposisi kimia, seni bina, dan mekanisme penyebaran gelombang kejutan
yang unik. Tambahan pula, penambahan GNP telah meningkatkan
penyerapan tenaga sebanyak 8.5% (sembilan lapisan) dan 12.88% (12
lapisan) dan had balistik sebanyak 4.28% (sembilan lapisan) dan 6.17% (12
lapisan), masing-masing komposit Kevlar / epoxy / GNP pada 0.25 wt. %.
Walau bagaimanapun, komposit Kevlar / CS / epoxy / GNP hibrid dan
komposit CS / epoxy / GNP berlapis tidak menunjukkan peningkatan yang
ketara selepas penambahan GNP. Hasil TGA yang diperoleh menunjukkan
bahawa komposit hibrid Kevlar / CS (75/25) mempamerkan kestabilan haba
setanding dengan komposit Kevlar / epoksi. Hasil pengoksidaan kalori (DSC)
yang berbeza menunjukkan bahawa komposit hibrid menawarkan rintangan
yang baik atau kestabilan terhadap haba dalam komposit epoksi. Hasil
analisis Viscoelastic menunjukkan bahawa modulus penyimpanan (E') dan
modulus kehilangan (E") daripada komposit hibrid Kevlar / CS (75/25) lebih
tinggi di antara laminates disebabkan oleh interaksi antara muka yang lebih
baik dan kadar pemindahan tekanan yang berkesan. Selain itu, kemasukan
GNP meningkatkan kestabilan terma dan sifat viskoelastik komposit hibrid
disebabkan oleh persilangan yang berkesan yang dapat meningkatkan kadar
pemindahan tegasan. Oleh itu, bahan mesra alam yang baru (sarung Cocos
nucifera) akan menggantikan kain Kevlar dengan berkesan dalam aplikasi
perlindungan.
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CHAPTER 1

INTRODUCTION

1.1 Background

The ever-burgeoning need for humanity to produce lighter, tougher and cost
effective material has led to the development of composites. In particular, fiber
reinforced polymer (FRP) composites have been introduced in 1960’s due to the
limitations of conventional metallic materials (Bajaj, 1997) . Ever since its
creation, composites have found themselves to be ubiquitous. FRP composites
have been predominantly used in aerospace, automobile, defence, construction
and in marine sectors due to its superior mechanical, ballistic, thermal,
viscoelastic and non-corrosive behaviour (Sanjay et al., 2018; Shah, Schubel,
& Clifford, 2013; J. Zhang, Ju, Jiang, & Peng, 2013).

High performance aramid fibers (Kevlar 29) are widely used as a reinforcement
in the polymer matrix for ballistic applications such as bullet proof helmets, body
armour vest, and other armor systems. Personal body armor could be classified
into soft armor and hard armor. Soft body armor contains multiple layers of
fabrics up to 50 layers (A. Hani, Roslan, Mariatti, & Maziah, 2012) . On the other
hand, hard body armors are generally made up of multi layered structures.
Ballistic impact produces shock waves which may cause severe trauma injuries
to the soldiers. Kevlar fabric based protection system, what defense industries
are using now provides acceptable range of protection to the soldiers. However,
disposal of Kevlar releases enormous amount of carbon dioxide into the
atmosphere. Moreover, it affects the eco system and pollutes the environment.

On the other hand, aramid fabrics are costlier. Hence, it is imperative to find an
alternative material to Kevlar fabric (P. Liu & Strano, 2016; Wambua, Ivens, &
Verpoest, 2003). Due to the awareness towards eco-friendly materials,
researchers have devoted their work to develop sustainable materials which are
biodegradable and creates no environmental issues. The utilization of natural
fibers have been encouraged by “end of life” regulation in Europe and Asia
(Holbery & Houston, 2006). The main advantages of using natural fibers are low
density, non-abrasive, non-corrosive, inherent biodegradability, low cost, higher
specific strength and stiffness, easily available and recyclable (M Jawaid, Khalil,
& Bakar, 2011). Despite its merits, major impediments of using natural fibers are
hydrophilic nature, limited thermal stability and poor adhesion with adjacent
counterparts (Espert, Vilaplana, & Karlsson, 2004; L. Pothan, Cherian,
Anandakutty, & Thomas, 2007).

Hybrid composites contains more than two discontinuous or continues phases.
The main advantage of hybrid composites relies on the fact that the benefit of



one type of fiber could surpass the limitations of the other fiber (Costa, Fonseca,
Serra, & Coelho, 2016; Md Shah, Sultan, & Jawaid, 2019). Hybridizing natural
and synthetic fibers will provide superior properties for advanced application.
Moreover, it reduces the usage of synthetic fiber in polymeric composites (Joshi,
Drzal, Mohanty, & Arora, 2004).

Due to the advancement in nanotechnology, modifying a polymer matrix with
nano fillers has become an interesting approach to improve the properties of
FRP composites (Umboh, Adachi, Oishi, Higuchi, & Major, 2013). Many
researchers have evaluated the effect of adding different nano fillers (graphene,
carbon nano tube, nano clay, etc.) ranging from 0.01 to 5 wt. % on the
mechanical properties of nano composites. The addition of nano fillers
significantly  improved the mechanical properties of polymeric
composites(Schilde, Schliémann, Overbeck, Linke, & Kwade, 2015; Zaman et
al., 2011). In particular, graphene nanoplatelets (GNP) has been considered as
an efficient nano filler in the polymeric composites due to its higher mechanical
strength, thermal and chemical stability (Ahmadi-Moghadam, Sharafimasooleh,
Shadlou, & Taheri, 2015; G. Zhang, Wang, Dai, & Huang, 2016). Moreover, it is
abundantly available and cost effective. Due to the higher specific surface area,
GNP could enhance the stress transfer rate. At an optimal loading condition,
GNP filled polymeric composites have shown superior mechanical and thermal
properties (Hossain, Chowdhury, & Bolden, 2016). Hybridizing natural and
synthetic materials together with nanofiller modified epoxy composites has
become an interesting and innovative research approach to achieve higher
mechanical, ballistic and thermal properties for advanced structural applications.

In this research, the potential of using natural fiber as an alternative to man-
made aramid fiber (Kevlar) through hybridization was explored for body armour
applications. This research work focussed on selecting the most suitable natural
fiber to be hybridized with Kevlar fabric using analytical hierarchy process (AHP)
and fabrication of hybrid Kevlar/natural fiber reinforced GNP modified epoxy
composites with different laminate configuration by hand lay-up method followed
by hot pressing. Then, evaluating the effect of hybridizing natural fiber with
Kevlar and the influence of adding GNP on the mechanical, moisture absorption,
morphological, structural, ballistic, thermal and dynamic mechanical properties
of laminated composites.

1.2 Problem Statements

Synthetic fiber reinforced polymeric composites offer many advantages such as
higher specific strength, stiffness, corrosion resistance and enhanced fatigue
properties compared to conventional metallic materials. Kevlar fiber based
polymeric composites are widely used in ballistic applications due to its ability to
resist high kinetic energy projectiles. Even though these aramid fibre composites
having higher specific strength, impact strength and corrosion resistance most
of the fibres are manufactured from petroleum based resources (P. Liu & Strano,
2016) . Depletion of petroleum based resources urges the researchers to find a



sustainable replacement. Moreover, disposal of Kevlar releases enormous
amount of carbon dioxide which pollutes the environment (Wambua et al., 2003).
Hence, it is imperative to find an alternate material to man-made Kevlar fabric
for armour applications. In addition, usage of Kevlar fabric increases the overall
fabrication and product cost (Joshi et al., 2004).

Currently, natural fiber reinforced polymer composites are efficiently employed
in automotive (Holbery & Houston, 2006), packaging (Chaudhary, Borkar, &
Mantha, 2010), insulation (X.-y. Zhou, Zheng, Li, & Lu, 2010), sound absorbing
panels (Fouladi, Nor, Ayub, & Leman, 2010) and in construction sectors (Ali,
Liu, Sou, & Chouw, 2012) . The possibility of utilizing natural fibers for ballistic
applications were explored (Benzait & Trabzon, 2018a). It has been found that
plant fibers or natural fibers can act as an alternative and sustainable
replacement to synthetic fibers. The merits of using plant fibers encouraged
many researchers to utilize natural fiber for ballistic applications (Wambua,
Vangrimde, Lomov, & Verpoest, 2007). Fibers extracted from natural resources
are eco friendly and biodegradable. Also, natural fibers are abundantly available,
inexpensive,light weight,non abrasive and holds higher specific strength and
stiffness (Joshi et al., 2004). Derspite its advantages,the limitatios of using
natural fibers are are moisture absorption, limited thermal stability and poor
adhesion with adjacent counterparts (Espert et al., 2004; L. Pothan et al., 2007).

FRP composites for high velocity impact or ballistic applications require high
specific strength and stiffness,impact resistance,crack resistance and low
density. Interestingly, the requirements of ballistic composites differ from other
structural laminated composites. Higher fiber/matrix adhesion may decline the
ballistic behaviour (Schuster, 1970). However, in case of structural laminated
composites improved interfacial properties are essential to achieve higher
mechanical properties. The properties of ballistic composites includes moderate
fiber/matrix adhesion, higher fiber loading, moderate fiber impregnation and
voids (Cheeseman & Bogetti, 2003; Yahaya, Sapuan, Jawaid, Leman, &
Zainudin, 2016c¢).

Hence, hybridization of Cocos nucifera sheath (CS) and Kevlar in nano filler
(GNP) modified epoxy matrix will provide superior properties. Also, the benefits
of multi scale filler reinforced hybrid polymeric composites relies on the fact that
the advantage of one type of constituent could surpass the limitations of another
constituent of hybrid composites (Costa et al., 2016). Also, hybrid Cocos nucifera
sheath/Kevlar composites will reduce the utilization of Kevlar fabric in the
polymeric composites for ballistic applications. Hence, this research has been
dedicated to reduce the man-made petroleum resource based Kevlar fabric with
Cocos nucifera sheath in the GNP modified epoxy composites by evaluating the
mechanical, moisture absorption, morphological, structural, ballistic, thermal and
dynamic mechanical properties

1.3 Objectives



1. Analysing the design criteria for body armour and selection of a suitable
natural fiber to be hybridized with Kevlar fabric.

2. Examining the effect of hybridizing Cocos nucifera sheath and the
influence of adding GNP on the Mechanical (tensile, flexural, impact,
interlaminar shear stress) moisture diffusion, morphological and
structural behaviour of Kevlar / Cocos nucifera sheath hybrid
composites.

3. Investigating the effect of hybridizing Cocos nucifera sheath and the
effect of adding GNP on the ballistic performance of Kevlar/ Cocos
nucifera sheath hybrid composites.

4. Analysing the effect of hybridizing Cocos nucifera sheath and GNP on
the thermal and dynamic mechanical properties of Kevlar / Cocos
nucifera sheath hybrid composites.

1.4 Significance of this study

Now a days, due to eco legislation and environmental pollution many
researchers have focused on reducing the utilization of petroleum based
materials and products. This goal have motivated the researchers to identify a
promising natural materials which are eco friendly and cost effective. Natural
fibers have become an efficient alternative to synthetic fibers in
automobile,aircraft,defense and in marine sectors due to its high strength to
weight ratio, inherent biodegradability and low cost.

Only few studies have reported the utilization of natural fibers in the defense
sectors . In particular, for body armour application.The most important properties
to be considered while designing a body armour materials are
mechanical,ballistic and thermal properties. It is well known that the synthetic
fiber holds superior properties compared to natural fibers. However, hybridizing
natural and synthetic fibers will combine the advantage of both natural and
synthetic materials and results in superior properties.

On the other hand, nano filler modified epoxy composites in the FRP composites
has become an intresting research approach to improve the mechanical, ballistic
and thermal properties of the composites. Hence, hybridizing Kevlar and Cocos
nucifera sheath in the GNP modified epoxy composites will improve the
performance of the composites and reduce the utilization of Kevlar. It is expected
that ,this research will open new avenues in the ballistic materials research for
armour applications.

1.5 Scope of this study

The scope of the current research work has been limited to experimental
evaluation of mechanical ,ballistic and thermal properties of natural/Kevlar fabric
reinforced GNP modified epoxy composites for body armour applications. Prior
to experimentations the natural fiber to be hybridized with Kevlar was selected
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by using analaytical hierarchy process. The materials utilized for this study were
limited to Kevlar 29, Cocos nucifera sheath, graphene nanoplatelets and epoxy
resin. The laminated composites were fabricated through handlay-up method
followed by hot pressing. The influence of adding different wt % of Cocos
nucifera sheath and GNP on the mechanical properties (tensile, flexural, impact
and interlaminar shear stress), morphological, water uptake behaviour, ballistic
performance, thermal degradation and viscoelastic properties of laminated
composites were evaluated .

1.6 Thesis outline

This thesis has been structured into 12 chapters according to alternative thesis
format of Universiti Putra Malaysia (UPM) based on the publications on which
each chapter (4-11) contains its introduction, materials, methods, results,
discussions and conclusions. Brief description of each chapter has been
addressed in the following section.

Chapter 1

This chapter provides information about the background of this study, problem
statements, objectives, scope and significance of the study with thesis outline.

Chapter 2

This chapter presents a detailed and comprehensive literature review of natural
fiber composites, hybrid synthetic/natural fiber composites, nano filler modified
polymer composites and its mechanical properties, ballistic performance in
terms of energy absorptions & ballistic limit, thermal degradation and dynamic
mechanical properties.

Chapter 3

Chapter 3 addresses the detailed description of materials, methodology and
characterization of this study.

Chapter 4 (Objective 1: Article 1)

This chapter deals with the first objective supported by the first research article
entitled “Selection of natural fiber for hybrid Kevlar/natural fiber reinforced
polymer composites for personal body armor by using analytical hierarchy
process”. This research work focused on selection of best candidate natural fiber
from 14 alternatives by using analytical hierarchy process (AHP) and sensitivity
analysis based on the personal body armour design requirements. From the



analysis, naturally woven novel Cocos nucifera sheath (CS) has been chosen
as a potential candidate natural fiber.

Chapter 5 (Objective 2: Article 2)

This chapter presents the second objective supported by the second research
article entitled “Mechanical and moisture diffusion behaviour of hybrid
Kevlar/Cocos nucifera sheath reinforced epoxy composites”. This study
investigated the effect of hybridizing CS with Kevlar fabric on the tensile, flexural,
impact and moisture absorption behaviour of hybrid composites.

Chapter 6 (Objective 2: Article 3)

This chapter deals with the second objective supported by the third research
article entitled “Improved mechanical and moisture resistant properties of woven
hybrid epoxy composites by graphene nanoplatelets (GNP)”. This research
evaluated the effect of adding GNP on the tensile, flexural, impact and moisture
absorption behaviour of Kevlar/epoxy, hybrid Kevlar/CS and CS/epoxy
composites.

Chapter 7 (Objective 2: Article 4)

This chapter addresses the second objective supported by the fourth research
article entitled “Improved interlaminar shear behaviour of a new hybrid
Kevlar/Cocos nucifera sheath composites with graphene nanoplatelets modified
epoxy matrix”. This research investigated the effect of hybridizing Kevlar/Cocos
nucifera sheath and the effect of adding different wt. % of Graphene
nanoplatelets (GNP) on the interlaminar shear behaviour of laminated
composites.

Chapter 8 (Objective 3: Article 5)

This chapter presents the third objective supported by the fifth research article
entitled “Evaluation of ballistic performance of hybrid Kevlar/Cocos nucifera
sheath reinforced epoxy composites”. This research analysed the effect of
hybridizing CS on the ballistic performance in terms of energy absorption and
ballistic limit of Kevlar/epoxy laminated composites.

Chapter 9 (Objective 3: Article 6)

This chapter deals with the third objective supported by the sixth research article
entitled “Effect of graphene nanoplatelets on the ballistic performance of hybrid
Kevlar/Cocos nucifera sheath-reinforced epoxy composites”. This research
evaluated the effect of adding different wt% of GNP on the ballistic performance
of Kevlar/epoxy, hybrid Kevlar/CS and CS/epoxy composites.



Chapter 10 (Objective 4: Article 7)

This chapter presents the fourth objective supported by the seventh research
article entitled “Thermal degradation and viscoelastic properties of Kevlar/Cocos
nucifera sheath reinforced epoxy hybrid composites”. This study investigated the
effect of adding different wt% of CS on the dynamic mechanical and thermal
properties of Kevlar/epoxy composites at elevated temperature.

Chapter 11 (Objective 4: Article 8)

This chapter addresses the fourth objective supported by the eighth research
article entitled “Enhanced thermal and dynamic mechanical properties of
synthetic/natural hybrid composites with graphene nanoplateletes”. The aim of
this research work is to enhance the thermal and dynamic mechanical properties
of Kevlar/Cocos nucifera sheath (CS) /epoxy composites with graphene nano
platelets (GNP).

Chapter 12

This chapter addresses the conclusions from the individual articles and overall
conclusions & future recommendations.
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