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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in
fulfilment for the degree of Doctor of Philosophy

CHARACTERIZATION OF CYRTOSTACHYS RENDA / KENAF (Hibiscus
cannabinus L.) / MULTI-WALLED CARBON NANOTUBES / BIO-PHENOLIC
HYBRID COMPOSITES FOR AIRCRAFT TRAY TABLES

By

TAMIL MOLI A/P LOGANATHAN

October 2021

Chair : Mohamed Thariq Hameed Sultan, PhD, PEng, CEng, PTech
Faculty: Engineering

Aircraft utilize carbon fiber, glass fiber, and aramid fibers reinforced for structural
parts. Their waste management has far-reaching environmental implications.
This has reignited interest in green biodegradable sources. From the
experimental results, leaf stalk of Cyrtostachys renda (CR) was identified as a
potential reinforcement in comparison to Ptychosperma macarthurii (PM) fibers,
in the polymeric composites for lightweight applications. Experimental was
based on a few parameters of NaOH treatment found that 3 wt.% NaOH for an
hour yields ideal effects on the CR fiber properties. The composites were
prepared using a hot press machine. Mechanical, physical and flammability
properties of CR fiber as reinforcement in bio-phenolic composites were
analysed. Composites with 3 wt.% of NaOH CR fiber length in the ranges of 1.18-
0.6, 0.6-0.3 and less than 0.3 mm in 20 wt.% and 40 wt.% were prepared and
found that, composite containing 40 wt.% fiber of length less than 0.3 mm has
the highest tensile and flexural strengths. The evaluation of the influence of CR
fiber and the effects of multi-walled carbon nanotubes (MWCNT) on the
morphology, thermal, mechanical, and flammability properties of bio-phenolic
composites was performed. The presence of MWCNT in phenolic, enhanced the
flexural, tensile and impact strength as much as 6.5%, 20% and 8.7%
respectively compared to pristine phenolic. The addition of CR fiber, however,
strengthened MWCNT filled phenolic composites, by improving the flexural,
tensile and impact strength by as much as 16.7%, 45 %, and 194 %, respectively.
Mechanical, thermal and flammability were performed on the effect of
hybridization different hybrid Cytostachys Renda (CR) / kenaf fiber (K) (10C:0K,
7C:3K, 5C:5K, 3C:7K, 0C:10K) reinforced 0.5 wt.% MWCNT filled phenolic
composites. The highest tensile and flexural properties was found for weight
fraction of CR and kenaf fiber at 5C:5K (44.96 MPa) and 3C:7K (90.89 MPa)
composites respectively, while the highest impact properties were obtained for
0C:10K composites (10.26 kdJ/m2). The TGA, DTG and DSC results revealed
that, 7C:3K composite revealed as the most thermal stability hybrid composites



of CR and kenaf fiber. The highest time to ignition (TTI) and fire performance
index (FPI), the lowest total heat release (THR) and average mass loss rate
(MLRAVG), with the lowest fire growth rate index (FIGRA) and maximum
average rate of heat emission (MARHE) index, 3C:7K composite shows the best
fire-retardant performance. The Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS) approach considered 3C:7K composite to be the most
desirable for use as a hybrid CR/kenaf fiber modified phenolic composite. A free
fall drop test was performed to analyse the performance of the aircraft tray table.
Non-destructive testing such as visual examination, dye penetration, Digital
Detector Array (DDA), and Computed Tomography (CT-scan) method were
carried out to investigate the damage mechanism and crack length. From the
results it was observed that, as the impact energy increased from 1.50 J to 3.0
J, the crack length increased. There are 3-15% difference in crack sizing
between dye penetration and DDA, indicating that DDA is more accurate. The
research findings provision that hybridization of CR fiber and kenaf / MWCNT /
phenolic composites has the potential to be used as green and biodegradable
composites for interior components of the aviation sector, particularly tray table
applications.

Keywords: Cyrtostachys renda; MWCNT; Phenolic; Mechanical, Thermal and
Flammability properties
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Pesawat menggunakan serat karbon, gentian kaca, dan serat diperkuat aramid
untuk bahagian strukturnya. Pengurusan sisa buangan tersebut memberikan
implikasi terhadap keadaan persekitaran. Ini telah mencetuskan semula minat
terhadap sumber biodegrasi hijau. Hasil daripada keputusan eksperimen
mendapati bahawa tangkai daun Cyrtostachys renda (CR) berpontensi sebagai
penguat berbanding dengan serat Ptychosperma macarthurii (PM) dalam
komposit polimer yang boleh diaplikasikan pada bahagian struktur ringan.
Berdasarkan eksperimen, terhadap beberapa parameter rawatan NaOH selama
satu jam mendapati bahawa 3 wt.% NaOH boleh menghasilkan kesan yang ideal
terhadap sifat serat CR. Komposit disediakan menggunakan mesin penekan
panas. Analisa terhadap sifat mekanikal, fizikal dan kemudahbakaran serat CR
sebagai pengukuhan dalam komposit bio-fenolik telah dilaksanakan. Bahan
komposit yang dirawat dengan 3 wt.% NaOH CR dengan panjang gentian
diantara julat 1.18-0.6, 0.6-0.3 dan kurang daripada 0.3 mm dalam 20 wt.% dan
40 wt.% telah disediakan dan didapati bahawa komposit yang mengandungi 40
wt.% dan panjang serat yang kurang daripada 0.3 mm menghasilkan daya
tegangan dan lenturan tertinggi. Penilaian terhadap pengaruh serat CR dan
kesan nanotiub karbon berdinding lapisan (MWCNT) terhadap sifat morfologi,
haba, mekanikal dan sifat kemudahbakaran komposit bio-fenolik telah
dijalankan. Kehadiran MWCNT didalam komposit fenolik telah meningkatkan
daya tegangan, lenturan dan kekuatan hentaman masing-masing sebanyak
6.5%, 20% dan 8.7% dibandingkan dengan fenolik tulen. Tambahan pula,
penambahan serat CR juga telah mengukuhkan kekuatan komposit fenolik diisi
MWCNT dengan menambahbaik kekuatan lenturan, daya tegangan, dan
kekuatan hentaman masing-masing sebanyak 16.7%, 45% dan 194%. Kaedah
pengujian mekanikal, suhu dan kemudahbakaran telah dilaksanakan terhadap
hibrid yang berlainan iaitu Cystostachys Renda (CR)/ serat kenaf (K) (10C:0K,
7C:3K, 5C:5K, 3C:7K, 0C:10K) diperkuat dengan komposit fenolik yang
diubahsuai 0.5 wt% MWCNT. Sifat tegangan dan lenturan yang tertinggi



diperolehi bagi pecahan berat CR dan serat kenaf masing-masing pada 5C: 5K
(44.96 MPa) dan 3C:7K (90.89 MPa), manakala kekuatan hentaman yang
tertinggi diperolehi pada komposit 0C:10K (10.26 kdJ/m2). Hasil keputusan TGA,
DTG dan DSC menunjukkan bahawa komposit 7C:3K memberikan kestabilan
tertinggi termal terhadap komposit hibrid CR dan serat kenaf. Masa yang paling
tinggi untuk pencucuhan (TTl) dan indeks prestasi api (FPI), jumlah
pembebasan haba yang paling rendah (THR) dan kadar pengurangan jisim
purata (MLRAVG), dengan kadar indeks pertumbuhan api paling rendah
(FIGRA) dan kadar indeks purata maksimum pelepasan haba (MARHE)
menunjukkan komposit 3C:7K memberikan prestasi tahan api yang terbaik.
Melalui pendekatan Teknik untuk Keutamaan Pesanan Persamaan Dengan
Penyelesaian Ideal (TOPSIS) menunjukkan komposit 3C:7K adalah yang paling
wajar untuk digunakan sebagai hibrid CR / serat kenaf diubahsuai komposit
fenolik. Kaedah ujian jatuh bebas dilakukan bagi menganalisa prestasi prototaip
meja dulang pesawat. Ujian tanpa musnah seperti kaedah pemeriksaan visual,
penembusan pewarna, Array Pengesan Digital (DDA), dan Tomografi (CT-scan)
telah dilaksanakan bagi menilai kemusnahan dan kesan rekahan. Hasil daripada
keputusan kajian ini menunjukkan bahawa apabila tenaga hentaman meningkat
dari 1.50 J kepada 3.0 J maka kesan rekahan turut meningkat. Terdapat
perbezaan diantara 3-15% terhadap ukuran kesan rekahan diantara
penggunaan kaedah penembusan pewarna dan DDA, menunjukkan bahawa
kaedah DDA adalah lebih tepat. Hasil kajian menunjukkan bahawa hibridisasi
serat CR dan kenaf / MWCNT/ fenolik yang diperkuat kenaf berpotensi
digunakan sebagai komposit hijau yang mempunyai sifat biodegradasi untuk
komponen dalaman sektor penerbangan, terutama pada aplikasi meja dulang.

Kata kunci: Cyrtostachys renda; MWCNT; Fenolik; Sifat Mekanikal, Termal dan
Kemudahbakaran
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CHAPTER1

INTRODUCTION

11 Background

For over 3000 years, lignocellulosic fibers are used as reinforcing in polymeric.
In 1908, researchers began investigating fiber reinforced polymeric composites,
and cotton was the first reinforced polymer composite to be used in aircraft radar
(Mohit & Arul Mozhi Selvan, 2018). Lignocellulosic fiber once again has received
increasing research attention since the European Union legislation was
introduced in 2006 (Pegas, Carvalho, Salman, & Leite, 2018). This stringent
regulation towards direct end-of-life automobile vehicles stipulates recycling of
more than 85% of their total weight and in year of 2015, it was increased to 95%.
This regulations and rules has accelerated the implementation of natural fiber
reinforced polymers in automobiles for environmental considerations such as
carbon emissions, embodied energy, toxicity and depletion of resources.
Therefore, the automotive industry has adopted natural fiber reinforced polymer
composites for most of their components, such as door panels, seat backs, and
dashboards. At the same time, the Process for Advanced Management of End-
of-Life Aircraft (PAMELA) aims to improve the quantity of recycled material used
for aircrafts in the coming years from 70-75% up to 90% (Zhao, Verhagen, &
Curran, 2020). Meanwhile, the requirement of stringent laws of Aircraft Fleet
Recycling Association known as AFRA’s mission to developing and promoting
the safe and sustainable management of end of life aircraft and components
(Mohammed, Leman, Jawaid, Ghazali, & Ishak, 2017). Thus, the exploration of
the properties of lignocellulosic fibers as sustainable agro-waste materials has
attracted wide interest, to support the continuous demands from the
manufacturer. Therefore, the transformation from synthetic to natural fibers also
inspired the aviation industry by strengthening a number of its components,
especially initiate from the interior components from natural resources of fiber
and matrix.

Besides agro-wastes, there are some other potential plant fibers which has not
been extensively explored from the Arecaceae family, i.e., Cyrtostachys renda
(CR) (Figure 1a) and Ptychosperma macarthurii (PM) (Figure 1b). CR originated
in Thailand, Malaysia, Sumatra, Borneo, and Indonesia. It is a clustering palm
tree which is slender multi-stemmed with a maximum height of 10 m (Loganathan
et al. 2020). It has a bright red crown shaft and leaf sheath, which makes it unique
from other Arecaceae species. Although PM is native to Australia and New
Guinea, this plant is currently abundantly available growing well throughout the
Peninsular of Malaysia as ornamental plants planted in highways, recreational
areas, and housing projects. These two plants have been selected in our current
study for the following reasons: (1) Their adaptability, availability, and high
growth rates which enable access to large raw material stocks. (2) These plants
are only used for landscaping purpose and their wastes are currently



underutilized. (3) These plants have physical similarities and are from the same
family of Areca catechu.

IS A

A i ; . B 3 =
Figure 1.1: (a) Cyrtostachys renda (CR) and (b) Ptychosperma macarthurii
(PM)

Based on the chemical analysis carried out on the top stem, mid stem, bottom
stem, leaf stalk and frond showed that leaf stalk of CR is having highest cellulosic
content. Kenaf fiber which is known as Hibiscus cannabinus L., is a type of bast
fiber which has great properties of superior toughness, strength and stiff agro
and sufficient potential to be the reinforcement in polymeric composites and high
aspect ratio in comparison with other fibers (Asyraf, Rafidah, Azrina, & Razman,
2021). Kenaf is an economic crop which is grown in Malaysia and in the United
States especially states like Mississipi, Texas, Florida and North Carolina
(Bourguignon, Moore, Lenssen, & Baldwin, 2020). Reinforcement with kenaf is
not only explored extensively in the aircraft application but also there are
potential for commercialization of our nation’s natural fibers to the global market
and could eventually increase our economic growth. Kenaf fibers are natural
sources that can contribute towards the development of eco-friendly and
sustainable assets for the automotive, construction, sports industries, food
packing and furniture industries (Sreenivas, Krishnamurthy, & Arpitha, 2020).

Figure 1.2 shows the Boeing 737-800 aircraft tray tables that were taken from
the economic and business class seating tables. The common defects such as
bulging and cracks are found on the surface of the tray tables, which may be due



to the temperature changes based on the altitudes, especially during the long
layover at the remote bay when all doors are closed. Defects like bulging and
crack occur due to the fabrication of polymers without the support of the
reinforcement, especially fiber as the load transfer mechanism. The physical and
mechanical properties of materials are altered and improved by the composite
fillers and reinforcements. Fillers and reinforced products not only reduces the
volume of matrix resin material costs, but also enhances composite properties in
terms of thermal conductivity, electrical resistance, friction, wear, and flame
retardancy. Nanoparticles are also added to the polymers to reduce the
flammability in the interior component of the aircraft (Chawla, 2012; Shen & Liu,

2018).
_ _— -

Bulging Crack

Aircraft’s Tray Table
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Figure 1.2: Material selection strategies for aircraft tray tables

Phenolic resin has a number of distinctive characteristics, including ease of
handling, toughness, excellent flame retardance, high resistance to heat, low
smoke emission, and high thermal stability (Mohammad Jawaid & Asim, 2020).
Since the invention of phenolic resin, numerous uses of timber / fiber reinforced
composites have been developed in various applications such as aircraft’s
ceiling panel and sidewalls, abrasive product, particleboard, thermal and
electrical insulation. Phenolic resin is renowned for its inherent fire resistance.
Nevertheless, it exhibits relatively low mechanical strength and brittleness.
Therefore, low content of MWCNT as inorganic nanoparticles is used as a
modifier to toughen the phenolic composites. In a previous study, it was reported
that dry mixing dispersion of MWCNT in novolac type phenolic resin after 25
hours of ball milling exhibited significant improvement in flexural strength
compared to wet mixing dispersion (Mathur et al., 2010). Eslami et al. stated that
the flexural strength and thermal stability of phenolic composites increase with
the rise in MWCNT up to 0.5 wt% (Eslami, Yazdani, & Mirzapour, 2015). The
addition of nanoparticles such as MWCNT further improves the thermal



resistance of polymeric matrix. As soon as the pyrolysis reaction began,
nanoparticles formed an extremely viscous melting layer and covered the
residual char. Char is represented as an antioxidant and a thermal protection
barrier in developing a carbon-based network. The addition of MWCNT resulted
in the re-emission of large amounts of incident radiation to the gas phase in the
charcoal residues, which reduced the heat transferred to the inner virgin material
and reduced the pyrolysis rate (Allcorn, Natali, & Koo, 2013). To date, studies
have been performed to investigate the thermal effects of MWCNT on phenolic
composites (Eslami et al., 2015; J.-M. Park et al., 2014) and thermal properties
of natural fibers as well as hybrid fibers on phenolic composites (M Asim, Jawaid,
Nasir, & Saba, 2018; Mohd Asim et al., 2018). However, no study has been
reported to examine the thermal properties of the integration of hybrid natural
fibers into MWCNT/phenolic composites.

1.2 Problem statement

Fiberglass and carbon fiber reinforced polymer are abundantly used in the
aerospace and automotive industry due to their superior properties on strength,
high fatigue, low thermal expansion, and corrosion resistance (Rybicka, Tiwari,
Alvarez Del Campo, & Howarth, 2015). The total amount of composite waste
material in the world is expected to reach 50,000 metric tons by 2020 (Bledzki et
al., 2020). In 2020, the global market for continuous fiber reinforced composite
is forecast to reach about 95 billion dollars, which is up by 40% from 2014 (Job
et al.,, 2016). Such a huge production growth, resulted in serious waste
management completion of the life cycle of the aircraft product. The
environmental impact occurs when the high loading of these non-decomposing
materials accumulated in the landfills. The stringent requirement established by
Directive 2008/98/EC of the European Parliament and of the Council ‘On waste
and revocation of a number of directives’, where not more than 10% of the waste
produced is permitted to be disposed, and by 2030 the norm will be reduced to
5% (Directive, 2010).

The driven momentum to introduced renewable materials in composite
fabrication is generally to reduce CO2 emission, promotes biodegradable ability,
awareness on environmental issues especially aircraft dismantled components
and defect manufactured components being dumping in landfills, which is
harmful to the ecology and environment, besides depletion in the usage of
petroleum-based resources. The selection of proper natural fibers as reinforced
composite for aircraft interior is essential by considering density, cost, recycle
potential, sustainability, resources requirement and the properties required to
withstand with environmental load or condition to customize for the specific
application. However, the lack of research studies on aircraft interior structures
especially on the selection natural fibers, compared with the performance of
existing manmade synthetic fiber reinforced composites. The aircraft’s
composite must comply with the fire retardant requirements in accordance with
United States’ Federal Aviation Administration (FAA), FAR 25.853a (vertical
Bunsen burner test) and FAR 25.853d (OSU heat release rate) to measure



specific optical density of solid material smoke generated (Ozmen, Ureyen, &
Koparal, 2020).

Currently, the high-performance engineering polymer materials such as KYDEX,
Royalite, PEEK and Boltran based GFRP composites has been used for aircraft
tray table application. The major impediment of using these engineering
polymers are that their non-biodegrability, high processing and manufacturing
cost. Morever, these polymers polutes the environment and affects the eco-
system. Hence the selection of phenolic resin extracted from chestnut shell liquid
(CNSL), is that they are naturally flame retardant and anticipated to comply with
the requirements of the FAA. In addition, the fiber sources mainly from natural
fiber of Cyrtostachys renda (CR) has never been properly explored. This
research was therefore mainly carried out to fill the gap by studying the effects
of hybridization of CR and kenaf reinforced MWCNT filled phenolic composites.

The goal of this study was to develop bio-composites and environmentally
sustainable material with substantial improvements compared to pristine
phenolic for aircraft tray table application. Also, this research has focused on
evaluating the physical, mechanical, thermal and flammability properties of kenaf
/ CR phenolic hybrid composites with and without the presence of MWCNT.
Moreover, the final product (tray table) has been tested through free fall drop
test.

1.3 Objectives of the study

The main objective of this research is to develop biodegradable, green
composite based natural fiber and matrix for structural application, particularly
for the tray table. The specific research objectives are as follows: -

i. To investigate the effect of NaOH treatment on the physical, chemical
and thermal properties of best fiber properties selected from
Cyrtostachys renda and Ptychosperma macarthurii, landscaping plants.

ii. To evaluate the effect of size and loading of NaOH treated CR fiber from
the first objective on the physical, mechanical and flammability
properties of phenolic reinforced composites.

iii. To investigate the effect of CR fiber loading on physical, mechanical
and flammability properties of MWCNT/phenolic composites.

iv. To investigate the kenaf hybridization from the optimum loading on
physical, mechanical, thermal and flammability properties of CR /
MWCNT filled phenolic hybrid composites.

V. To evaluate low velocity impact and free fall drop test on the prototype
of tray table from best configuration of kenaf / CR phenolic hybrid
composites.



1.4 Significance of this study

These days, in response to environmental and emissions regulations, several
researches are focusing their efforts on reducing the ulitilization of petroleum-
based resources. Synthetic fibers have profound impact on the environment and
have waste management problems. The prohibition on composite landfills, led
by the evacuation of aircrafts owing to the COVID-19 pandemic, is greatly
stimulating the adoption of a sustainability and recycling strategy. The
exploration of bio-composites generated from bio-based fibers and matrix
developed from agricultural waste continues to expand in an effort to replace
traditional fossil-based composites. In comparison to synthetic fiber based
composites, natural or bio-based fiber composites are renewable, sustainable,
exhibit low environmental impact and can be utilized in numerous applications.
Therefore, hybridization of Cyrtostachys renda / kenaf fibers is anticipated to
have greater properties of bio hybrid composites and will adversely affect the
mechanical, physical and chemical in structural applications. Furthermore, the
selection of bio-based matrix (Bio-phenolic produced from cashew nut shell
liquid) added value to bio-degradability. Consequently, the development of food
tray table with high strength to weight ratio by natural hybrid composite is a good
solution for the aircraft industry to minimize the interiors maintenance issues as
well as being environmentally friendly by the preservation of these natural
resources. At the same time, it would also fulfil the requirements of stringent laws
of Aircraft Fleet Recycling Association known as AFRA’s mission of developing
and promoting the safe and sustainable management of end-of-life aircraft and
its components. Therefore, this study proposes the development of natural
hybrid composites which is biodegradable that is expected to be a good
alternative solution for aircraft interior applications.

There have been only a few studies that have postulated the use of natural fibers
for aircraft interior particularly, for tray table application. Mechanical, physical,
thermal, and flammability properties are the most critical factors to consider when
developing the material for tray table. In the aircraft industry, fabricating tray
tables from natural fiber composites will further minimize the aircraft's total
weight and hence fuel usage. Furthermore, it will pave the way for further
research into natural composites with applications ranging from aircrafts to
automobiles, packaging, aerospace, building, agricultural, retail, maritime,
recreational structures, and etc. On the other hand, MWCNT filled phenolic
composites in the FRP composites has become an interesting research
approach to improve the mechanical, physical, thermal and flammability
properties of the nano-composites.

1.5 Scope of this study

The current research is limited to the experimental evaluation of physical,
mechanical, thermal and flammability properties of hybridization of CR / kenaf
fiber MWCNT filled phenolic hybrid composites. Prior to the fabrication of the
composites, short CR and kenaf fiber with a length of < 0.3 mm were treated with
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a 3 wt. % concentration of NaOH for an hour. The materials utilized in the study
were limited to phenolic, CR fiber, kenaf, MWCNT and NaOH pallet. The random
oriented composites were fabricated by hot press. 0.5 wt.% of MWCNT was used
as nano-filler. The influence of adding different wt.% of CR and CR / kenaf on
the physical (density, water absorption, thickness swelling), mechanical
properties (tensile, flexural, impact), morphological, thermal degradation,
viscoelastic and flammability properties, of the composite and hybrid composites
were evaluated with presence of 0.5 wt.% of MWCNT.

1.6 Thesis outline

This thesis has been structured into 13 chapters according to alternative thesis
format of Universiti Putra Malaysia (UPM) based on the publications on which
each chapter (4-12) contains its introduction, materials, methods, results,
discussions, and conclusions. Brief description of each chapter has been
addressed in the following section.

1.6.1 Chapter 1

This chapter discusses the background of the research, the problem statements,
the objectives, scope, and significance of the study, as well as the outline of the
thesis.

1.6.2 Chapter 2

This chapter provides a systematic and comprehensive analysis of the literature
on natural fiber composites, hybrid natural fiber composites, phenolic
composites, MWCNT filled phenolic composites, the physical, mechanical,
thermal, and flammability properties of natural hybrid composites, and non-
destructive testing (NDT) inspection of natural composites.

1.6.3 Chapter 3

This chapter contains a comprehensive description of the study's materials,
methodology, and characterization.

1.6.4 Chapter 4 (Objective 1: Article 1)

This chapter deals with the first objective supported by the first research article
entitted “Characterization of new cellulosic Cyrtostachys renda and
Ptychosperma macarthurii Fibers from Landscaping Plants”. This research work
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focused on selection of suitable plant and part of fiber (stem, leaf stalk, and frond)
from Cyrtostachys renda (CR) and Ptychosperma macarthurii (PM) fibers (areca
family) of landscaping plants. From the analysis, leaf stalk of CR has been
chosen as a potential reinforcement in the polymeric composites for lightweight
applications.

1.6.5 Chapter 5 (Objective 1: Article 2)

This chapter also presents the first objective supported by the second research
article entitled “Comparative Study of Mechanical Properties of Chemically
Treated and Untreated Cyrtostachys renda Fibers”. This study investigated the
effect of sodium hydroxide (NaOH) treatment on the strength and stiffness of
Cyrtostachys renda (CR) leaf stalk fibers, which could potentially serve as
reinforcement for polymer composites. Chemical treatment was performed with
NaOH concentrations of 1, 3, and 5 wt% at a soaking time of 1 and 2 hours.

1.6.6 Chapter 6 (Objective 1: Article 3)

This chapter also presents the first objective supported by the third research
article entitled “Characterization of alkali treated new cellulosic fiber from
Cyrtostachys renda”. This study investigated the effect of sodium hydroxide
(NaOH) treatment on characterized in terms of density, chemical composition,
Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffractometry (XRD),
and Thermogravimetric analysis (TGA).

1.6.7 Chapter 7 (Objective 2: Article 4)

This chapter addresses the second objective supported by the fourth research
article entitled “Physico-mechanical and Flammability Properties of Cyrtostachys
renda Fibers Reinforced Phenolic Resin Bio-composites”. This research
investigated the effect of fiber length and loading on physico-mechanical and
flammability properties of Cyrtostachys renda (CR) fiber-reinforced phenolic
composites.

1.6.8 Chapter 8 (Objective 2: Article 5)

This chapter also presents the second objective supported by the fourth research
article entitled “Infrared Thermographic and Ultrasonic Inspection of Randomly-
Oriented Short-Natural Fiber-Reinforced Polymeric Composites”. This research
work investigated the application of infrared thermographic and ultrasonic in
evaluating randomly oriented short-natural-fiber-reinforced phenolic composites.



1.6.9 Chapter 9 (Objective 3: Article 6)

This objective deals with the third objective supported by the sixth research
article entitled “Effect of Cyrtostachys renda fiber on the mechanical, morphology
and flammability properties of modified multi-walled carbon nanotubes / phenolic
bio-composites”. This research work investigated the effect of CR fiber loading
on physical, mechanical and flammability properties of MWCNT filled phenolic
composites.

1.6.10 Chapter 10 (Objective 4: Article 7)

This chapter presents the fourth objective supported by the seventh research
article entitled “Physical, mechanical and morphological properties of hybrid
Cytostachys Renda / kenaf fiber reinforced with Multi-Walled Carbon Nanotubes
(MWCNT) filled phenolic composites”. This study investigated the physical,
mechanical and morphological properties of different hybrid Cytostachys Renda
(CR) / kenaf fiber (K) (10C:0K, 7C:3K, 5C:5K, 3C:7K, 0C:10K) reinforced with
0.5 wt% MWCNT filled phenolic composites.

1.6.11 Chapter 11 (Objective 4: Article 8)

This chapter also addresses the fourth objective supported by eighth research
article entitled “Thermal degradation, visco-elastic and fire retardant behavior of
hybrid Cyrtostachys renda / kenaf fiber reinforced MWCNT filled phenolic
composites”. This research investigated the thermal, visco-elastic and fire-
retardant properties of different hybrid Cytostachys renda (CR) / kenaf fiber (K)
(10C:0K, 7C:3K, 5C:5K, 3C:7K, 0C:10K) reinforced MWCNT filled phenolic
composites.

1.6.12 Chapter 12 (Objective 5: Article 9)

This chapter presents the fifth objective supported by the ninth research article
entitled “Low velocity impact, free fall drop test of prototype and failure analysis
of hybrid CR / kenaf reinforced MWCNT filled phenolic composites. This study
focused on the damage progressions of CR / kenaf reinforced MWCNT filled
phenolic composites of LVI samples and tray table investigated using non -
destructive testing methods such as visual inspection, dye penetration, digital
detector array radiography, and computed tomography.



1.6.13 Chapter 13

This chapter presents the Summary, General Conclusions and
Recommendations for Future Research. The summary of the entire works,
conclusions and recommendations for future works are presented in this chapter.
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