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Growing concerns about the disposal of petroleum-based products and the demand for
high-strength materials have stimulated interest in the use of biodegradable materials
with higher strength for the production of hybrid composites. The objective of this study
is to determine the mechanical, thermal, morphological and flammability properties of
woven kenaf/polyester reinforced polylactic acid hybrid composites. The composites
were fabricated by the hot-press method. The effects of different fibre contents and
stacking sequences were examined. The first and second phases focused on the
characterization of woven polyester-reinforced polylactic acid and woven kenaf-
reinforced polylactic acid composites. The characterization focused on the effects of
different fibre contents on both composites. Increasing the polyester fibre content in the
composites resulted in the highest improvement in tensile and impact strength of the
composites by up to 225% and 93%, respectively. For the woven kenaf/PLA composites,
the results show that the addition of woven kenaf improved tensile properties by 47%. In
the third and fourth phases, the effects of different fibre contents and stacking sequences
of the hybrid composites were investigated. The sample with 4 layers of woven polyester
and 1 layer of woven kenaf (S4) showed a significant percentage increase in tensile
strength and elongation at break among the hybrid composites by 151% and 714%,
respectively. However, the higher composition of woven kenaf in the hybrid laminated
composites exhibited better flexural properties. The addition of woven polyester in the
composites improved the thermal stability and degradation of the composites. In terms
of flammability, the result shows that the addition of kenaf fabric was responsible for the
high char yield and extended the burning time of the hybrid composites. The S5 sample
with 4 layers of woven kenaf and 1 layer of woven polyester also shows the optimum
viscoelastic properties such as storage modulus and loss modulus among the hybrid
composites. In summary, the optimum composition for woven kenaf/polyester/PLA
hybrid composites was determined for the S5 sample. All data were statistically analysed
using a one-way analysis of variance and showed significant differences between the
results. Overall, based on the results, these hybrid composites are suitable for use in non-
load-bearing applications such as car headliners and door panels.
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Peningkatan kesedaran tentang pelupusan produk berasaskan petroleum dan permintaan
untuk bahan berkekuatan tinggi telah merangsang minat dalam penggunaan bahan
terbiodegradasi dengan kekuatan yang lebih tinggi untuk pengeluaran komposit hibrid.
Objektif kajian ini adalah untuk menentukan sifat mekanikal, termal, morfologi dan
mudah terbakar bagi komposit hibrid asid polilaktik diperkuat fabrik kenaf dan poliester.
Komposit telah dibuat dengan kaedah hot-press. Kesan kandungan serat dan urutan
susunan fabrik yang berbeza telah diperiksa. Fasa pertama dan kedua tertumpu kepada
pencirian komposit tenunan poliester memperkuat asid polilaktik dan komposit tenunan
kenaf memperkuat asid polilaktik. Pencirian tertumpu kepada kesan kandungan serat
yang berbeza pada kedua-dua komposit. Peningkatan kandungan serat poliester dalam
komposit menghasilkan peningkatan tertinggi dalam kekuatan tegangan dan hentaman
komposit masing-masing sehingga 225% dan 93%. Bagi komposit tenunan kenaf/PLA,
keputusan menunjukkan penambahan tenunan kenaf meningkatkan sifat tegangan
sebanyak 47%. Dalam fasa ketiga dan keempat, kesan kandungan serat yang berbeza dan
urutan susunan komposit hibrid telah diselidik. Sampel dengan 4 lapisan fabrik poliester
dan 1 lapisan fabrik kenaf (S4) menunjukkan peningkatan peratusan yang ketara dalam
kekuatan tegangan dan pemanjangan putus antara komposit hibrid masing-masing
sebanyak 151% dan 714%. Walau bagaimanapun, komposisi kenaf yang lebih tinggi
dalam komposit berlamina hibrid menunjukkan sifat lentur yang lebih baik. Penambahan
poliester dalam komposit meningkatkan kestabilan terma dan degradasi komposit. Dari
segi kemudahbakaran, keputusan menunjukkan penambahan fabrik kenaf
bertanggungjawab terhadap hasil arang yang tinggi dan memanjangkan masa
pembakaran komposit hibrid. Sampel S5 dengan 4 lapisan fabrik kenaf dan 1 lapisan
fabrik poliester juga menunjukkan sifat viskoelastik yang paling optimum seperti
modulus penyimpanan dan modulus kehilangan antara komposit hibrid. Secara
ringkasnya, komposisi optimum untuk komposit fabrik kenaf/poliester/PLA telah
ditentukan untuk sampel S5. Kesemua data dianalisis secara statistik menggunakan
analisis varians sehala dan menunjukkan perbezaan yang ketara antara keputusan. Secara
keseluruhan, berdasarkan keputusan, komposit hibrid ini sesuai digunakan dalam
penggunaan tanpa beban seperti siling kereta dan panel pintu kereta.
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CHAPTER 1

INTRODUCTION

1.1 Background

The rapid growth of manufacturing has necessitated the development of stronger, stiffer,
denser, and less expensive materials that are also more environmentally friendly.
Composites are a type of material with improved properties that have the potential to be
used in many different areas (Chukov et al., 2019; Linul et al., 2019; Sherif et al., 2019;
Gowda et al., 2018). Composites are composed of several materials, one of which serves
as the matrix phase, and the others may be in the form of particles or fibres.

In recent years, natural and synthetic fibres have been widely used to reinforce polymer
composites. Many people are interested in fibre-reinforced composites because they have
many desirable properties, such as lightweight, high strength, corrosion resistance, and
durability. Fibre-reinforced composites can not only maintain their original properties
but also improve or compensate for the weaknesses of a single material (Yang et al.,
2019). The advantage of compensating for the weaknesses of a single material by
combining different materials into hybrid composites. These hybrid composites offer
improved and combined properties compared to typical single fibre composites.

Over the past two decades, the amount of plastic waste produced worldwide has doubled,
but only 9% of it is properly recycled, with the majority ending up in landfills,
incinerated, or released into the environment (Global Plastics Outlook, 2022). The rapid
increase in landfills around the world has raised consumer awareness of the importance
of protecting the environment. Consumers are becoming more environmentally
conscious, and environmentally friendly products are preferred.

Various industries have contributed to the generation of plastic waste, such as textiles,
electronics, consumer products, and even construction cannot avoid contributing to the
waste problem. In addition, the polymer industry made product from synthetic fibres
derived from fossil fuels. Synthetic fibres, which are byproducts of petroleum, are not
biodegradable and will take a longer time to decompose, resulting in long-term pollution.
Therefore, various initiatives have been taken to solve the problems related to
environmental pollution.

Consumer awareness of environmental pollution has also led to natural fibres becoming
an important material in the composites industry. Natural fibres offer several advantages
over synthetic fibres, such as low density, sustainability, biodegradability, cost
efficiency, and good mechanical properties.(Hazrati et al., 2021a; Kandola et al., 2018).
The natural fibre kenaf has become one of the most important natural fibres in the
production of green composites (Manral & Bajpai, 2020).



In the automotive industry, kenaf fibres are used to manufacture parts of automotive
components such as interior trim (Sreenivas et al., 2020), dashboards and headliners. The
use of natural fibres such as flax, kenaf, hemp, sisal and jute fibres leads to the production
of lightweight products (Holbery & Houston, 2006). Reportedly, 80,000 to 160,000
tonnes of natural fibres are used annually in automotive production in Western Europe
(Jamrichov & Akov, 2013). The German-based car manufacturer is a leader in the use of
natural fibres in car parts. It is reported that Daimler-Chrysler is also initiating programs
to develop natural fibre-based products to benefit the agricultural industry.

Cunha et al. (2006) reported that the 2003 Toyota RAUM model is among the vehicles
that use natural fibres as a spare tire cover. The cover is made of kenaf fibres reinforced
with polylactic acid to produce composite materials. During EcolnnovAsia 2008, the
Mazda 5 used kenaf/polylactic acid composites as seat covers and claimed that nearly
30% of the Mazda 5's interior components are made of bio-based materials (Suddell,
2008). The use of natural and synthetic fibres in hybrid composites is becoming
increasingly common in a variety of technical and engineering disciplines. The result is
a better balance between performance and cost for products made from hybrid
composites.

Insufficient research has been conducted on the combination of woven
kenaf/polyester/polylactic acid hybrid composites. No study has been conducted on the
mechanical, morphological, thermal, and flammability properties of the woven
kenaf/polyester reinforced polylactic acid in hybrid composites. Therefore, this research
focuses on the use of woven kenaf, woven polyester, and polylactic acid in hybrid
composites.

1.2 Problem statements

Fibre-reinforced polymer composites are made by reinforcing the polymer matrix with
natural or synthetic fibres or a combination of both. The choice of fibres and matrix is
very important because the properties of the composites are highly dependent on the
properties of the individual components (Azman et al., 2021; Karthi et al., 2019;
Prashanth et al., 2017).

The high consumption of petroleum-based polymers by the industry has led to serious
environmental problems, especially in the disposal phase. When these wastes are
released into the environment, they do not biodegrade quickly, causing significant
problems for the ecosystem. The environmental problem of the degradation of plastics
associated with synthetic-based composites has attracted considerable critical attention.
Manufacturers and scientists are under increasing pressure to find environmentally
friendly and sustainable materials to replace existing synthetic fibres and reduce
dependence on petroleum-based products. This is in response to environmental
legislation combined with demands from industry and consumers around the world (Lotfi
et al.,, 2021). Despite environmental concerns, other disadvantages of synthetic fibre
composites include their high price, high energy consumption during processing and
manufacturing, poor recyclability and lack of renewability, CO, emissions, and
inhalation health concerns (Bichang’a et al., 2022; Nassar et al., 2017).



The problems with synthetic fibres have led to the use of natural fibres in the composite
industry becoming the first choice to solve the problem. Due to the inherent properties
of natural fibres, researchers face numerous challenges in the development and
application of natural fibre reinforced composites. Even though natural fibres are
obtained from renewable sources and the polymer composites based on them are
environmentally friendly compared to the composites reinforced with synthetic fibres,
there are also some disadvantages associated with the use of natural fibres in the
production of the composites The disadvantages of natural fibres, especially high water
absorption, deteriorate the mechanical properties by weakening the interfacial bond
between the polymer matrix and the fibres (Khalid et al., 2021).

Although biocomposites using natural fibres and biodegradable polymers as materials
can overcome the problem of plastic degradation, industry players face problems with
natural-based materials, such as variable fibre quality, incompatibility with hydrophobic
matrices, low thermal stability, water hydrophilicity, the tendency to agglomerate, and
very limited mechanical properties (Li et al., 2020), which do not meet the requirements
for high-strength applications. The biggest challenge for many industries is the demand
for high-strength composites. The demand forces them to use synthetic materials due to
their excellent properties in terms of durability and strength, thermal stability, impact
resistance, chemical resistance, and friction (Rajak et al., 2019). The use of kenaf fibres
in automotive applications has proven to be a viable and environmentally friendly
substitute for synthetic fibres.

The growing demand for high-performance composites for various applications has
simultaneously driven the growth of hybrid composites. For instance, lightweight
products are preferred in the automotive industry to improve fuel efficiency (Mohammed
et al., 2015), and they are also used for non-structural automotive applications (Cicala et
al., 2010). Woven fibres from kenaf (Ismail & Che Abdul Aziz, 2015; Salman et al.,
2015), bamboo (Ali et al., 2021; Widiastuti et al., 2020), jute (Ahmad & Rahim, 2017;
Khan et al., 2016), banana (Gunge et al., 2019), curaua (Costa et al., 2020) and hemp
(Corbin et al., 2020; Misnon et al., 2016) have been used as materials for hybrid
composites. The production of hybrid composites from natural and synthetic fibres can
reduce the use of synthetic fibres and help to reduce the problem of plastic waste. The
selection of cheaper synthetic fibres such as polyester, which have excellent mechanical
and thermal properties, can also minimise production costs in the manufacture of woven
hybrid composites (Erturk et al., 2019; Islam et al., 2022).

In addition, the environmental problem of plastic degradation can be further reduced by
using biodegradable polymers such as polylactic acid (PLA). Recently, extensive
research has been conducted on PLA as a biodegradable plastic that can also reduce the
negative environmental impact caused by the accumulation of non-biodegradable plastic
waste (Hamad et al., 2014). PLA is a fascinating biopolymer, both from a commercial
and environmental point of view because it has many special properties. Some of these
properties include high stiffness, excellent processability, high transparency, and a
glossy appearance. Inherent brittleness and low toughness are some of the main
limitations that prevent its widespread use. PLA can replace non-biodegradable polymers
when recycling is difficult or costly. Although PLA has some limitations due to its



material properties, many of these problems can be solved by reinforcing the PLA matrix
with natural or synthetic fibres that can compensate for the material's shortcomings.

The aim of this work is to produce hybrid composites of kenaf and polyester reinforced
with biodegradable polylactic acid as a resin to meet the demand for environmentally
friendly and high-strength products.

1.3 Research Objectives

The objective of this research is to develop and characterize hybrid composites of woven
kenaf, woven polyester, and polylactic acid (PLA). The specific objectives are as
follows:

1) To investigate the effects of different fibre contents on the mechanical, thermal,
and morphological properties of woven polyester-reinforced PLA composites.

2) To determine the effect of different fibre contents on the mechanical, thermal,
and morphological properties of woven kenaf reinforced PLA composites.

3) To examine the effect of different stacking sequences and fibre contents on the
mechanical and morphological properties of woven kenaf/polyester reinforced
PLA hybrid composites.

4) To evaluate the effects of fibre contents on the thermal properties and
flammability of woven kenaf/polyester-reinforced PLA hybrid composites.

14 Significance of Study

As a result of environmental laws and pollution, many researchers have turned their
attention to reducing the use of petroleum-based materials and products. This goal has
led researchers to develop a natural material that has both economic and environmental
benefits. Natural fibres have become an effective alternative to synthetic fibres in the
automotive, aerospace, military, and marine industries due to their good strength-to-
weight ratio, natural biodegradability, and low cost.

Few studies have documented the use of woven polyester fibres in the manufacture of
composites, with most studies focusing on polyester as a resin. Synthetic fibres are
known to have better mechanical and thermal properties than natural fibres.
Hybridization of natural and synthetic fibres, on the other hand, combines the advantages
of natural and synthetic fibres and results in hybrid composites with better properties.



1.5 Scope and limitation of the study

This research focuses on the fabrication of novel hybrid composites using a combination
of woven kenaf/polyester/polylactic acid. Synergistic improvements in the properties of
composites composed of two or more types of fibres are the result of using
natural/synthetic hybrid composites. The properties of hybrid composites may be more
amenable to manipulation, allowing a better balance between the advantages and
disadvantages of composites in general. A hot pressing process for the production of the
composites.

A series of experiments were conducted to develop and characterize the hybrid
composites. The first phase is the material preparation and development of the
composites to determine the optimum fibre content for fibre-reinforced composites. In
the second phase, the effects of different stacking orders for hybrid composites on
mechanical and morphological properties are investigated. In the third phase, the effects
of fibre content of hybrid composites on thermal properties and flammability will be
investigated.

This study of hybrid woven kenaf/polyester-reinforced PLA composites has some
limitations for use in the commercial industry, such as the increase of woven polyester
fibres, which reduces the flexural strength of the hybrid composites. This is due to the
nature of the woven structure and the higher elasticity of polyester fibres. The reinforcing
material in woven form affected the flexural properties of the composites because the
structure of the woven reinforcing fibres consists of the gap between two adjacent yarns.
The presence of a larger gap area may reduce the flexural properties of the woven fibre-
reinforced composite (Adumitroaie & Barbero, 2012). However, the use of natural fibres
as one of the materials in the manufacture of composites has limited the use of hybrid
composites because they are not suitable for structural applications and outdoor
applications and in areas where the water medium and flexural properties are important.
The limitation of the study has restricted the potential application of this material.
Therefore, appropriate modifications should be made to improve the properties of this
material. Possible modifications include differentiating the stacking order and fibre
content of woven kenaf and woven polyester.

1.6 Structure of the Thesis

The structure of the dissertation follows the Universiti Putra Malaysia alternative
dissertation format based on publications. Each research chapter (4 - 7) represents a
separate study that has its own sections: 'Introduction’, 'Materials and Methods', 'Results
and Discussion', and 'Conclusion'. More details about the structure of the paper are given
below. Figure 3.1 shows the flow of the research methodology.



Chapter 1

This chapter contains a concise summary of the issues that prompted this investigation
and the objectives of the research conducted. The important contribution made by the
research and its overall scope is also highlighted in this chapter.

Chapter 2

This chapter provides a comprehensive review of the literature in the key areas related
to the title of this thesis. This chapter also explains the research gaps identified in the
literature review.

Chapter 3

This chapter describes all actions related to this study, from material preparation to
processing, testing, and analysis of results.

Chapter 4

This chapter presents the first article entitled “Mechanical, Morphological and Thermal
Properties of Woven Polyester Fibre Reinforced Polylactic Acid (PLA) Composites”. In
this article, the study of the effect of different fibre content on mechanical, thermal and
morphological properties of the woven polyester reinforced polylactic acid composites,
was accomplished.

Chapter 5

This chapter presents the second article entitled ‘“Mechanical, Morphological and
Thermal Properties of Woven Kenaf Fibre Reinforced Polylactic Acid (PLA)
Composites”. In this article, the study of the effect of different fibre content on
mechanical, thermal, and morphological properties of the woven kenaf reinforced
polylactic acid composites were evaluated.

Chapter 6

This chapter presents the third article entitled “Effect of stacking sequence and fibre
content on mechanical and morphological properties of woven kenaf/polyester fibre
reinforced polylactic acid (PLA) hybrid laminated composites”. In this article, the
influence of fibre content and different stacking sequences on the mechanical and
morphological properties of woven kenaf/polyester fibre reinforced polylactic acid
(PLA) hybrid laminated composites was investigated.



Chapter 7

This chapter presents the fourth article entitled “Thermal Stability, Dynamic Mechanical
Analysis and Flammability Properties of Woven Kenaf/Polyester-Reinforced Polylactic
Acid Hybrid Laminated Composites.”. This article studied the effect of the influence of
different fibre content on thermal stability, dynamic mechanical analysis, and
flammability properties of woven kenaf/polyester-reinforced polylactic acid hybrid
laminated composites.

Chapter 8

This chapter will elaborate on the general conclusions drawn from the entire study, as
well as recommendations for improving this study in the future
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