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ABSTRACT

Composites based on ethylene vinyl acetate copolymers (EVA18 and EVA28) containing
different vinyl acetate (18 and 28% VA) contents and empty fruit bunch (EFB) fibre were
studied in this project. The EVA-EFB composites were prepared by melt mixing using a
Brabender Plastograph mixer. The structure and morphology of the composites were
characterized using scanning electron microscopy (SEM) and Fourier-transform infrared
(FTIR) spectroscopy. The SEM results showed an improved extent of interfacial adhesion
between the polymer and the fibre with an increase in the amount of vinyl acetate in the
copolymers. The DSC results revealed that the melting and crystallization enthalpies
decreased significantly with increasing VA content, while the presence of EFB fibre had very
little influence on the melting and crystallization behaviour of both EVA18 and EVA2S. The
thermogravimetric analysis showed that EVA18 is more thermally stable than EVA28 due to
the larger amount of VA in EVA28, which increases the amorphous phase in the semi-
crystalline material. The decomposition of EFB fibre seems to be retarded when incorporated
into the EVA copolymers. Dynamic mechanical analysis (DMA) revealed that both the
storage modulus and loss modulus decreased significantly with an increase in vinyl acetate
content, and that these two properties observably increased with the incorporation of the fibre.
The glass transition temperature also increased observably with increasing fibre loading, and
decreased with an increase in the vinyl acetate content. The stress and strain at break showed a
similar decrease with increasing fibre content for both EVA18 and EVA28, while Young’s
modulus increased much more significantly with increasing fibre content for EVA28. The
reasons for this are (i) the very low Young’s modulus of EVA28 compared to that of EVAI1S,
and (ii) the slightly better interaction between EVA28 and the fibre because of the higher VA
content of this copolymer. Generally it seems as if the improvement in interaction between
EVA28 and EFB was not significant enough to overcome the inherent weak properties of
EV A28, and that in this case it is probably better to use EVA18 when EVA/EFB composites

with good properties are needed.
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CHAPTER 1

INTRODUCTION

11 Background

Polymer composites are defined as combinations of two or more constituent materials in
which one of the materials is called the reinforcing phase and the other material is known as
the matrix phase. The reinforcing material is in the form of fibres, sheets, or particles, and is
embedded in the other material called the polymeric matrix. The reinforcing material and the
matrix can be metal, ceramic, or polymer [1]. These composites were highly recognized in
the last few decades by numerous researchers as the leading edge of materials technology [2].
This is due to a rapid development in the use of the materials in engineering applications,
owing to their great usefulness and high performance [3,4]. The idea of using composite
materials, however, is not a new or recent one but has been around for thousands of years.
The Ancient Egyptians used chopped straw to reinforce mud bricks; and Mongol warriors
used a composite consisting of bullock tendon, horn, bamboo strips, silk and pine resin to
produce high-performance archery bows. Since the early 1960s there has been an increase in
the demand for stronger, stiffer and more lightweight materials for use in the aerospace,
transportation and construction industries. High performance demands on engineering
materials have led to extensive research and development of new and improved materials,

such as composites [5].

The properties of the new structure with an identifiable interface are dependent upon the
properties of the constituent materials as well as the interface. This implies that composites
have properties that could not be achieved by either of the constituent components alone such
as being strong, stiff, and lightweight. Composites are used because their overall properties
are more superior to those of the individual components. For example: polymer/ceramic
composites have a greater modulus than the polymer component, but they are not as brittle as
ceramic [1,3,6]. This often translates into some of the advantages displayed by the composite

materials.



Composites offer several advantages over other materials like metal alloys [7]. Within the
aerospace and marine industry where exceptional performance is required but weight is
critical, composites become more and more important. The advantages of composites may be
summarized as:

¢+ High strength to weight ratio (low density, high tensile strength).

% High creep resistance

¢+ High tensile strength at elevated temperatures

% High toughness

Although composite materials have certain advantages over conventional materials, they also
have some disadvantages. In practice, these disadvantages are commonly summarized as (i)
high cost compared to metals, and (ii) low fracture toughness and moisture absorption [7].

Despite these drawbacks, composite materials gained more interest from the research

community and found more applications in industrial sectors.

There are many applications of composites in every day life. The composites are widely used
in diverse fields such as appliances, spacecrafts and construction, transportation, military,
industrial and biomedical applications mainly because of their excellent thermo-mechanical
properties [8-12]. These applications lead to the composite materials being categorized or

classified according to different functions and properties.

Composites can generally be classified into several major types or categories (particle-
reinforced composites (PRCs), structural composites (SCs), and fibre-reinforced composites
(FRCs)) depending on their geometry. The focus of this research is on the development of
FRCs. Reinforcing fibres can be made of metals, ceramics, glasses, or polymers that have
been turned into graphite that are known as carbon fibres [13,14]. They are used in some of
the most advanced and therefore most expensive sports equipment, such as a time-trial racing
bicycle frames that comprise of carbon fibres [15] in a thermoset polymer matrix. Body parts
of race cars and some other vehicles are composites made of glass fibres in a thermoset
matrix, with some currently replaced by natural fibre reinforcing materials coupled with a
thermoplastic matrix as an alternative. There are many combinations of fillers and
thermoplastics which are currently available commercially in various companies across the
globe. Amongst them are combinations of thermoplastics with organic (natural) fillers and

inorganic (synthetic) fillers.



Fibres/fillers are defined as materials that are added to a polymer formulation to lower the
compound cost or to improve properties. They are generally added to commercial matrix
resins for economic purposes and also to modify properties such as stiffness, tensile strength,
heat distortion and mouldability [16]. Such materials can be in the form of solids, liquids or
gases. Traditionally, fillers are regarded as additives due to their unfavourable geometrical
features, surface area or surface chemical composition, which in essence could steadily
increase the modulus of the polymer, while tensile and flexural strengths remain unchanged
or decrease to a certain extent. The level of enhancement depends mainly on the type of filler,
size, shape, fibre loading, and surface treatment which supports interaction between the filler

and the polymer [17].

Generally there are several types of fibres used in fibre-reinforced polymer composites such
as conventional fibres called non-renewable synthetic fibres, SFs (carbon, aramid, and glass)
and organic fibres (natural fibres). The glass fibres are the most commonly used because they
can be produced at a relatively low cost, are also heavier, and have the greatest flexibility.
Aramid is a stiffer fibre and moderate in cost, which is the lightest one in weight. Carbon is
moderate to high in price, slightly heavier than Kevlar but lighter than glass, and features
certain varieties that have exceptionally high stiffness [18]. In this present work, the emphasis
is on one of the natural fibres due to the advantages and properties demonstrated by the

material.

Natural fibres (NFs) are a major renewable resource material throughout the world,
particularly in the tropics. NFs exhibit a number of advantages compared with inorganic
fibres; for example they are lower in density and cost, non-abrasive to processing equipment,
relatively harmless, biodegradable and renewable. Typically, their mechanical properties such
as relatively high strength, high stiffness, and low density are comparable to those of their
inorganic counter parts [10-12,19-23]. Natural fibres seem to have little resistance towards
environmental influences. Therefore, they can serve as reinforcements by strongly enhancing
the strength and stiffness of the resulting material and can also be regarded as a substitute to
SFs for use in a number of applications. In this study, a lignocellulosic-based fibre is used as

a reinforcing agent because of its availability and properties.

The empty fruit bunch (EFB) fibre is one example of lignocellulosic materials, and it has

received increased attention for price-driven applications. EFB is a by-product derived from

3



an oil palm tree called Elaeis guineensis. EFB is a cheap, biodegradable, non-toxic, and
widely utilized natural fibre and abundantly available in Malaysia as well as other tropical
forests of West Africa [22,24]. EFB is used as a raw material in various applications
including power generation, composites formulation, and in the paper making industry. As a
valuable biomass residue, it has an energy content of 3700 Kcal kg dry weight [25], and its
use in polymer composites will remedy issues around environmental problems, especially
those related to the disposal of oil palm wastes [22,26]. Several studies supported the
incorporation of EFB into different types of polymer matrices to obtain cost reduction and

reinforcement [2,28,43].

There are many polymer resin systems used as matrices in fibre-reinforced polymer
composites (FRPCs). They can be classified into two types: thermoset and thermoplastic
polymers. Thermoset materials are crosslinked polymers that cannot be melted once cured,
and include resins such as epoxies, polyesters and phenolics. They generally have a higher
resistance to heat than thermoplastics [27]. Thermoplastic polymers are long chain polymers
that can be either amorphous in structure or semi-crystalline depending on their characteristic
transition temperature. Molecules in thermoplastics are held together by relatively weak
intermolecular forces so that the material softens when exposed to heat and then returns to its
original condition when cooled. Common examples of thermoplastic polymers are
polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate (PET),
nylon (N-66), and polyvinyl chloride (PVC) [20]. The current study focused on a PE based
thermoplastic matrix known as ethylene vinyl acetate (EVA) copolymer, which is very

flexible and transparent.

Ethylene vinyl acetate (EVA) copolymers are randomly structured polymers, which in
essence offer excellent ozone and weather resistance, and also good mechanical properties
[28-30]. EVA is a semi-crystalline polyethylene (PE) material bearing polar functional
groups known as vinyl acetate (VA) and it can readily be synthesized with various VA
contents [31,32]. It is chosen to be mixed with empty fruit bunch (EFB) fibre because of its
excellent properties and halogen-free [33,34] thermoplasticity in the cable industry. EVA is
also suitable in drug control release systems or devices in the medical applications, and also it

has been used for membrane preparation in various applications [35,36].



A thermoplastic matrix composite (TPMC) is a family of polymer reinforced structures which
represent an important innovation in the field of composites. The properties of thermoplastic
composites (TPCs) are generally influenced by the processing parameters such as a mixing
time, rotor speed (rpm), and temperature in the compounding process [11]. Generally, there
are many different methods used for the preparation of the composites including melt-mixing
method and solution-mixing methods. The melt-mixing method is more advantageous in
simplicity and cost effectiveness over other methods like solution mixing, which is too
expensive and time consuming [37-39]. In this particular study, EVA thermoplastic
composites were prepared by a melt-mixing method using a Brabender Plastograph internal

mixer.

The purpose of mixing EFB fibre with an EVA thermoplastic material is to develop a
material compound with a very low specific gravity, high flexibility, toughness, adhesion
characteristics, stress-cracking resistance, high clarity and transparency as well as meeting
the high initial modulus requirement. However, the major drawback associated with natural
fibre polymer composites is the lack of thermal stability during processing, poor dispersion
characteristics in the thermoplastic melt, and incompatibility exhibited between the
hydrophobic polymeric matrix and the hydrophilic nature of the natural fibres [8,10,21]. This
poor compatibility between the two components leads to weak interfacial adhesion, which
results in poor mechanical properties [8,10,12]. Another common problem of natural
fibre/polymer composites is the high sensitivity to water or poor resistance to moisture
absorption [26,40]. All of these identified problems are often addressed by the use of
adhesion-promoting agents such as a coupling agent or compatibilizer, or even fibre-surface
modifying treatment [26,42]. In addition, it is also known that pre-impregnation of the fibre
with the polyolefin solution will vitally improve adhesion [19,41]. In our work, the EVA
copolymers have polar functional groups which should promote better adhesion and
interaction between the EFB and the polymeric matrix, and therefore none of the components

were modified or treated.

1.2 Objective of the study

The objective of this study was to investigate composites based on EVA copolymers and
Malaysian EFB fibre, and to study the effects of the fibre content and vinyl acetate (VA)

content of the EVA copolymers on the thermal and mechanical properties. Another objective

5



is to explain these observations in terms of the morphology and possible interactions between

the Malaysian EFB fibre and the EVA copolymer resin. In this work, EVA copolymers

containing various VA contents (18 and 28% VA) were mixed with Malaysian EFB fibre.

Different fibre loadings were used in these composites. The EFB fibre was prominently used

as a filler and reinforcement to enhance the physical and mechanical properties of the

polymeric matrix.

The specific activities of this research project are summarized as follows:
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1.3

Preparation of the EVA copolymer composites containing different amounts of vinyl
acetate with Malaysian EFB fibre.

To determine the morphologies of the different EVA copolymer samples using
scanning electron microscopy (SEM).

Determination of the melting and crystallization behaviour of the EVA composites
using differential scanning calorimetry (DSC).

To evaluate the influence of the Malaysian EFB fibre on the thermal stability of the
samples using thermogravimetric analysis (TGA).

Determination of the influence of the Malaysian EFB fibre on the dynamic
mechanical behaviour of the samples using dynamic mechanical analysis (DMA).

To measure the tensile properties of EVA/Malaysian EFB fibre in order to assess the
performance of the end product.

To determine possible chemical interaction between EVA copolymers and EFB fibres
using FTIR microscopy.

Explanation of the observed properties in terms of the compositions and morphologies

of the composites.

Structure of the thesis

This thesis consists of five chapters.
Chapter 1: Background and objectives
Chapter 2: Literature survey

Chapter 3: Experimental

Chapter 4: Results and discussion

Chapter 5: Conclusions
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CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

Since the beginning of human existence people have developed plant fibre composites. These
composites were used as a source of energy, to make shelters, clothes, construct tools and
produce weapons [1-2]. In ancient Egypt, 3000 years ago, clay was reinforced by straw to
build walls. They were produced in simple shapes and easy design structures by positioning
the structural elements on top of each other to create the desired design. Some creative
designs were made but limited by the shape and weight of the structural elements. Glue
laminated beams were also introduced using a casein adhesive in 1893 in Basel, Switzerland.
As early as 1908, the first composite materials were applied for the fabrication of large
quantities of sheets, tubes and pipes for electric purposes (paper or cotton to reinforce sheets
made of phenol- or melamine-formaldehyde resins). In general, all these composite products
were produced in flat sheets and in two-dimensional designs. Many of our modern
technologies require materials with remarkable combinations of properties that cannot be met
by the conventional metals alloy, ceramics, and polymeric materials. This is especially true
for materials that are needed for aerospace, underwater, and transportation materials.
Materials property combination and ranges have been extended by the development of

composite materials [3,4].

In the past five decades considerable attention has been devoted to composite materials. The
advantage of composite materials over conventional materials stem largely from their higher
specific strength, stiffness and fatigue characteristics, which enables structural design to be
more versatile. By definition, composite materials consist of two or more constituents with
significantly different mechanical properties and which remain separate and distinct phases
within the finished structure [4,5]. However, only when the composite phase materials have
notably different physical properties it is recognized as being a composite material.
Composites are materials that comprise strong load carrying material (known as
reinforcement) imbedded in weaker material (known as matrix). Reinforcement provides

strength and rigidity, helping to support structural load. The matrix or binder (organic or
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inorganic) maintains the position and orientation of the reinforcement. Constituents of the
composites retain their individual physical and chemical properties; yet together they produce
a combination of qualities which individual constituents would be incapable of producing
alone. The reinforcement may be platelets, particles or fibres and are usually added to
improve mechanical properties such as stiffness, strength and toughness of the matrix

material [1,6,7].

Later on, the natural fibre composite lost much of its interest because more durable
construction materials like metals were introduced. Engineering fibre composites were first
used in 1940 when strong continuous filament glass fibre and unsaturated polyester resins
became available. The rise of these composite materials began when glass fibre in
combination with tough rigid resins could be produced on large scale. These fibres are used
as reinforcing agents in both thermosetting and thermoplastic polymers in automotive,

aeronautical and aerospace industries [8-10].

In recent years there has been a renewed interest in natural fibre as a substitute for glass fibre
because of the potential advantages of weight saving, lower raw material price, recyclability
and renewability. Natural fibre reinforced plastic composites have been utilised increasingly
in quite widespread applications. For example, hemp, jute, flax, sisal and empty fruit bunch
(EFB) fibres are already used in automotive and packaging industries. To reduce the cost of
composite fabrication and to make them lightweight, wood flour and natural fibres were used
as reinforcement or filler in early composites. In the 1980s, composites made of cellulosic
fibres combined with thermoset resin began; in the 1990s, thermoplastic composites
reinforced with wood flour were reported and extended to high-strength natural-fibre-

reinforced thermoplastic composites [11,12].

2.2 Natural fibres

2.2.1 Composition and structure

Natural fibres are primarily composed of three main natural polymers: cellulose, non-
cellulosic carbohydrates commonly known as hemicellulose, and lignin. These components
are distributed throughout the cell wall with varying degrees of organization. The chemical

compositions of a lignocellulosic fibre vary according to the species, growing conditions,
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method of fibre preparations and many other factors [13,14]. Chemical compositions of

lignocellulosic fibres and mechanical properties of some natural fibres as well as

conventional fibres are shown in Tables 2.1 and 2.2.

Table 2.1 Chemical composition of some common lignocellulosic fibres [13,14]
Fibre Cellulose / % | Hemicellulose / % | Lignin/ % | Pectin/ %
Empty fruit bunch (EFB) 35 25 18-23 -
Coir 32-43 0.15-0.25 40-45 2
Banana 63-64 19 5 -
Sisal 66-72 12 10-14 -
Jute 64.4 12 11.8 0.8
Pineapple 81.5 - 12.7 6.3
Flax 71.2 18.6 2.2 12.7
Table 2.2 Comparison of the properties of some natural fibres with those of
conventional fibres [3]
Fibre Density / Average Tensile strength Young’s Elongation at
g em™ diameter / / MPa modulus / break / %
mm GPa
EFB 0.75-0.93 0.15 215 17.3 11
Cotton 1.5-1.6 0.02 287-800 5.5-12.6 7.0-8.0
Jute 1.30 0.100 393-773 13-26.5 1.16-1.5
Flax 1.45 0.019 345-1100 27.6 2.7-3.2
Hemp 1.30 0.031 792 26.6 1.6
Ramie 1.16 0.034 560 24.5 1.2-3.8
Sisal 1.50 0.205 468-640 9.4-22.0 3-7
PALF 1.45 0.050 413-1627 34.5-82.51 14.5
Coir 1.2 0.01 131-175 4-6 30
Bamboo 0.80 0.187 465 18.0-55.0 -
Kenaf 1.04 0.078 448 24.6 1.6
E-glass 1.15 0.008-0.014 1400-2500 55.8-99.6 2.5
S-glass 2.50 - 4570 86 2.8
Aramid 2.5 - 3000-3150 63-67 3.3-3.7
Carbon 1.4 - 4000 230-240 1.4-1.8

2.2.2 Cellulose

Cellulose is the main component in lignocellulosic fibres and the reinforcing material within

the cell wall. Cellulose is a linear crystalline condensation polymer consisting of D-

anhydroglucopyranose units held together by -1,4-glycosidic bonds (Figure 2.1). It is a high
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molecular weight homopolymer of glucose and it is laid down in microfibrils where extensive
hydrogen bonding between the cellulose chains produces a strong crystalline structure
[15,16]. The actual base unit, the cellobiose, consists of two molecules of glucose. The
polymer chains are ordered in three-dimensional levels forming the supramolecular structure
of cellulose. The linear polymeric chains (one dimension) form sheets that are held together
with hydrogen bonds. These are connected by weak Van der Waals bonds generating
microfibril crystalline structures. The overall structure of cellulose consists of crystalline and
amorphous regions. The mechanical properties of cellulose depend on the proportion of each

region and the spiral angle of microfibrils because of its geometrical conditions [17-19].

Cellobiose based unit

I N,
oH OH r OH o

HO o HO OH 46<; -0 HO OH
HO o o o 2 o] H

o HO OH o) HO= OH OH

OH OH n-4  “oH

\___\,_____/  — " rd
Non-reducing end group Anhydrogiucose unit  Reducing end group

(n = value of DP)

Figure 2.1 Molecular structure of cellulose [15]

2.2.3 Hemicellulose

Hemicellulose is not a form of cellulose and is a copolymer of a group of polysaccharides
consisting of glucose, mannose, xylose, galactose and arabinose. Hemicellulose is similar in
structure to cellulose, but chains of hemicelluloses are shorter and less stable. Unlike
cellulose, hemicelluloses is of low molecular weight, amorphous and exhibits chain
branching. Owing to its amorphous morphology, hemicellulose is partially soluble in water
and form gels. Besides that, the constituents of hemicelluloses vary from plant to plant

[14,15].
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Figure 2.2 Structure of hemicellulose [14,15]

2.2.4 Lignin

Lignin is a random polymer composed mainly of aromatic rings with short (up to three)
aliphatic carbon chains connecting the rings. It has a disordered structure as shown in Figure
2.3, and is formed through ring opening polymerization of phenyl propane monomers. This
also provides rigidity, hydrophobicity and decay resistance to the cell wall of lignocellulosic
fibres. Lignin polymers are often found in most plant structures in association with cellulose.
The structure of lignin is not well defined, but lignin appears to be made up of polymers of
propylbenzene with hydroxyl and methoxy groups attached. Lignin is primarily hydrocarbon
in nature and makes up a major portion of insoluble dietary fibre. It contains subunits derived
from p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, and is unusual among
biomolecules in that it is racemic i.e. it is not optically active. The lack of optical activity is
because the polymerization of lignin occurs via free radical coupling reactions in which there

is no preference for either configuration at a chiral centre [20-22].
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Figure 2.3 Molecular structure of lignin [15,20-22]

2.2.5 Structure of natural fibres

The supramolecular structure or texture of the cellulose is based on the elementary fibril. The
elementary fibril is a strand of elementary crystals linked together by segments of long

cellulose molecules (see Figure 2.4).

Figure 2.4 Internal structure of natural fibre [14]

Figure 2.4 shows the positioning of the cellulose fibrils in wood (left). M is the middle

lamella (lignin and hemicelluloses), P is the primary wall (fibril position unarranged), S; is
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the secondary wall I (two or more fibrillar layers crossing one another and positioned spirally
along the fibre axis), S, is the secondary wall II (fibrils wound spirally around the fibre axis),
S; is the secondary wall III (fibrils tightly interlaced). In cotton fibres (right) P is the primary
wall (interlaced fibrils) and S is the secondary wall (fibrils wound spirally around the fibre

axis, in distinct distances along the fibre axis the spiral reverse direction) [14].
2.2.6 Classification of natural fibres
Natural fibres are subdivided based on their origin, either coming from plants, animals or

minerals. They can be classified according to which part of the plant they are obtained from

(Figure 2.5).

Plant/Cellulosic fibres

Bast fibres Leaf fibres Seed fibres Fruit fibres Wood fibres
Flax Kenaf || Agaves, Cotton EFB Pinewood
) Sisal )
Tute Rami Kapok Coir
Banana
Hemp

Figure 2.5  Classification of natural fibres
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2.2.7 Empty fruit bunch (EFB) fibre

Empty fruit bunch (EFB) fibre is a valuable biomass material, which is a by-product derived
from an oil palm tree called Elaeis guineensis. This Elaeis guineensis consists of two species
of the Arecaceae, or palm family. Its mature trees are single-stemmed, and grow up to 20 m
tall. The leaves are pinnate, and reach between 3 and 5 m long [25]. EFB is readily available
in large quantities in Malaysia as well as in tropical forests of West Africa [26-28]. EFB is a
cheap, biodegradable, non-toxic, and widely utilized natural fibre used in the development of
composite materials. EFB is used as a raw material in various applications including power
generation, composites formulation, and in the paper making industry. It is also used as a fuel
and helps to control weeds, prevent erosion and maintain soil moisture. As a valuable
biomass residue, it can also be converted into energy [29], and its use in polymer composites
will remedy issues around environmental problems, especially those related to the disposal of

oil palm wastes [30,31].

The total area of oil palm plantation in Malaysia is about 2.5 million hectares. The oil palm
fruits are processed in mills and crude palm oil is extracted from these fruits. The oil palm
industry in Malaysia produces about 10.5 million tones of crude palm oil per annum and
produces a massive amount of biomass waste. One of the biomass wastes produced is the
empty fruit bunches which are left behind after removal of oil palm fruits for the oil refining
process. The empty fruit bunches are then used as boiler feedstock in the oil mill and are also
left to mulch and degrade as soil fertilizers in the field while the majority of the empty fruit
bunches are unutilized. It is disposed in the oil palm estates as soil fertilizers, and takes a long
time to break down. During the rainy season it provides an ideal condition for fungi to grow,
which is the main cause of the ganoderma disease. By using the oil palm empty fruit bunch
fibres, that are extracted from the empty fruit bunches, as reinforcement in composite
materials, the biomass waste generated by the oil palm industry can be significantly reduced

[25,32].

2.3 Matrix material

A matrix can be easily defined as a material in which the reinforcing part of a composite is

embedded. The matrix serves as a binder which holds the reinforcing material in place. When
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a composite is subjected to an applied load, the matrix deforms and transfers the external load
uniformly to the fibres. The matrix also provides resistance to crack propagation and damage
tolerance owing to the plastic flow at crack tips. The matrix also functions to protect the
surface of fibres from adverse environmental effects and abrasion especially during
composite processing. Plastic matrices can generally be classified into two major types which
are thermoplastics and thermosets. The selection criteria of the matrices depend solely on the
composite end use requirements. For example, if chemical resistance together with elevated
temperature resistance is needed for a composite material, then thermoset matrices are
preferred. If a composite material with high damage tolerance and recyclability is needed,

then thermoplastics are preferred [1,33].

2.3.1 Ethylene vinyl acetate (EVA)

Polyethylenes are the largest volume family of commercially important thermoplastic
polymers. They have variations in the molecular structure due to branches and polar
functional groups (polar copolymers). Polar copolymers usually exhibit lower crystallinity
and yield strength. They are used for application requiring flexibility, toughness, stress-
cracking resistance and adhesion to coatings, co-extruded film and laminates [34-39]. One
such a PE copolymer contains vinyl acetate and is known as an ethylene vinyl acetate
copolymer (EVA). Ethylene vinyl acetate (EVA) copolymers are randomly structured
polymers which offer excellent ozone resistance, weather resistance and excellence
mechanical properties [45-47]. EVA is one of the most widely used polymers for cable
insulators. It is also frequently used as a long lasting life plasticizer to improve the
mechanical and processing properties of PVC [45,48]. EVA is abundantly available as a
plastic, thermoplastic elastomer, and rubber depending on the vinyl acetate content in the

copolymer.

Crystallinity in an EVA copolymer is low, but not the density (0.930 — 0.955 g.cm™), because
the vinyl acetate (VA) groups increase the density of the amorphous phase. Copolymers
containing up to 20 wt% of VA are used in various extrusion and moulding applications. The
EVA copolymers containing 2-5% VA behave similar to PE, but have better clarity, higher
impact strength, better low temperature flexibility and lower heat seal temperatures. Those
with 7.5-12% VA have greater flexibility, higher resistance and exceptional impact strength.

They are used in high performance film applications. The EVA copolymers containing 15-
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18% VA are almost soft and more resilient in nature than the ones with 7.5-12% VA content
[40-44]. EVA containing 28% VA is a thermoplastic elastomer, and those containing 50%
VA are rubbers [49]. Figure 2.6 represents the unit structure of the EVA copolymer.

CH, CH, CH,

Figure 2.6  Unit structure of EVA copolymer

Other important features in EVA include toughness at low temperatures and good
processability. As a result of these important properties, EVA copolymers have found several
applications in sheeting, wire and cable coating, flexible tubing, shoe soles and food
packaging. Besides their good properties, EVA copolymers can be used as compatibilizing
agents or impact modifiers for PP, HDPE, and LDPE based polymer blends. The presence of
acetate groups facilitates the generation of free radicals along the backbone, which enables
promotion of grafting reactions in the presence of several monomers. Such graft copolymers
can be readily prepared in situ during the blend preparation. The chemical modification of
EVA by introducing a functional group that can act as a chain transfer agent is another

elegant pathway for the synthesis of EVA-based graft copolymers [50-55].

2.4 PE/natural fibre composites

2.4.1 Preparation and morphology

Various methods are used to prepare polyethylene (PE)/natural fibre composite materials.

These methods include solution mixing, roll milling, melt mixing, extrusion, as well as

injection and compression moulding [7,19,31,55-73]. They differ in terms of their operating
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principles and processing parameters, which may lead to different properties of the prepared
composite materials. Many researchers have used polyethylene matrices as composite
material with various natural fibres/fillers in their studies of polymer reinforcements. These
natural fibres/fillers include abaca, alfa, bagasse, bamboo, banana, curaua, coir, cotton, flax,
hemp, henequen, isora, jute, kapok, kenaf, kraft, maize, olive stone flour, piassava, pineapple,
ramie, rice starch, sponge gourd, silk, sisal, straw (wheat), sun hemp, wood fibres/flour (WF),
and wool [7,31,57,58,63,74]. The section below will emphasize the wide range of studies

carried out by researchers based on both unmodified and modified natural fibre composites.

A lot of research work has been done on the preparation and morphology analysis of
unmodified/uncoupled natural fibre/polyethylene composites [63,71-73,75-81]. Herrera et al.
[63] reported on continuous henequen fibre reinforced high-density polyethylene (HDPE)
composites prepared in a Brabender mill. The SEM results of the untreated composites
showed a considerable fibre pull-out and smooth holes. There was no evidence or traces of
matrix resin adhering to the fibre. Baroulaki et al. [71] studied composites based on high-
density polyethylene (HDPE) and recycled paper fibre. These composites were prepared by
using compression molding in the temperature range 200-240 °C, pressure range 50-170 bar,
with heating and cooling times of 20 and 18 min. The SEM results of the HDPE/recycled
paper fibre composites confirmed the poor interfacial adhesion because of the incompatibility
of the two components. This is supported by gaps between the HDPE matrix and recycled
paper fibre, fibre pull-out, and a relatively smooth surface on the recycled paper filler. In
addition, fibre-fibre interaction was also observed with an increase in fibre loading. Lu et al.
[72] and Mengeloglu et al. [73] respectively reinforced HDPE with WF and eucalyptus wood
residue (EWR). The composite materials were prepared through single screw extrusion and
injection moulding. Both authors obtained similar results as those discussed above [63,71],

and all of them confirmed the existence of poor interfacial adhesion in untreated composites.

LDPE was also reinforced with natural fibres and the composite materials were characterized
for their morphology. Baroulaki et al. [71] used recycled paper fibre, while Pasquini et al.
[75] utilized sugar cane bagasse to reinforce LDPE. The composites were prepared by using
melt mixing and compression moulding under different temperature conditions. The SEM
results in both studies showed that the fibres were pulled out practically intact from the
matrix. They also observed that only some areas of the fibres were covered by polymer, while

there were gaps between the matrix and the fibre as well as walls with smooth surfaces. All of
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these showed that there was a very poor interfacial adhesion between the two phases, which
led to some properties deterioration. Similar behaviour was observed by other authors on

HDPE based composites [63,71-73].

Virgin LLDPE was also reinforced with natural fibres and the composites were characterized
for their morphology. Marcovich and Villar [76] and Liao et al. [77] used wood flour (WF),
whereas Adhikari et al. [78] used coir fibre to reinforce LLDPE. The composites were
prepared through extrusion and melt mixing methods. The SEM results for all the studies
showed the existence of fibre pull-outs, gaps and no polymer matrix coating around the filler
surfaces. Similar to the previous studies on HDPE and LDPE [63,71-73,75], the authors
concluded that these confirmed the existence of poor interfacial adhesion for untreated

LLDPE/natural fibre composites.

EVA was reinforced with natural fibres and the composites were characterized for their
morphology. Stael et al. [55] used sugar cane bagasse fibre, whereas Dikobe and Luyt [79]
used WF to reinforce EVA. The composites were prepared through melt mixing under
different processing conditions. The SEM results for the EVA/WF composites show that
there are obvious fibre pull out from the matrix indicating the poor interaction between them.
The SEM photos of the fractured surfaces of the EVA/bagasse composites showed that the
fibre was covered by the polymer. No gaps were observed at the interface and the lumens
were almost closed. The broken bagasse still adhered to the EVA resin matrix, which means
that good bagasse-EVA interaction occurred. In contrast to some other studies [63,71-73,75-
79], these authors observed good adhesion between the bagasse fibre and the EVA matrix for
non-treated composite systems. The good bagasse-EVA interaction could be attributed to the
polar groups randomly distributed on the EVA macromolecular chains. This could also be
interpreted as a sign that bagasse is really acting as reinforcement for the EVA matrix.
Generally, most non-coupled/untreated natural fibre-polyethylene composites have poor

interfacial adhesion, except for a rare case such as that of Stael et al. [55].

Some workers have also utilized polypropylene (PP) as the matrix component for
polyolefin/natural fibre composites [58,80,81]. Rana et al. [58] used short jute fibre with a PP
matrix, Rozman et al. [80] studied the physical properties of coconut fibre/PP composites,
and Rozman et al. [81] utilized empty fruit bunch fibre and PP. These composite materials

were prepared through injection molding, melt mixing and extrusion under different
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processing conditions. The SEM results of these untreated composites showed fibre pull-outs,
and the fibre scraped off left a smooth surface on the matrix indicating the occurrence of
debonding through the weak interfacial interaction between the fibre and polymer matrix.
There were also some irregularities in size and distribution of fibres which may affect the

efficiency of stress transfer.

Dikobe and Luyt [57] investigated the influence of wood flour and EVA, in the presence and
absence of poly (ethylene-co-glycidyl methacrylate) (EGMA) as compatibilizer, on the
composite properties. The FTIR results revealed that there was no grafting reaction between
the EVA and WF, even though there might have been hydrogen bonding between the —-OH
groups on the cellulose and the —C=0O groups in the vinyl acetate. These authors suggested
that there was probably a reaction between the epoxy groups in EGMA and the —OH groups
in WF, giving a grafted product. Kim et al. [96] studied saw dust-reinforced LLDPE
composites using an ethylene vinyl alcohol copolymer as adhesion promoter and their

observations were similar to those of Dikobe and Luyt [57].

Generally it was found that treatment of the natural fibre or addition of a modifier into natural
fibre composites showed improved interfacial adhesion. The modification may be achieved
by physical or chemical methods (fibre surface or polymer treatment), and gives enhanced
interfacial adhesion between the polymer matrix and the fibre, good fibre dispersion within
the matrix and good fibre covering by the polymer. However, the level of interfacial adhesion
between the composite components depends primarily on the chemical nature of the selected
coupling agent [15]. A variety of coupling agents such as silane, organosilanes, maleic
anhydride, maleic anhydride grafted polyethylene, acrylic acid grafted polyethylene, organic
peroxide, and ethylene-vinyl alcohol (EVAL) copolymer (as adhesion promoters) were
utilized to effectively and efficiently enhance the compatibility between natural fibres and
thermoplastic resins [7,15,58,61,63,64,67,72-83]. The SEM results from these authors
confirmed good compatibility and interfacial adhesion between the polyethylene matrices and
the various natural fibres after modification of the composites. This was justified by the
absence of gaps between fibres and matrices, reduction in fibre pull-outs resulting in small
voids and holes, few cavities or closed lumen, improved fibres dispersion within polymer
matrices, good fibre covering by polymers, insignificant fibres agglomeration and rough

surfaces.
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2.4.2 Thermal properties

2.4.2.1 Melting and crystallization

Several studies were conducted on the thermal properties of polyethylene/natural fibre
composites and various features were observed [56,57,59,64,65,67,73,78,79,84-89]. These
features were influenced mainly by the nature of the binding polyethylene matrix, coupling
agent, or surface modification, and the choice of the fibre or filler. Aragjo et al. [59],
Mengeloglu et al. [73], and Karakus et al. [84] found a significant decreasing trend in the
crystallinity of polyethylene in natural fibres (curaua, wheat straw flour, and eucalyptus wood
residue)-reinforced polyethylene prepared in the presence of maleic anhydride as a coupling
agent. This was attributed to the fact that the PE chains were immobilized by the coupling
agent. Another reason given was that covering of part of the fibre surface by the coupling
agent decreased the transcrystallinity effect. A slight increase in crystallinity of the matrix in
polyethylene/rice husk flour (RHF) composites with increasing MAPP and MAPE content
was noticed, but a decrease in the crystallinity of the matrix in LDPE/RHF fibre composites
was observed by Kim et al. [85]. The RHF fibre loading led to a slight increase in melting
temperature (T,,) of LDPE/RHF composites compared to the Ty, of pure LDPE, but the Ty, of
the composites was not significantly changed due to the addition of MAPP and MAPE [85].
Sailaja et al. [86] found that when wood pulp was grafted with polymethyl methacrylate
(PMMA), there was not much of a difference between the melting temperatures of the
composites. However, the presence of poly(ethylene-co-glycidyl methacrylate) (PEGMA) as
compatibilizer showed a remarkable increase in crystallinity of the matrix, while the
crystallinity of the matrix decreased as the filler loading increased in the absence of a
compatibilizer. The reason given was that the presence of the inhibited the close packing of

the LDPE chains [86].

Several authors such as Luyt et al. [56] and Dikobe and Luyt [79] reported on EVA-natural
fibre composites. The expected enthalpies for EVA/sisal fibre composites were higher than
the measured enthalpies. This was attributed to a decrease in the mobility of the EVA chains
as a result of grafting. This also gave rise to the formation of thinner crystal lamellae,
confirmed by the steady decrease in the melting temperatures, and a lower crystallinity [56].
Dikobe and Luyt [79] observed that wood fibre (WF) influenced the melting temperatures
and crystallization behaviour of EVA in EVA/WF composites. The EVA part of the
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composite crystallized fairly normal, even though the crystals were not as perfect as
expected. The formation of perfect crystals was hindered by the presence of WF particles,
which probably led to epitaxial crystallization on the surfaces of the WF particles that were
well dispersed in the EVA matrix. Xie et al. [65] studied PP and PP/maleic anhydride grafted
styrene-(ethylene-co-butylene)-styrene copolymer (MA-SEBS) sisal fibre (SF) composites.
The DSC results showed that the Ty, of the PP phase in the PP/MA-SEBS/SF composites
slightly decreased with the incorporation of MA-SEBS. This means that there were some
interactions between PP and MA-SEBS as well as between SF and MA-SEBS which
improved the compatibility between the components. The crystallinity of PP also decreased
quite noticeably with an increase in the MA-SEBS content [65]. Zhou et al. [67] evaluated
the reinforcement of PP using sisal fibre grafted with PMMA. It was found that the Ty, values
of the PP matrix in the composites were almost the same, whereas the crystallization
temperature was reduced in the PP/PMMA-g-SF composite compared to those of
PP/untreated SF and PP/NaOH-treated SF. The crystallinity of the PP/PMMA-g-SF
composite was lower than that of either the PP/untreated SF or the PP/NaOH-treated SF
composite. This was due to the PMMA grafted onto the surface of SF enhancing the
intermolecular interaction between PP and SF, and hence hindering the crystallization of the
PP phase in the PP/PMMA-g-SF composite [67]. The DSC results by Nayak et al. [89]
showed that the addition of bamboo fibre, glass fibre and MAPP did not significantly
influence the T, of a PP matrix. However, the introduction of these fibres and MAPP
interrupted the linear crystallisable sequence of the PP phase and reduced the degree of
crystallinity. The degree of crystallinity increased with the incorporation of both fibres. This

was an indication that these fibres did act as a nucleating agents [89].

2.4.2.2 Thermal stability

The thermal stability of natural fibre-reinforced polyethylene composites depends heavily on
the level of interaction between the polymeric matrix and fibres. This interaction is
influenced by surface modifications introduced through physical and chemical methods, as
well as coupling agents used to optimize the interface efficiency. In general, the thermal
stability of natural fibres is considerably lower than that of neat polyethylene resins, but their
incorporation into polyethylene matrices may lead to either a decrease or an increase in the
thermal stabilities of the composites [56,57,59,67,70,73,76,79,84-86,89]. Aratjo et al. [59]
observed that the pure HDPE and HDPE/curaua composites were thermally more stable than

25



the HDPE/curaua/PE-g-MA composites. The compatibilized composites have more
interfacial interaction due to reactions between the acid moieties on the maleic anhydride
groups and the hydrophilic groups on the fibre surfaces. Mengeloglu et al. [73] found that the
degradation temperature of recycled HDPE was around 300 °C, while HDPE/eucalyptus
wood residue (EWR) composites degraded at 260 °C. It is clear that the addition of EWR into
the HDPE matrix induced it to degrade thermally at low temperatures. This could be
attributed to the fact that wood produced a higher concentration of free radicals which
accelerate the thermal degradation of the PE matrix. The inclusion of MAPE as a coupling
agent increased the thermal stability of the HDPE/EWR composites by 10-20 °C. Karakus et
al. [84] comparatively evaluated the thermal stability of HDPE and HDPE/wheat straw flour
(WSF) composites. The incorporation of WF showed a steady decrease in the thermal
stability of HDPE.

Kim et al. [85] observed that the LDPE/untreated RHF composites have a higher thermal
stability thane neat LDPE, whereas the thermal stability of the treated composites were
slightly increased with an increase in MAPE compatibilizer content. The improved thermal
stability of the compatibilizing agent-treated composites was due to enhanced interfacial
adhesion and additional intermolecular bonding which produced an esterification reaction
between the hydroxyl groups in RHF and the functional groups in MAPE [85]. Sailaja et al.
[86] investigated the thermal properties of LDPE/bleached kraft wood pulp grafted with
polymethyl methacrylate (PMMA), with and without poly(ethylene-co-glycidyl methacrylate)
(PEGMA). There was no significant change in the thermal behaviour for compatibilized and
uncompatibilized composites with 20% wood pulp grafted with PMMA (WPMMA) loading.
However, on increasing the WPMMA loading to 40%, the composites with the PEGMA
compatibilizer showed a higher thermal stability than the uncompatibilized composites.
Marcovich and Villar [76] found that natural fibres decreased the thermal stability of the
composites in either unmodified, organic peroxide modified, or gamma radiation treated
systems with the residual char increasing with fibre content. This was attributed to the
polymers having more weak links due to the presence of organic peroxide, and an increase in

concentration of free radicals.

Luyt et al. [57] observed that the fibre degraded before the EVA matrix and that the
EV A/sisal composites were more thermally stable than both EVA and sisal fibre alone. These

authors found that the composite stability did not depend on the amount of sisal, because in
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most cases the sisal decomposed first followed by the decomposition of the EVA matrix.
Similar trend in thermal stability was observed by Dikobe and Luyt [79] for EVA/WF
composites. They also pointed out that the WF particle size did not substantially influence the
degradation behaviour of the EVA/WF composites. Zhou et al. [67] investigated the thermal
stability of PP/sisal fibre composites and found that the thermal stability of PP/SF composites
was improved by grafting the sisal fibre surface with PMMA. This was because grafting of
the PMMA chains enhanced the intermolecular interaction between PP and SF. Doan et al.
[70] reported good thermal stabilities for jute fibre/PP composites compared to neat PP or
fibre in both nitrogen and air atmospheres, due to the fibre-matrix interaction. Nayak et al.
[89] found that the presence of MAPP enhanced the thermal stability of bamboo fibre in
PP/short bamboo fibre composites.

2.4.3 Thermo-mechanical and mechanical properties

2.4.3.1 Thermo-mechanical properties

Various studies were conducted on the thermo-mechanical properties of polyethylene/natural
fibre composites [67,70,75,85,89-94]. Behzad et al. [92] studied the dynamic mechanical
properties of wood flour (WF)-reinforced HDPE composites. The storage modulus of the
HDPE/WF composites decreased rapidly with an increase in temperature, but there was no
significant difference between the storage modulus of coupled and uncoupled composites in
the case of 25% wood flour loading. In the case of 50% WF loading, a very significant
improvement due to the addition of the compatibilizer could readily be observed. At higher
temperatures the difference in storage modulus between coupled and uncoupled composites
became negligible. The coupled composites had a higher loss modulus than the uncoupled
composites. It was found that the alpha transition (o-transition) peak significantly shifted to
higher temperatures due to the addition of more fibres, but no pronounced shifting in the
transition peaks was observed when the compatibilizer was added. It seemed that the a-
transition intensity was somewhat higher in the case of the coupled composites at 50% fibre
content. It was also found that all the composites had relatively the same tan & values below
the a-transition. Above the a-transition the curves for the 50% fibre containing composites
showed different tan & values, while at 25% fibre content the curves showed similar values. It
was concluded that the energy loss became more pronounced at temperatures above the a-

transition for the higher fibre content samples [92].
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Kim et al. [85] observed that the storage modulus of LDPE substantially increased at higher
temperatures due to the incorporation of RHF. With increasing coupling agent content, the E'
values of the composites slightly increased compared to those of the untreated composites.
The enhanced stiffness of the composites was mainly attributed to the improved compatibility
between the RHF and LDPE. The T, (-135 °C) of the treated composites slightly increased
due to the existence of interfacial bonding between the components at the interface. The loss
modulus (E") peak temperatures of LDPE and the treated composites were in the range of -23
to -19 °C, which may well be attributed to the B-relaxation. The tan & values of the treated
composites were lower than those of the untreated composites over the complete temperature
range indicating that the energy dissipation of the modified composites was less than that of
the uncoupled composites. Pasquini et al. [75] and Abdelmouleh et al. [94] observed similar

behaviour in their investigation of LDPE/short bagasse and pine fibre composites.

Pracella et al. [95], in their investigation of EVA copolymers with cellulose fibres, observed
that the storage modulus E' decreased systematically with an increase in temperature and that
a pronounced relaxation of the virgin polymer and the composites was around -20 °C. This
was associated with the glass transition temperature (T,) of the ethylene vinyl acetate (EVA)
copolymer. The E' values of cellulose filled systems were higher than those of the pure
polymers both in the glassy and rubbery regions. The E' values for the ethylene vinyl acetate-
glycidyl methacrylate (EVA-GMA)/cellulose fibre composites were higher than those of the
EVA/cellulose fibre and EVA grafted maleic anhydride (EVA-MA)/cellulose fibre
composites. It was deduced that the cellulose fibre had a larger effect on the modulus above
T, than below it. The difference between the moduli of the glassy region and rubbery region
was also smaller in the composites than in the neat polymers. This could be attributed to a
combination of the hydrodynamic effects of the cellulose embedded in a viscoelastic
medium, and to the mechanical restraint introduced by cellulose at high concentrations,
which reduced the mobility and deformability of the matrix. The cellulose fibre incorporation
reduced the tan & peak height by restricting the movement of the polymer molecules. It was
concluded that the T, of EVA-MA was not affected by the incorporation of cellulose,
whereas the T, of EVA and EVA-GMA were changed markedly by the incorporation of

cellulose.
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Zhou et al. [67] found that the incorporation of sisal fibre into a PP matrix significantly
increased the E' values. The NaOH-treated composites had more pronounced E' values than
the untreated composites and neat PP. The tan & curve for PP showed a peak at 17.5 °C,
which corresponds to T,. For all the sisal fibre reinforced composites, this peak was around
15 °C. There was an additional tan 6 peak at about 90 °C only in the PP/PMMA-g-SF
composites. The intensity of the transition decreased significantly when the SF was
incorporated into the PP matrix. Doan et al. [70] found that with increasing jute fibre
content, the storage modulus values increased. At the same fibre loading, the storage modulus
of the jute/modified PP composite was slightly higher than that of the jute/unmodified PP
composite over a wide temperature range. This indicated enhanced adhesion between the
fibre and the matrix due to the coupling agent, leading to better stress transfer from the matrix
to the fibre. It was observed that in the modified composite system the loss modulus
increased with fibre content. The tan 6 values dropped with an increase in the jute fibre
loading for jute/modified PP composites. The reason for this was given as a restriction of the
mobility of the PP chains by the fibres during the relaxation process. Nayak et al. [89] and
Sanadi et al. [90] found similar trends in the storage modulus values in their investigation of
PP/short bamboo and kenaf fibre composites. These authors observed three transition peaks
(a, B, and y) at temperatures of -50, 20, and 90 °C. The B-transition peak of the MAPP treated
PP/short bamboo fibre composites and the PP/kenaf fibre composites shifted to higher
temperatures with increasing fibre content compared to the untreated composites and PP.
This was attributed to restricted segmental motion of the amorphous PP chains at the fibre-
matrix interface. The tan § values for the PP/short bamboo fibre were lower than that of the
pure PP, because of the lower weight fraction of the PP matrix that could dissipate the
vibrational energy. The introduction the MAPP into the PP/short bamboo fibre composites
seemed to decrease the tan & values. This decline in the tan & values indicates an
improvement in the interfacial bonding of PP/short bamboo fibre composites, because the
higher the damping at the interface, the poorer is the interface adhesion. In the case of the
untreated composites, the mechanical loss factor remained high in the system due to poor

interfacial adhesion.
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2.4.3.2 Mechanical properties

The mechanical properties of thermoplastic/natural fibre composites were studied by several
workers [56,57,63,72,79,92]. An increase in Young’s modulus and tensile strength of HDPE
filled with continuous henequen fibre was observed by Herrera et al. [63] with an increase in
fibre loading. This increase was more pronounced for the treated composites as a result of the
better compatibility between the components. Generally the HDPE composites had higher
Young’s modulus values because of the higher crystallinity of HDPE. It was also noticed that
the flexural strength increased with increasing fibre loading in both directions compared to
that of the pure matrix. The flexural modulus showed the same behaviour as the tensile
modulus, and the values of stiffness were higher for silane-treated composites. Lu et al. [72]
found that the tensile strength of HDPE/WF composites increased slightly at the low filler
concentrations, but decreased at higher concentrations. Behzad et al. [92] investigated the
effect of compatibilizer on the mechanical properties of HDPE/WF composites. They found
an improvement in the properties such as tensile modulus, strength and flexural modulus due
to the addition of the compatibilizer, and the differences were statistically significant. This
was related to the effectiveness of the compatibilizer in enhancing the quality of the interface.
This also resulted in higher tensile modulus values, improved stress transfer and eventually
higher tensile strength. It was noticed that for uncoupled composites at higher fibre contents

the tensile modulus and flexural modulus increased, while the tensile strength decreased.

Habibi et al. [19] observed that Young’s modulus of the unfilled matrix was higher for
maleated LDPE (MLDPE) than for LDPE as a result of its higher degree of crystallinity. The
tensile strength clearly increased as the fibre content was further increased in the case of
MLDPE, while in the case of LDPE it seemed to decrease. Maleic anhydride grafting
improved the tensile strength because of better adhesion between the two components, and
because of good stress transfer from the matrix to the fibre. The elongation at break of the
unfilled matrix was higher for LDPE than for MLDPE. However, the elongation at break
decreased upon fibre inclusion for both sets of composites regardless of the nature of the fibre
(cotton stalk, rice straw, sugarcane and banana fibres). Marcovich and Villar [76] used wood
flour to reinforce an LLDPE matrix and found that in all cases, the modulus increased with
WF loading, but the increment was larger for organic peroxide and maleic anhydride
modified samples. This increase in the tensile modulus could be explained by a good

compatibility between the filler and matrix. The dispersion of the WF in the PE matrix was
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also improved by matrix modification, and so the fibre-matrix interface was stronger, hence a
more efficient reinforcing effect was obtained. Liao et al. [77] used two titanate coupling
agents known as polyoxide terephthalate (TC-POT) and polybutylene terephthalate (TC-
PBT) to modify WF to reinforce LLDPE, and they compared their mechanical properties with
those of the untreated composites. They observed similar trends in the elongation, tensile
modulus, and tensile strength properties as those discussed above [19,76]. Kim et al. [96]
reported that ethylene vinyl alcohol, as a compatibilizer in saw-dust-reinforced LLDPE
composites, led to better mechanical properties than ethylene vinyl acetate that showed poor
properties. This behaviour improved with an increase in coupling agent content, and it was

attributed to the compatibilizer’s ability to chemically bond with saw-dust.

Luyt et al. [56] studied EVA-sisal fibre reinforced composites, and found that Young’s
modulus increased remarkably with an increase in the sisal fibre content. It was also observed
that an increase in the sisal content as well as crosslinking and grafting gave rise to higher
values of Young’s modulus. A drastic decline in modulus values and stress at break was
noticed for the neat EVA copolymer in the presence of dicumyl peroxide (DCP) as a
crosslinking agent. This behaviour was expected since the crosslinking reduced the degree of
crystallinity. There seemed to be a noticeable decrease in the values of stress at break for
composites prepared in the presence and absence of DCP, especially at a very low sisal fibre
loading. The reason could be attributed to the weak interaction between EVA and sisal, since
there was no substantial grafting at this fibre loading. However, an increase in sisal content
produced high stress at break values, especially for the samples prepared in the presence of
DCP. This was attributed to a strong element of grafting and interaction between EVA and
sisal fibre. The elongation at break decreased because of the crosslinking and grafting that
restricted the chain movement. Similar trends were observed by Dikobe and Luyt [57,79] in

their studies on wood flour- reinforced EVA composites.

Rana et al. [58] carried out work on short jute fibre-reinforced PP composites and observed a
sharp increase in the tensile strength after introduction of the compatibilizer. This was
explained as being due to the efficiency of stress transfer from the PP matrix to the jute fibre
via the compatibilizer. The tensile strength of the composite materials prepared without
compatibilizer showed a smaller improvement regardless of the amount of fibre present. This
suggested that there was very little stress transfer from the matrix phase to the

reinforcing/fibre component. The increase in the fibre content restrained the movement of the
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PP chains and this was reflected in an increase in the tensile modulus values. A significant
increase in the flexural strength and modulus values was observed in the presence of
compatibilizer, while in the absence of compatibilizer there was practically no change in both
these properties. The notched impact strength values were found to increase and the effect of
the compatibilizer on these values was negligible with only a marginal improvement. This
could have been due to the migration of too much compatibilizer around the fibres, causing
self-entanglement among the compatibilizer instead of the PP matrix resulting in slippage.
There was a sharp increase in the unnotched impact strength after addition of the
compatibilizer. Khalid et al. [60] and Xie et al. [65] studied the mechanical properties of EFB
and SF fibre-reinforced PP composites and found that the results which are in line with those
in the study of the effect of compatibilizer on the short jute fibre-reinforced PP composites
[58]. Rozman et al. [80] found that the flexural strength did not show significant changes as
the percentage of fibre increased, and that the flexural modulus seemed to increase
significantly as the lignin loading was increased. The overall tensile strength of the
composites steadily decreased as the fibre loading increased and the incorporation of lignin
did not change the tensile strength. A study of the effect on the tensile and dimensional
stability properties of EFB fibre-reinforced PP composites was conducted by Rozman et al.
[81]. They found that the tensile strength of the composites decreased, while the tensile
modulus increased with increasing EFB filler loading. The composites with maleic anhydride
treated filler showed significantly higher values of both tensile strength and modulus. This
agreed well with the behaviour observed in other natural fibre-filled PP composites studies

[58,60,65,80].
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

3.1.1 Ethylene vinyl acetate (EVA)

EVA-460 was manufactured and supplied in granule form by DuPont Packaging & Industrial
Polymers. EVA-460 contains 18% by weight of VA with a BHT antioxidant thermal
stabilizer. It has an MFI (190 °C / 2.16 kg) of 2.5 g/10 min (ASTM D1238-1SO 1133), Ty, of
88 °C, vicat softening point of 64 °C, and density of 0.941 g cm™.

EVA-260 was manufactured and supplied in granule form by DuPont Packaging & Industrial
Polymers. EVA-260 contains 28% by weight VA with a BHT antioxidant thermal stabilizer.
It has an MFI (190 °C / 2.16 kg) of 6.0 g/10 min (ASTM D1238-ISO 1133), Ty, of 75 °C,
vicat softening point of 46 °C, cloud point in paraffin wax of 66 °C, softening point ring and

ball of 154 °C, brittleness temperature of -100 °C and density of 0.955 g cm™.

3.1.2 Empty fruit bunch (EFB) fibre

The EFB fibre was obtained from palm oil mills in Malaysia. It had a particle size of less than
150 pm and a bulk density in the range of 0.75 to 0.90 g cm™.

3.2  Methods

3.2.1 Preliminary work on EFB fibre

The raw fruit bunch was taken directly from a palm oil mill, then pre-treated (pressed,
shredded), dried, and converted into the EFB fibre by a processing technique called pyrolysis.

In the pyrolysis unit, sufficient heat was generated to dry the wet EFB to less than 10 wt% by
weight of water [1].
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3.2.2 Preparation of composites

The EFB fibres were sieved through a 150 um pore size sieve and put into an oven at 105 °C
overnight for moisture reduction. The materials were prepared by a melt mixing process
using a Brabender Plastograph internal mixer. The mixing speed was 30 rpm at a temperature
of 120 °C for 10 min. The compositions of the investigated samples are listed in Table 3.1.
The samples were melt-pressed at 120 °C and 50 bars for 5 min into 100 mm x 100 mm x 2
mm square sheets by using a hot hydraulic press. These conditions were set in order to ensure
the film production efficiency and the avoidance of the bubbles on the film. All the test

samples were then cut from the sheets for different analyses.

Table 3.1 List of the samples and compositions used in the present study
EVA-460/EFB (w/w) EVA-260/EFB (w/w)
100/0 100/0
90/10 90/10
80/20 80/20
70/30 70/30

33 Characterization and analysis

3.3.1 Scanning electron microscopy (SEM)

SEM is a well-known imaging technique, making use of the emission of electrons from a
surface when irradiated by a scanning electron beam. In SEM the focused electron beam is
scanned over the area of interest of the specimen surface at high speed. The scan rate for the
electron beam can be increased so that a virtual three dimensional (3-D) image of the
specimen is observed. When the primary electrons hit the sample, the interaction of the beam
electrons with the sample atoms generates a variety of signals such as secondary electrons
(SE), backscattered electrons (BSE) and x-rays used for making an image of the sample. The
image can be captured by standard photography. SEM images have great depth of
information giving out a characteristic 3-D appearance useful for understanding the surface

structure of a sample [2].
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SEM analyses were carried out in a Shimadzu SSX-550 Superscan scanning electron
microscope (SEM) (Tokyo, Japan). The surfaces of the samples were coated with gold by a
BioRAD Sputter Coater for 135 seconds at 120 pm probe size, the probe current was 0.02
nA, the lateral resolution 2.0 um and the AC voltage 5.0 keV. The images were then captured
by standard photography.

3.3.2 Differential scanning calorimetry (DSC)

DSC is a thermoanalytical technique in which the difference in the amount of heat required to
increase the temperature of a sample and reference are measured as a function of temperature
or time. DSC is used to study the thermal or phase transitions of a polymer like the melting
temperature, crystallization temperature (T.), glass transition temperature (T,), and
exothermic or endothermic decompositions (Ty). It is widely used in industrial settings as a
quality control instrument due to its applicability in evaluating sample purity and for studying
polymer curing. The most common application of DSC is to study the melting process which,
in principle, contains information on both the quality (temperature) and the quantity (peak

area) of crystallinity in a polymer [3-5].

The sample analyses were carried out under nitrogen flow (20 ml min™") using a Perkin Elmer
Pyris-1 differential scanning calorimeter (Waltham, Massachusetts, U.S.A). The instrument
was computer controlled and calculations were performed using Pyris software. The
instrument was calibrated using the onset temperatures of melting of indium and zinc
standards as well as the melting enthalpy of indium. The sample weights were in the range of
5-10 mg, and they were heated from 25 to 180 °C at a heating rate of 10 °C min”. The
cooling and second heating were also performed under the same conditions. For all the
samples, the onset and peak temperatures of melting and crystallization, as well as the
melting and crystallization enthalpies were determined from the second scan. The degree of

crystallinity was calculated using the total enthalpy method, according to equation 3.1.

AH_.
=""2 ¥ 100%
4 T EEE (Eq. 3.1)
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where . is the degree of crystallinity, AH,, is the specific enthalpy of melting, and AH,, is
the specific enthalpy of melting for 100% crystalline PE. A value of 288 J g was used in the

calculations [6].

3.3.3 Thermogravimetric analysis (TGA)

By definition, thermogravimetric analysis is a technique in which the mass of a substance is
measured as a function of time or temperature while the substance is subjected to a controlled
temperature program. It provides a quantitative measurement of any mass change in the
polymer or material associated with a transition or thermal degradation. It can directly record
the change in mass due to dehydration, decomposition, or oxidation of a polymer with time or
temperature. It provides a rapid means to distinguish one polymer from another on the basis
of the temperature range, extent, rate, and activation energy of decomposition. It is often used
to characterize degradation reactions and to quantify thermal stability of materials under a
variety of conditions. TGA is also useful for compositional analysis of multi-component
materials and used to examine the kinetics of the physio-chemical processes occurring in the

sample [7,8].

The analyses were done under flowing nitrogen atmosphere at a constant heating rate of 20
ml min™ using a Perkin Elmer TGA 7 thermogravimetric analyser (Waltham, Massachusetts,
U.S.A). The sample is placed in a furnace while being suspended from one arm of a precision
balance. The samples, weighing 5-10 mg each, were then heated from 30 to 600 °C at a
heating rate of 10 °C min™. The instrument was computer controlled and calculations were
done using Pyris software. The instrument was calibrated using the Curie temperatures of five

different metal standards.

3.3.4 Dynamic mechanical analysis (DMA)

DMA is a thermal analysis technique that measures the properties of materials as they are
deformed under periodic stress. The DMA determines changes in sample properties resulting
from changes in five respective experimental variables: temperature, time, frequency, force,
and strain. DMA measures also the stiffness and damping properties of a material. The

stiffness depends on the mechanical properties of the material and its dimensions. The storage
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modulus E' (elastic response) and loss modulus E" (viscous response) of polymers are
measured by DMA as a function of temperature or time. DMA is the most sensitive of all
thermoanalytical techniques for monitoring relaxation events, such as glass transitions (Ty)

and other relaxation transitions [9].

In DMA the sample is clamped between the ends of the two parallel arms. The distance
between the arms is adjustable by means of a precision mechanical slide to accommodate a
wide range of sample lengths from less than 1 mm up to 65 mm. An electromechanical motor
attached to one arm drives the arm/sample system to a selected strain or amplitude. As the
arm/sample system is displaced, the sample undergoes a flexural deformation. The sample is
positioned in a temperature-controlled chamber. This heating system is precise and gives
accurate control of the sample temperature. The viscoelastic properties of the composites
were studied using the Perkin Elmer Diamond DMA (Waltham, Massachusetts, U.S.A).

Table 3.2 summarizes the analysis conditions used for the different types of samples.

Table 3.2 Summary of DMA analysis conditions

EVA-460
Parameters Typical set values
Frequency 1 Hz
Amplitude 20 pm
Temperature range -90 to 90 °C
Heating rate 5°C min”
Preload force 800 mN
Sample length 20 mm
Sample width 11-12 mm
Sample thickness 2 mm
EVA-260
Parameters Typical set values
Frequency 1 Hz
Amplitude 20 pm
Temperature range -90 to 75 °C
Heating rate 5°C min’'
Preload force 800 mN
Sample length 20 mm
Sample width 11-12 mm
Sample thickness 2 mm
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3.3.5 Tensile testing

Tensile testing is the mechanical or physical testing of polymer materials carried out under an
extension force. The results of tensile tests are used in selecting appropriate materials for
engineering applications. The tests are also used to assess the ageing or chemical resistance
of materials. They are, however, of limited use in predicting material performance due to
limited information provided by the tests. Tensile properties are frequently useful indicators
to ensure quality control of material specifications, and to predict the behaviour of a material

under forms of loading other than uniaxial tension [10].

The mechanical properties were investigated using a Hounsfield HSKS tensile tester at a
cross-head speed of 10 mm min™. The tensile modulus, as well as stress and elongation at
break of the samples were calculated from the stress-strain curves. At least five specimens
were tested for each sample and the mean values and standard deviations are reported. The
dimensions of the dumbbell shaped samples are shown in Figure 3.1, and the analysis

conditions are summarized in Table 3.3.

24.0 mm

15.0 mm
78.0 mm

>

Figure 3.1  Dumpbell-shaped specimen used for tensile testing (sample thickness 2

mm)
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Table 3.3 Tensile testing analysis conditions

Parameters Set values
Stress range / Mpa 100.0
Extension range / % 50.00
Gauge length / mm 24.00
Speed / mm min™ 10.00
Approach speed / mm min™ 10.00
Preload force / N 0.00

3.3.6 Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy provides specific information about chemical bonding and molecular
structures, making it useful for analysing organic materials and certain inorganic materials.
FTIR is routinely used for forensic analysis as an attempt to identify foreign materials in food
or beverage products by matching the spectra of the material in question with the spectra of
known compounds. It can also be used to assess quantitatively some fundamental
components of an unknown or unidentifiable mixture. FTIR spectroscopy involves collecting
absorption information and analysing it in the form of a spectrum — the frequencies at which
there are absorptions of IR radiation (“peaks” or “signals”) can be correlated directly to bonds

within the compound in question [11,12].

FTIR spectroscopy was performed using a Perkin Elmer precisely multiscope (Waltham,
Massachusetts, U.S.A) connected to a Perkin Elmer Spectrum 100 FTIR spectrophotometer.
The samples were scanned 32 times using over a 400 to 4000 cm™ wavenumber range at a

resolution of 4 cm™. The FTIR spectra were eventually recorded in the transmittance mode.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Scanning electron microscopy (SEM)

The SEM micrographs of the different EVA/EFB fibre composites are presented in Figures
4.1 to 4.2. Figure 4.1 shows the SEM micrographs of the 90/10 and 70/30 w/w EVA18/EFB
composites. The pictures in Figure 4.1(a) and Figure 4.1(c) show some fewer fibre pull-outs
creating holes with smooth walls in the EVA matrix. Generally there seems to be quite
intimate contact between the EVA18 and the EFB, although the high-magnification picture in
Figure 4.1(b) does show the presence of a very small void around the fibre. The very
negligible void indicates better wetability of the fibre and improved interfacial adhesion [1-
6]. This can be attributed to an increase in the vinyl acetate (VA) content, which allows more
effective interaction between the -OH groups on EFB and the polar functional groups on the
polymer [7]. It seems from Figures 4.1(a), 4.1(c) and 4.1(d) as if a layer of EVA may cover
the fibre surfaces (marked A, B and C in the figures), suggesting good interaction. This is
because of the interaction of the VA group on the polymer interacting with the OH groups on
the fibre [1,2,10]. This was also reported by various authors [5,6,8]. Yusoff et al. [5] studied
the mechanical properties of short random oil palm fibre reinforced epoxy composites, while
Abdul-Khali et al. [6] worked on the effects of mechanical and physical properties of oil palm
fibre (EFB) reinforced polyester composites. Arib et al. [8] investigated the mechanical
properties of pineapple leaf fibre reinforced polypropylene composites. They found that there
was a void or small gap formed between the matrix and fibre due to insufficient wetting of
the fibre by the polymer. This is in agreement with other published research work on natural
fibre reinforced polymer composites [7,9-11]. Figures 4.1(c) and (d) show small fibre
agglomerations and contact between different fibres in the polymer matrix (marked A and B
in the figures. There is also an evidence of fibre disorientation and differences in fibre sizes

in the composites, which may affect the efficiency of stress transfer [11,13].
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Figure 4.1 SEM micrographs of 90/10 w/w EVA18/EFB ((a) 100x magnification &
(b) 1000x magnification), and 70/30 w/w EVA18/EFB ((c) 100x magnification & (d) 300x

magnification) composites

The SEM micrographs of the 90/10 and 70/30 w/w EVA28/EFB composites are presented in
Figure 4.2. It is clear from the pictures in this figure that (i) there are little or no voids around
the fibres, (ii) there is almost no fibre pull-out resulting from the fracturing of the composites,
and (iii) there are fibre bending, twisting and fracturing on the composites’ fracture surfaces.
There are also indications of EVA28 adhering to the EFB surfaces. All these observations
indicate that the compatibility between these components is improved, which is mainly due to
an increase in the number of VA groups that interact with the -OH groups on the EFB fibre
surface [1,6,13,14].
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Figure 4.2  SEM micrographs of 90/10 w/w EVA28/EFB ((a) 100x magnification &
(b) 300x magnification), and 70/30 w/w EVA28/EFB ((c¢) 100x magnification & (d) 300x

magnification) composites

4.2 Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-

FTIR)

Figures 4.3 to 4.5 show the FTIR spectra of the EVA copolymers with different VA contents,
the EFB fibre and the EVA/EFB composites. The absorption bands for these samples are
summarized in Table 4.1. In Figure 4.3, the spectra of the pure EVA copolymers present
absorption peaks around 2850 and 2920 cm™ that correspond to the C—H asymmetric
stretching of the EVA copolymers. The characteristic absorption peaks of the VA groups are
as follows: 1736 cm™ attributed to the stretching vibration of the -C=0 band; 1240 cm™
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attributed to the asymmetrical stretching vibration of the C—O band; 1030 cm™ attributed to
the symmetric stretching vibration of the C—O—C band; 718 cm™ attributed to the inner
rocking vibration of methylene [15]. The observed absorption peaks around 1439 cm™ are
largely attributed to the contributions from both VA and ethylene (~CH,) units [15-17]. The
intensities of the absorption peaks at 718, 1030, 1240, 1439, 2850 and 2920 cm’! seem to
increase with an increase in the VA content, which is to be expected. The spectra of pure
EVA copolymers show a peak at around 1372 cm™, which could be associated with the

acetoxy groups of the EVA matrix [18].

Figure 4.4 represents the FTIR spectra of the pure EVAI18, the EFB fibre and the
EVAI18/EFB composites. The spectrum of the EFB fibre shows a broad characteristic peak
around 3430-3300 cm™', which indicates the presence of O—H stretching. The bands at 2920,
2850 and 1496 cm™ due to C—H stretching of methyl or methylene groups are also observed
in the spectrum of the EFB fibre. The EVA18/EFB composite spectrum shows all the
characteristic peaks for both pure EVA18 and EFB, and a slight shift in the peaks is observed.
The peak at 1592 cm™ is due to a C=C stretching [19], and indicates that EFB contains fatty
acids from lignin. The C=C peak at 1592 cm™ in the 80/20 w/w EVA18/EFB composite is
much less intense than that of EFB. The most probable reason for this is the smaller amount
of fibre on the composite surface. There is a slight shift in the carbonyl peak, the C=0
stretching vibration at 1727 cm™ to 1736 cm™ in the EVA18/EFB composites. This may
indicate an interaction between the carbonyl group of lignin and the methine (—CH) hydrogen
of the EVA [20]. A slight increase in the intensity of the carbonyl peak at 1736 cm™ is
observed, which may be the result of additional carbonyl groups contributed by the EFB
fibre. It is expected that the interaction between the VA carbonyl group and the EFB
hydroxyl group may influence the position and intensity of the carbonyl peak in the
composite spectrum. In this case there is an observable increase in the intensity of this peak,
which is contrary to what one would expect, and there does not seem to be any change in the
peak position. It seems as if it is not possible to conclusively confirm interactions between the

polymer and the fibre from the FTIR results.
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Figure 4.3  Comparison of the FTIR spectra of the pure EVA copolymers containing
different VA contents

Some studies were carried out by various researchers such as Mwaikambo and Ansell [19],
Dikobe and Luyt [21] and Pracella et al. [22] which explained the changes in the -C=0 peak
intensity. Mwaikambo and Ansell [19] found a reduction in the peak intensity at around 1654
cm’ in alkali treated fibres, indicating partial reaction between the —C=O groups of
hemicellulose and the ~OH group in NaOH. Their study was on the chemical modification of
hemp, sisal, jute, and kapok fibres by alkalization. Dikobe and Luyt [21] investigated the
morphology and properties of polypropylene/ethylene vinyl acetate copolymer/wood powder
blend composites. They found that the ~C=0 peak at 1750 cm™ in the blend composite was
much less intense than that of pure EVA and the PP/EV A blend, due to the interaction of the
—C=0 group in EVA with the ~OH group in wood powder (WP). In contrast to these studies,
Pracella et al. [22], who studied the compatibilization and properties of EVA copolymers
containing surface-functionalized cellulose microfibers, found an increase in the intensity of
the carbonyl peak at 1718 cm™ and explained it as being due to the formation of hydrogen
bonding between the epoxy moiety in glycidyl methacrylate (GMA) and the -OH group of
cellulose. Although they investigated a different system, the FTIR results of Pracella et al.

[22] seem to be in line with the results reported in this thesis.
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Figure 4.4  FTIR spectra of EFB, EVA18 and an EVA18/EFB composite

Figure 4.5 shows the FTIR spectra of the neat EVA copolymer, the EFB fibre and an 80/20
w/w EVA/EFB fibre composite for EVA28. The spectrum for the EVA28/EFB fibre
composite shows a broad characteristic peak around 3430-3300 cm™ which indicates the
presence of -OH stretching. The absorption peak at 1592 cm™ is less intense for the
EVA28/EFB composite than for the EVA18/EFB composite (Figures 4.4 and 4.5). This
absorption is caused by the carboxylic groups of the fatty acids present in the EFB fibre, and
in particular from the lignin constituent and, as discussed above, the most probable reason is

the smaller amount of fibre on the sample surface.
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Table 4.1 Some important peaks in the FTIR spectra of the EVA copolymers, EFB
and the EVA/EFB composites

Wavenumber / cm™ Assigned vibrations Visible in

718 Inner rocking vibration of methylene All samples
groups

1030 C-0O-C vibration All samples

1240 -C-O- stretching EFB

1372 Characteristic absorptions of acetoxy EVA
groups

1439 C-H bending of CHj; groups All samples

1592 C=C stretching of fatty acids EFB

1736 C=0 stretching vibration from free EVA

carboxylic acid and from esters
2850 C-H stretching All samples
2920 CH, stretching All samples
3430-3300 -OH stretching EFB + EVA/EFB
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Figure 4.5  FTIR spectra of EFB, EVA28 and an EVA28/EFB composite
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4.3 Differential scanning calorimetry (DSC)

The DSC results of the pure EVA copolymers and the EVA/EFB fibre composites are
presented in Figures 4.6 to 4.11. The peak temperatures of melting and crystallization, as well
as the melting and crystallization enthalpies of these samples are summarized in Tables 4.2
and 4.3. The heating curves in Figure 4.6 show endotherms with peak temperatures of
melting at 87 and 73 °C for EVA18 and EVA2S respectively. The melting temperature of
EVA decreases significantly with an increase in VA content. This is due to the acetate branch
points which reduce the packing and folding of the chains and inhibit the crystallization of
the EVA backbone [23], giving rise to reduced crystallinity. It is evident from Figure 4.6 that
the melting peak of EVA18, which has the lowest VA concentration, is more resolved which
indicates more crystal perfection [24]. The EVA28 sample has a melting peak that is less

resolved due to more defects induced by the higher VA content.
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Figure 4.6  DSC heating curves for the EVA18 and EVA28 copolymers

EVAI18 has a melting enthalpy of 20 J g, while EVA28 has a much lower melting enthalpy
of 5T g (Table 4.2). The results in the table were obtained from the second heating scan to
eliminate the effect of thermal history. This confirms the lower crystallinity of EVA2S, as

discussed above.
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Table 4.2 DSC heating results for all the investigated samples

EVA/EFB (W/W) | Tom/°C | Tom / °C | AH"™ /J g | AHL,™ /I g | 2%/ %

EVA18/EFB

100/0 76.1+0.5 | 874+03 | 20.0+0.9 20.0 6.9

90/10 75.0+09 | 86.4+0.3 16.1 + 0.4 18.0 6.2

80/20 735409 | 86.3+0.5 152+ 0.6 16.0 6.6

70/30 731409 | 85.6+0.2 14.6 + 0.7 14.0 7.2
EVA28/EFB

100/0 60.6+0.1 | 73.4+0.3 47+0.6 4.7 1.6

90/10 61.0+05 | 73.4+04 42+0.8 4.2 1.6

80/20 613+02 | 72.6+0.7 3.8+0.1 3.8 1.6

70/30 60.0+0.6 | 722+04 3.4+02 3.3 1.7

To,m is the onset temperature of melting; T, is the peak temperature of melting; AH,*™ is the
observed melting enthalpy; AH," is the calculated melting enthalpy; y. is the percentage
crystallinity

The calculated melting enthalpy and crystallinity values in Tables 4.2 and 4.3 were

determined according to Equations 4.1 and 4.2.
AH(rflc =AH ey Weva 4.1)

where AH ¢, 1s the experimentally observed melting enthalpy for the pure EVA, and

AH®" is the calculated enthalpy of the EVA in the composite taking into account the weight

fraction W, in the composite.

Xo = (AHR® +(AH}, x Wey,)) x100% (4.2)

where y, is the percentage crystallinity, Aanbs is the specific enthalpy of melting, and AH |,

is the specific enthalpy of melting for 100% crystalline PE. A value of 288 J g was used in
the calculations [25].

Figure 4.7 shows the DSC cooling curves of EVA18 and EVA28. The DSC curves show a
single crystallization peak for both copolymers. The difference between the crystallization
peaks of EVA18 and EVA2S is considerable, indicating that the VA content also influenced
the crystallization behaviour of the polymers. EVA28 shows a single crystallization peak
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which is less intense than that of EVA1S, and which appears at a lower temperature. This
suggests that the vinyl acetate groups reduce the stereoregularity of the polyethylene

backbone and restricts its crystallization [25,26].
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Figure 4.7  DSC cooling curves for EVA18 copolymer and EVA28 copolymer

The DSC heating curves of EVA18 and the EVA18/EFB composites are shown in Figure 4.8.
All the curves show only one endothermic peak. The peak temperatures of melting show little
change with increasing fibre content in the composites, and could be regarded as being the
same within experimental error (Table 4.2). This implies that the crystallite sizes were not
observably influenced by the presence of EFB fibres, or by increasing EFB fibre content. The
observed melting enthalpy values are slightly different than the calculated enthalpies for the
different composites. However, the observed crystallization enthalpies are observably higher
than the calculated crystallization enthalpies, and the difference increases with increasing
fibre content. This is indicative of a higher extent of crystallization in the presence of EFB
fibres. EFB fibre particles may influence polymer crystallization in two ways: (i) they may
act as nucleation sites, which may increase the total crystallinity, or (ii) they may also
immobilise the polymer chains, giving rise to a reduced degree of crystallization. Mostly both
these opposing effects are present, and it can be assumed that the effects in this case balance

each other, therefore the small differences between the crystallinities of the different samples.
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Table 4.3 DSC cooling results for all the investigated samples

EVA/EFB (w/w) Toe/°C Tpe /°C AH ™/ g7 AH /3 g!

EVA18/EFB

100/0 71.6 0.1 66.1+0.1 30.4+0.2 -30.4

90/10 71.7+0.1 66.2 + 0.1 31.3+0.4 274

80/20 71.3+0.2 65.8+ 0.6 273+0.5 243

70/30 71.0£0.7 65.8+0.1 263 +0.5 213
EVA28/EFB

100/0 543 +0.1 48.7+0.1 -16.3+0.3 -16.3

90/10 54.1+0.1 48.9+0.1 15.6+0.3 -14.7

80/20 542+0.5 483 +0.1 -12.9+0.7 -13.0

70/30 543+0.2 48.1+0.1 12.4+0.1 -11.4

T, 1s the onset crystallization temperature; T, is the peak temperature of crystallization;
AH”™ is the observed crystallization enthalpy; AH.° is the calculated crystallization
enthalpy.
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Figure 4.8  DSC heating curves for EVA18 and the EVA18/EFB composites

The DSC cooling curves show only a single exothermic crystallization peak (Figure 4.9) for
all the composites. The crystallization results for all the investigated samples are summarized
in Table 4.3. It is evident that the presence of EFB fibre causes no difference in the
crystallization peak temperatures, while the experimental crystallization enthalpies are

observably higher than the calculated ones. The reason for this is not clear, since there was a
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good correlation between the observed and calculated melting enthalpies of EVA18 and its

different composites.
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Figure 4.9  DSC cooling curves for EVA18 and the EVA18/EFB composites

Figure 4.10 shows the DSC heating curves of EVA28 and the EVA28/EFB composites.
These curves show one endothermic peak for EVA28 and the EVA28/EFB composites. The
broad melting temperature range indicates that EVA28 has a broad crystal size distribution.
This can be explained as being the result of a large number non-crystallisable segments and
intra-molecular defects, known as VA defects [24,26]. The presence of EFB fibre had little
influence on the melting temperatures, and the observed melting enthalpies are almost the
same as the calculated melting enthalpies for all the samples, indicating no change in
crystallinity when EVA28 was heated and cooled in the presence of EFB fibres (Table 4.2).
The crystallinity of EVA28 seems to be the same for almost all the samples. The reason is the

same as discussed above for the EVA18 composites.
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Figure 4.10 DSC heating curves for EVA28 and the EVA28/EFB composites

The DSC cooling curves of EVA28 and the EVA28/EFB composites are shown in Figure
4.11. The results are summarized in Table 4.3. The trends observed from the cooling curves
are the same as those observed from the heating curves, and they can be explained in a

similar manner.

The results from this section are in accordance with the work done on natural fibre reinforced
polymer composites by various authors such as Pracella et al. [18], Luyt et al. [27], Mishra et
al. [28] and Arsac et al. [29]. Pracella et al. [ 18] investigated the reactive compatibilization of
composites of ethylene vinyl acetate copolymers with cellulose fibres. They found that the
enthalpy of crystallization with respect to the polymer fraction significantly decreased for the
fibre containing composites. This was explained in terms of the immobilization effect of the
polymer chains by the cellulose fibre, as the interaction between the fibre and EVA-MA was
strong which in essence reduced the extent of crystallization. Luyt et al. [27] focused on the
preparation and characterization of EV A/sisal fibre composites. They found that the melting
peaks shifted to lower temperatures with the incorporation of sisal fibre, indicating the
formation of thinner crystal lamellae, and that the melting enthalpies decreased, indicating

lower crystallinity. Mishra et al. [28] studied the influence of TiO,-modification on the
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mechanical and thermal properties of sugarcane bagasse-EVA composites. They concluded
that there was no significant decrease in the crystallization temperature (T.), and no
significant difference between the melting temperatures with an increase in the sugarcane
bagasse (SCB) content, except after 20% SCB loading. This was explained as the total
disruption of the polymer chains by the high SCB content so that the EVA with 9% VA could
not easily orientate itself. Arsac et al. [29] determined the primary relaxation temperatures
and melting points of ethylene vinyl acetate copolymers with different VA contents. They
found that the EVA copolymers showed two endothermic peaks and the melting temperatures
decreased with an increase in the VA content. The reason for the two peaks was not clearly
explained by the authors. The decrease in the melting temperatures with an increase in VA
content was due to an increasing percentage of amorphous phase which reduced the
crystallinity. This lower crystallinity was reflected in lower melting and crystallization
temperatures along with lower melting enthalpies. These findings are in agreement with some

observations in this section such as a decrease in crystallization enthalpies for the EVA18

composites.
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Figure 4.11 DSC cooling curves for EVA28 and the EVA28/EFB composites

In summary it may be said that the presence of EFB fibre had very little influence on the
melting and crystallization behaviour of both EVA18 and EVA28. If EVA28 more strongly
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interacted with the fibre than EVA1S, it cannot be seen in the influence of the fibre on the

melting and crystallization behaviour of these two copolymers.

4.4 Thermogravimetric analysis (TGA)

The TGA results of the EVA copolymers, EFB and the EVA/EFB composites are shown in
Figures 4.12 to 4.14. The thermal stabilities of all the samples, summarized in terms of the

temperatures at 10 and 70% mass loss, as well as the mass % residue at 600 °C, are shown in

Table 4.4.

The TGA curves of the two EVA copolymers with different VA contents are shown in Figure
4.12. Both EVA18 and EVA28 show two degradation steps. The first step, which starts in the
temperature range of 350-370 °C, is attributed to the removal of the acetate groups. The
second step around 443-470 °C is due to the degradation of the PE backbone of the
copolymer [30-32]. EVA18 is more thermally stable than EVA28 because of the larger
amount of VA in EVA28 which increases the amorphous phase in the semi-crystalline
material. This is also clear from the T, and T7¢, values for these two copolymers in Table

4.4, None of these copolymers show any residue at 600 °C.
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Figure 4.12 TGA curves for the different EVA copolymers

66



Table 4.4 TGA results for all the investigated samples

EVA18/EFB
EVA18/EFB T10% / °C T790, / °C Weight % residue
(w/w)
0/100 282.2 336.2 10.0
100/0 371.9 457.0 -
90/10 353.2 455.4 2.4
80/20 328.4 405.5 4.7
70/30 312.2 366.0 7.5
EVA28/EFB
EVA28/EFB Tige, / °C Trge, / °C Weight % residue
(w/w)
0/100 282.2 336.2 10.0
100/0 353.8 442.5 -
90/10 341.8 436.9 2.3
80/20 327.0 408.9 4.8
70/30 310.9 367.3 8.0

T10% and T7go, are degradation temperatures at 10% and 70% mass loss respectively

The TGA results of EVA18, EFB and the EVA18/EFB composites are shown in Figure 4.13.
It can be seen that the decomposition of EFB is characterized by four steps. The first step is
related to the evaporation of water which occurs below 100 °C. The second step starts at
about 250 °C and corresponds to the depolymerisation of hemicellulose, while the third step
at about 350 °C is due to the random cleavage of the glycosidic linkage of cellulose. The
fourth step is a slow mass loss between 400 and 600 °C and is associated with the
degradation of lignin [4,33-35]. The EVAI18/EFB composites also show four degradation
steps. The first step corresponds to the evaporation of water, the second is an overlap of the
removal of the acetate groups and the constituents of the EFB degradation in this temperature
region, while the third step is due to the degradation of the PE backbone in EVA18. The
fourth degradation step in the EVA18 composites at temperatures beyond 500 °C is the same
as the fourth step of EFB degradation. The presence of EFB generally decreases the thermal
stability of the neat EVA samples. The first decomposition step, which is a combination of
the deacetylation of EVA and fibre decomposition, moves to lower temperatures with
increasing fibre content, but still occurs at higher temperatures than the decomposition of
pure fibre. The fibre decomposition seems to be retarded when mixed with EVA due to the
higher thermal stability of the polymer. The slope of the decomposition step (which is

equivalent to the rate of decomposition) between 450 and 500 °C decreases with increasing

67




fibre content. This is probably due to the presence of fibre char residue which seems to

inhibit the EVA main chain degradation, or the diffusion of volatile degradation products out

of the degrading sample.
100
80
_ 60
>
(9]
(%]
S 40
=
20 — EFB
—— EVAI8
90/10 wiw EVA18/EFB
o | — 80720 wiw EVA18/EFB
—— 70/30 wiw EVAL8/EFB
T T T T T T T T T T
100 200 300 400 500 600

Temperature / °C

Figure 4.13 TGA curves for EFB, EVA1S8, and the EVA18/EFB composites

Dikobe and Luyt [32], in their investigation of the effect of filler content and size on the
properties of ethylene vinyl acetate copolymer-wood fibre composites, reported that the onset
temperatures of degradation of the first degradation step of the composites decreased with
increasing WF content. The reason given for this was that at low WF loadings, the heat was
primarily conducted by the EVA copolymer, and thus the VA scission started before
degradation of cellulose. At higher WF loadings the heat energy reached WF particles to start
degrading before EVA. These results are in line with those obtained in this thesis, and the
explanations may be valid for our current findings. Li et al. [34] investigated the mechanical
properties, flame retardancy and thermal degradation of LLDPE/wood fibre composites. They
found that the LLDPE shows a higher thermal stability than the composites. This was
explained in terms of carbon free radicals produced by the wood decomposition that attack
hydrogens on the LLDPE chains to form long-chain free radicals that further degrade into
volatiles. Their investigated system and observations seem to be similar to ours. Sailaja et al.
[36] studied the mechanical and thermal properties of bleached kraft pulp/LDPE composites.

They found that there was no significant difference in the thermal degradation behaviour for
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uncompatibilized and compatibilized composites with 20% wood pulp grafted with PMMA.
However, on increasing the loading to 40%, the compatibilized composites were more

thermally stable than the uncompatibilized ones. The authors did not explain this behaviour.

Figure 4.14 shows the TGA curves of EVA28, EFB and the EVA28/EFB composites. The
curves show the same degradation steps as were observed and explained for EVA18. There is
not much of a difference in the decomposition rate of the last step between EVA28 and its
composites, while in the case of EVA18 there was a clear decrease in the decomposition rate
with increasing EFB content. The reason for this is not immediately apparent, but it could be
related to polymer-fibre interactions that influenced either the mobility of free radicals

formed during degradation, or the rate of diffusion of volatile degradation products out of the

degrading sample.
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Figure 4.14 TGA curves for EFB, EVA28, and the EVA28/EFB composites

4.5 Dynamic mechanical analysis (DMA)

The DMA results of the pure EVA copolymers and their composites are presented in Figures
4.15 to 4.23. Figure 4.15 shows the storage modulus as a function of temperature for the pure

EVAI18 and EVA28 copolymers. The value of the storage modulus (E') signifies the stiffness
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of the material. It can be seen that the storage modulus for both EVA18 and EVA28 samples
decrease with an increase in the temperature. EVA18 shows higher storage modulus values
than EVA28. This can be related to the vinyl acetate (VA) content, which is lower in the case
of EVA18. The increase in the VA content increases the amorphous phase and reduces the
storage modulus as well as the crystallinity (as observed in the DSC results). These curves
show three distinct regions i.e. a glassy region (high storage modulus, where the segmental
mobility is restricted), a transition zone (a substantial decrease in the E' values), and a

rubbery flow region [25,37,38].
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Figure 4.15 Comparison of the storage modulus as a function of temperature for the

pure EVA18 and EVA28 copolymers

Figure 4.16 shows the variation of the loss modulus E" of EVA18 and EVA28 with
temperature. The two EVA copolymers show a B-relaxation peak at around -15 °C, which is
attributed to the glass transition of EVA [39,40]. EVA28 shows a second relaxation around
50 °C in both the E' and E" curves, which probably has no significance in view of the

discussion of the tan 6 curves below.
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Figure 4.16 Comparison of the loss modulus as a function of temperature for the pure

EVA18 and EVA28 copolymers

Figure 4.17 represents the variation of tan 6 with temperature for EVA18 and EVA28. A
summary of the transition peak temperatures for all the investigated samples is shown in
Table 4.5. EVA18 shows two distinct relaxations, a PB-relaxation at -4.2 °C and an a-
relaxation at 28.0 °C. The B-relaxation is attributed to the motion of chain segments of three
or four methylene (~CH;) groups in the amorphous phase [41,42], and is known as the glass
transition (Ty). Below T, the molecular chain segments are frozen in, the damping is low and
little energy is stored for elastic deformations. In the rubbery region, the damping is high
compared to the glassy state, because the molecular segments are free to move causing a
decrease in stiffness, and excess energy is dissipated as heat. The a-relaxation is related to the
motion of amorphous regions within the crystalline phase, which is probably the re-
orientation of defect regions between crystals [39]. The o-transition can also reflect the
relaxation of flexible chains of the vinyl acetate (VA) groups present in the EVA copolymer
chains. It can be seen from this figure that EVA28 has one well resolved transition peak at
about -8 °C, which is the result of the glass transition in the polymer. The chain flexibility
results in a lower T, because the energy for conformational changes is lower. The EVA28
seems to have more branching with more chain ends, resulting into more free volume which

reduces the T,. The peak shoulder at approximately 15 °C is due to the o-relaxation. There is
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a shift in the T, to lower temperatures (Table 4.5) with an increase in the VA content. This is

explained in terms of the enhanced chain mobility of EVA due to the plasticizing effect of the

flexible VA phase. The lower resolution and lower transition temperature of the a-peak in the

EV A28 curve is related to the lower crystallinity of EVA2S, since this relaxation is related to

the amorphous material between the crystalline lamellae in a semicrystalline polymer.
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Figure 4.17 Comparison of tan 6 as a function of temperature for pure EVA18 and

EV A28 copolymers

Table 4.5 Relaxation temperatures for the EVA copolymers and the EVA/EFB

composites as determined from the tan 6 curves

EVA/EFB EVA18/EFB EVA28/EFB
(W/w) B-relaxation a-relaxation B-relaxation a -relaxation
100/0 -4.2 27.6 -8.3 15.4
90/10 -3.8 27.5 -7.3 16.2
80/20 -3.0 28.8 -6.5 16.4
70/30 -1.2 21.4 -5.3 17.6
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Figure 4.18 shows the storage modulus (E') as a function of temperature for EVA18 and the
EVAI18/EFB composites. The storage modulus values below -20 °C are different for the
different samples, and there is no trend with respect to the presence and amount of fibre in
EVAI18. Above the T, the E' values increase with increasing fibre content, but decrease with
increasing temperature. This is probably due to the presence of stiff fibres, as well as some
interaction between the fibre and the VA groups which reduce the mobility of the EVA
chains. Kim et al. [43] investigated the thermal properties of bio-flour filled polyolefin
composites with different compatibilizing agent type and content. They observed a slight
increase in E' values compared to the non-treated composites with increasing the MAPP
content. This enhanced stiffness of the composites was primarily attributed to the improved
compatibility between the rice husk flour (RHF) and the PP matrix. The E' values
significantly increased at the temperatures above T, with the incorporation of RHF in PP. The
authors explained this as being due to the improved compatibility between the RHF and PP in
the presence of MAPP. This restricted the chain mobility of the neat polymer and improved
stress transfer between the polymer and the fibre. This is most probably the reason why we

also see an increasing storage modulus with fibres present in the EVA18 matrix.
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Figure 4.18 Storage modulus as a function of temperature for pure EVA18 and the

EVA18/EFB composites
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The loss modulus curves in Figure 4.19 show the same trend as the storage modulus curves in
Figure 4.18. The EVAIS8 and its composites show relaxation peaks between -5 and 0 °C,
which are attributed to the B-relaxation or glass transition of the EVA. There are differences
between the peak temperatures of this transition for pure EVA28 and the composites, but
since these differences are more clear in the tan 6 curves, they will be discussed and
explained below. There is a significant decrease in the loss modulus above T, with an
increase in temperature. This is attributed to the increased mobility of the polymer chain, as

discussed earlier.
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Figure 4.19 Loss modulus as a function of the temperature for pure EVA18 and the

EVA18/EFB composites

Figure 4.20 shows the variation of tan & with temperature for EVA18 and the EVA18/EFB
composites. The T, of EVAI18 is -4 °C, and it observably increases with an increase in EFB
content (Table 4.5). This increase is due to the restricted chain mobility as a result of the
interaction between the VA groups and the EFB fibre. There is a decrease in the total
damping during the transitions with an increase in the EFB fibre content. This is due to the
improved interfacial bonding of the EVA18/EFB composites which may be characterized by
lower energy dissipation [43,44]. It was reported in the literature that the higher the damping
at the interfaces, the poorer the interfacial adhesion [44]. The temperature of the a-peak,

which is related to relaxations of the interlamellar amorphous polymer chains, is observably
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lower for the 30% fibre containing sample. This indicates that the crystallization of EVA on
the fibre surfaces might have had an influence on the morphology and mobility of the

interlamellar amorphous fraction of the polymer.
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Figure 4.20 Dissipation factor as a function of the temperature for pure EVA18 and

the EVA18/EFB composites

Figure 4.21 shows the storage modulus as a function of temperature for pure EVA28 and the
EVA28/EFB composites. There are differences in storage modulus between EVA2S8 and its
composites at temperatures below T,, but the differences are small and there is no clear trend
as function of EFB content. However, there is a general increase in the storage modulus as a
function of EFB content at temperatures above T,. This could be explained in a similar way
as was explained for the EVA18 samples. Similar observations were reported by Behzad et
al. [45] in their DMA investigation of a compatibilizer effect on the mechanical properties of
high density polyethylene/wood flour composites. They observed that for the 25% wood flour
(WF) containing samples, with and without compatibilizer, there was no significant change in
the E' values, while for the 50% WF containing samples the E' values were higher for the
compatibilized system due to an improved compatibility between the matrix and the WF
phase. This observation and explanation support our own results, which also show higher
storage modulus values as a result of some interfacial interaction between EVA and EFB

fibre.

75



——EVA28
———90/10 EVA 28/EFB
1E9 80/20 EVA 28/EFB
1 ———70/30 EVA 28/EFB
. |
o
~
L 1E87
e +—-r--—rr¥

-80 -60 -40 -20 0 20 40 60

Temperature / °C

Figure 4.21 Storage modulus as a function of the temperature for pure EVA28 and

EVA28/EFB composites

E"/Pa

1E7

| ——EvA28
——90/10 EVA28/EFB

1 80/20 EVA28/EFB

| ——70/30 EVA28/EFB

T T T
-80 -60 -40 -20 0 20 40 60

Temperature / °C
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Figure 4.22 shows that there is a slight increase in the temperatures of the peak maxima of the
B-relaxation in the loss modulus curves upon addition of EFB fibre. This slight increase is
due to the reduced chain mobility of the polymer as a result of the interaction with the EFB
fibre. There is a significant decrease in the loss modulus with an increase in temperature up to

40 °C, which has already been explained.
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Figure 4.23 tan 0 as a function of the temperature for pure EVA28 and EVA28/EFB

composites

The variation of tan 6 with temperature for EVA28 and the EVA28/EFB composites are
shown in Figure 4.23. The glass transition temperature (Ty) of EVA28 is around -8.0 °C,
which corresponds to the P-relaxation of the material. The T, generally increases with
increasing fibre content in the composites. This could be explained in a similar way as for the
EVAI18 samples above. However, the intensity of the B-relaxation peak decreases with
increasing EFB content, which indicates that the energy dissipation of the system decreases
due to the incorporation of EFB in the polymer matrix [37,47]. The reason for this has also
been explained above. The a-relaxation is observed as a shoulder around 20-24 °C, and is
associated with crystalline fraction of the polymer. The a-relaxation peak in the EVA28 and
its composite curves is less intense than the p-relaxation peak, compared to the curves for

EVAI18 and its composites. This is due to the lower crystallinity of EVA28. At about 50 °C
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there seems to be a third relaxation, which may be related to the a’-relaxation. This has been
explained as being the result of the slippage between crystallites during heating of the sample
[47].

4.6 Tensile testing

The mechanical properties such as stress at break, strain at break and Young’s modulus of the
pure EVA copolymers containing 18 and 28% VA, and their composites, were determined
from the stress-strain curves in Figures A.1 to A.8 in the appendix. The tensile properties are
summarized in Table 4.6. For the pure polymers, the EVA with lower vinyl acetate content
has a higher crystallinity and better mechanical properties such as stress at break and Young’s
modulus, but lower elongation at break. The main reason for the better tensile modulus and
tensile strength at break values for EVA18 is its significantly higher crystallinity. EVA28 has
a larger elongation at break value than EVAI18 because of its larger amorphous fraction
which increases the extent of chain flexibility, as a result of which the polymer chains can
slip more easily and be oriented in the direction of the applied stress. Both these polymers
show strain hardening, but this effect is more predominant in the case of EVA1S8. Since the
rearrangement of the crystalline part of a semicrystalline polymer through a tilt, slip and twist
process during drawing [48] is one of the main contributors to strain hardening, EVA18 is
expected to show a larger extent of strain hardening because of its higher crystallinity.
EVAI18 has a better toughness than EVA28 and thus absorb much more energy before
breakage. Both EVA copolymers do not display a clear yield point and also no neck

formation during stretching.

The stress-strain curves in Figures A.1 to A.8 in the appendix show ductility which seems to
decrease with an increase in EFB. The curves of EVA18 show more pronounced strain
hardening than those of EVA28. The reason for this has already been explained in the above
paragraph. The incorporation of the EFB fibres observably reduced the strain hardening of
the materials. This suggests that the interaction between the fibre and the polymer inhibited
the orientation of the chains in the amorphous parts of the polymer, and the reorientation of

the chains in the crystalline parts.
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Table 4.6 Summary of mechanical properties for all the samples

EVA18/EFB
EVA18/EFB (w/w) 6,/ MPa €/ % E / MPa
100/0 17.5+0.1 512+2 59.9+7.3
90/10 9.0+04 218 +8 632+2.6
80/20 6.6+0.8 146 +2 64.0+1.4
70/30 43+0.2 104 +£2 66.2+1.4
EVA28/EFB
EVA 28%/EFB (w/w) op/ MPa e/ % E / MPa
100/0 14.6 1.3 692+ 6 20.2+4.6
90/10 8.5+0.1 3217 28.6 +10.3
80/20 57+0.1 258 £ 4 33.3+8.7
70/30 4.0+0.2 193 £5 478 £5.8

op is the stress at break; g, is the elongation at break; and E is Young’s modulus

Figure 4.24 shows the stress at break for EVA18 and EVA28, and their composites, as a
function of EFB fibre content. It can be seen that the incorporation of EFB fibre significantly
decreased the tensile stress at break of both polymers. This could be associated with the fact
that the dispersion and the length of the EFB fibre were not optimal in order to give good
properties. Short fibres normally reduce the tensile strength at break, because they act as
stress concentration points where cracks and crazes start to develop. The more short fibres
there are, the higher is the possibility of crack propagation at lower stresses, giving rise to
reduced tensile strengths at break. Another possible reason is the insufficient adhesion
between the EFB fibre and the EVA copolymers, as observed from SEM. The presence and
amount of fibre had a similar effect on the stress at break of EVA18 and EVA28, despite the
differences in the VA content of the two polymers. The reason for this is not immediately
apparent, but it is possible that the difference in the strength of the interactions between
EVA18 and EFB, and EVA28 and EFB, is not significant enough to allow improved stress
transfer between EVA28 and EFB.
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The elongation at break shows a similar dependence on the EFB fibre content in the
composites for both EVA18 and EVA28 (Figure 4.25, Table 4.6). It seems as if the possible
improved interaction between EVA28 and the EFB fibre does not give rise to significantly
improved stress transfer between the polymer and the fibre. The elongation at break decreases
noticeably with increasing fibre content. The reason for this is the same as those discussed

above for the decreasing tensile stress at break with increasing fibre content.

Figure 4.26 shows the Young’s modulus of the different samples as function of EFB content.
It is evident that EVA18 has a higher modulus than EVA28. Since Young’s modulus of neat
polymers depends on the degree of crystallinity, it is expected that the EVA28 should have a
lower modulus. The modulus of the EVA28 samples increases significantly with increasing
EFB content, most probably because of an improved interaction between EVA28 and EFB,
while that of the EVAI18 samples increases only slightly. However, it seems as if the
improvement in the interaction between EVA28 and EFB was not significant enough to
overcome the inherent weak properties of EVA28. The most probable reasons for the slight
increase in the case of EVA18 is (i) the insufficient wetting of the fibre by the polymer, and
(i1) the already high modulus of EVA1S as a result of its higher crystallinity.
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In summary it may be pointed out that the presence and amount of EFB fibre influenced the
stress and strain at break of EVA18 and EVA2S in a similar way. Although EVA28 should
interact more strongly with the fibre than EVA18, it cannot be seen in the influence of the
fibre on these properties. The influence of EFB on the Young’s modulus is more significant
in the case of EVA2S8. It seems as if the improved interaction between EVA28 and EFB
allowed enough stress transfer for the Young’s modulus to improve more significantly in this

case.
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CHAPTER 5

CONCLUSIONS

The objective of this study was to investigate composites based on EVA copolymers and
Malaysian EFB fibre, and to study the effects of the fibre content and the vinyl acetate (VA)
contents of the EVA copolymers on the thermal and mechanical properties of the composites.
Another objective was to explain these observations in terms of the morphology and possible

interactions between the Malaysian EFB fibre and the EVA copolymer.

5.1 Comparison of the EVA copolymers

The peak temperatures of melting and crystallization, as well as the melting and
crystallization enthalpies decreased considerably with an increase in VA content. The EVA18
generally showed higher melting and crystallization temperatures than EVA28. The EVA18
has a significantly higher crystallinity than the EVA2S, indicating that the presence of VA
groups inhibits the crystallization of EVA. Since EVA18 had better resolved melting and
crystallization peaks than EVA28, it has a narrower crystal size distribution than EVA2S.
EVA18 is more thermally stable than EVA2S8, due to its higher crystallinity. Both these
copolymers showed no residue remaining after heating to 600 °C in nitrogen. The storage
modulus and loss modulus for both neat EVA18 and EVA28 samples decreased with an
increase in the temperature. EVA18 showed higher storage modulus values than EVA2S.
EV A28 showed a third relaxation, probably an a'-relaxation around 50 °C in both the E' and
E" curves, which is related to slippage between the crystallites of the sample. The EVA28
had a more resolved B-relaxation peak than the EVA18, but a less intense a-peak. There was

an observed shift in the T, to lower temperatures with an increase in the VA content.

The stress-strain curves of both these polymers showed strain hardening, but that of EVA18
was more significant. EVA18 has a better toughness than EVA28, and thus absorbed more
energy before breakage. Both the EVA copolymers did not display a clear yield point and
also no neck formation during stretching. EVA18 showed higher stress at break and Young’s

modulus values, but lower elongation at break, than EVA2S.
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5.2 EVA/EFB composites

For EVA/EFB composites, there seems to be quite intimate contact between the EVA18 and
the EFB, although some fibre pull-outs creating holes with smooth walls in the EVA matrix
were observed. The presence of a very small void around the fibre was noticed in the case of
the EVAI8 samples, while for EVA28 there were no fibre pull-outs resulting from the
fracturing of the composites and no voids around the fibres. The FTIR spectra of the
EVA/EFB composites show all the characteristic peaks for both pure EVA and EFB, and
despite a slight shift in the carbonyl peaks, it was not possible to conclusively confirm

interactions between the polymer and the fibre from the FTIR results.

The incorporation of EFB fibre had very little influence on the melting and crystallization
behaviour of both EVA18 and EVA28. Although EVA28 seems to interact more strongly
with the fibre than EVA1S, it cannot be seen in the influence of the fibre on the melting and
crystallization behaviour of these two copolymers. The crystallinity values of the EVA18
composites were higher than those of the EVA28 composites. The EVA copolymers were
more thermally stable than their respective composites. The fibre decomposition seems to be
impeded when mixed with EVA due to the higher thermal stability of the matrix. No real
difference was observed between EVA28 and its composites in the decomposition rate of the
last step, while in the case of EVAI1S8 there was a clear decrease in the decomposition rate
with increasing EFB content. The amount of char residue formed increased with an increase

in the EFB fibre content.

The storage modulus values below T, were different for the different samples, and there was
no trend with respect to the presence and amount of fibre in both EVA copolymers. Above
the T, the E' values increased with increasing fibre content, but decreased with increasing
temperature. The loss modulus curves showed the same trend as was observed for the storage
modulus. The glass transition temperature of the EVA copolymers observably increased with
an increase in EFB content. The intensity of the -relaxation peak decreased with increasing
EFB content in both EVA18 and EVA28 composites. There was also a decrease in the total
damping during the transitions with an increase in the EFB fibre content for both the EVA
copolymers. The a-relaxation peak for EVA28 and its composites was less intense than the [3-
relaxation peak, compared to the curves for EVA18 and its composites. The temperature of

the a-peak, which is related to relaxations of the interlamellar amorphous polymer chains,
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was observably lower for the 30% fibre containing sample. There was a third relaxation peak,
which may have been related to the o'-relaxation at 50 °C. This was observable in both the

loss modulus and the tan & curves.

The stress-strain curves for both polymers showed a decreasing ductility with an increase in
EFB content. The curves of EVA18 showed more pronounced strain hardening than the
EVA28 samples. The incorporation of the EFB fibres observably reduced the strain
hardening of the materials. The tensile stress and elongation at break decreased significantly
with the incorporation of EFB fibre for both polymers. The presence and amount of EFB
fibre influenced the stress and strain at break of EVA18 and EVA2S in a similar way. The
EVAI18 composites had higher modulus values than the EVA28 composites. The Young’s
modulus of the EVA28 samples increased significantly with increasing EFB content, while in

the case of EVA18 there was a much less significant increase.

5.3 Final conclusion

In summary it may be concluded that EVA18 seems to have better mechanical and thermal
properties than EVA28. Although better interaction between EVA28 and EFB was expected,
and observed in the SEM pictures, this interaction was not significant enough to produce
composites with better properties than the comparable EVA18 composites, because of the
inherent weak properties of EVA28. In this case it is probably better to recommend the use of

EVA1S for the preparation of EV A/natural fibre composites.
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Figure A.2  Stress-strain curves for 90/10 w/w EVA18/EFB
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Figure A.3
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