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ABSTRACT

The effects of surface treated (sodium hydroxide and hydrogen peroxide) pineapple leaf powder
(PALP) and processing techniques (injection, and extrusion moulding) on the mechanical
properties of high density polyethylene (HDPE) composites were studied. HDPE and PALP
(untreated, and treated) composites in the presence, or absence of the compatibilizer, maleic
anhydride-graft- polyethylene (MA-g-PE) were prepared by injection, and extrusion moulding
techniques. The filler (PALP) contents investigated were 2, 4, 6, 8, and 10 wt%, while the MA-g-
PE content was 3 wt% of the filler content for each formulation. Results showed that the tensile
strength, tensile modulus, flexural strength, abrasion resistance, and hardness of the composites
increased with increases in filler content for all the filler contents investigated both for the
injection, and extrusion moulded composites in the presence, or absence of MA-g-PE while the
elongation at break (EB) for PALP/HDPE composites was found to decrease with increases in
filler content for all the filler contents investigated both for the injection, and extrusion moulded
composites in the presence, or absence of MA-g-PE. The tensile strength of untreated
PALP/HDPE composites was increased by 6.49% at 2 wt% filler content, and 30.39% at 10 wt%
filler content for the injection moulded composites respectively, and 7.44% at 2 wt% filler
content, and 32.77% at 10 wt% filler content for the extrusion moulded composites respectively.
It was observed from the results that surface treated (NaOH, and H2O2) PALP/HDPE
composites exhibited better mechanical properties than the untreated PALP/HDPE composites.
Similarly, PALP/HDPE composites in the presence of MA-g-PE exhibited better mechanical
properties than the uncompatibilized composites. The tensile strength of NaOH treated
PALP/HDPE composites was increased by 29.87% at 2 wt% filler content, and 53.25% at 10
wt% filler content for the injection moulded samples respectively, and 32.82% at 2 wt% filler
content, and 53.90% at 10 wt% filler content for the extrusion moulded composites respectively.
The extrusion moulded PALP/HDPE composites in the presence or absence of MA-g-PE was
observed to show better mechanical properties than the injection moulded composites for all the
filler contents investigated. The tensile strength of extrusion moulded, unfilled HDPE was
increased by 1.30% when compared to injection moulded, unfilled HDPE sample. The results
show that the elongation at break of untreated PALP/HDPE composites was decreased by 2.40%
at 2 wt% filler content, and 10.24% at 10 wt% filler content for injection moulded composites,
and 2.02% at 2 wt% filler content, and 10.08% at 10 wt% filler content for the extrusion
moulded composites. Generally, the extrusion moulded PALP/HDPE composites exhibited lower
elongation at break values than the injection moulded composites for all the filler contents
investigated. The present study has shown that while surface treatment of PALP with either
NaOH, or H2O2 has proved to be an efficient alternative, or compliment to the use of MA-g-PE
in enhancing the properties of PALP filled HDPE, the use of extrusion moulding technique has
been observed to produce PALP/HDPE composites of slightly better mechanical properties than
those produced using injection moulding technique.

Key words: High density polyethylene, pineaple leaf powder, composite, processing techniques,
surface treatment, mechanical properties.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Nowadays, the growing environmental awareness throughout the world has

triggered a paradigm shift towards the design and development of

environmental-friendly materials. Consequently, natural fibres are attracting more

interest as reinforcements for both thermoplastic and thermosetting polymer

composites (Nishino & Arimoto, 2007; Lei et al., 2007; Abdelmouleh, 2007;

Bozkurt et al., 2007; Mubarak & Idriss, 1999). Natural fibres (as fillers) from

renewable resources offer the potential to act as biodegradable reinforcing

materials that are alternative to the use of glass or carbon fibre as fillers in the

polymer industry. The use of natural fibres has the following advantages: low cost,

lightweight, renewable in character, biodegradability, high specific strength and

modulus, availability in a variety of forms, absence of associated health hazards,

easy fibre surface modification, and relative non-abrasiveness (Corrales et al.,

2007; Saheb & Jog, 1999; Marcus, 2003). Biocomposites that are derived from

natural fibres/fillers and traditional thermoplastics or thermosets have the capacity

to maintain a balance between economy and environment. This makes it possible

for these materials to be considered for applications in the fields of automotives,
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aerospace, defence, marine, sporting goods, building, furniture and packaging

industries.

A fibre reinforced polymer (FRP) is a composite material that consists of a

polymer matrix imbedded with a high-strength fibre such as glass, aramid, and

carbon (Klyosov, 2007; Niska & Sain, 2008). Thermoplastic materials currently

dominate as matrices for bio-fibres, the most commonly used thermoplastics for

this purpose are polypropylene (PP), polyethylene (PE), and poly(vinyl chloride)

(PVC), while phenolics, epoxy and polyester resins are the most commonly used

thermosetting matrices (Mohanty et al., 2005). Natural fibres that have been

recommended for use in the polymer industry as fillers include flax, hemp, jute,

sisal, kenaf, coir, kapok, banana, henequen, and pineapple (Sanadi et al., 1994;

Bonse et al., 2010). Recently, attention is being focused on the use of natural fibres

as reinforcement fillers for low melting thermoplastic matrix that are manufactured

by conventional plastic techniques such as the extrusion, and injection molding

techniques.

The major drawback on the use of natural fibres in making polymer composites is

the problem of incompatibility between the hydrophilic natural fibres, and the

hydrophobic thermoplastic matrices. This has led to certain undesirable composite

properties such as low tensile strength, low flexural strength, and low tensile

modulus because of poor interfacial adhesion between the natural fibre and the
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polymer matrix (Rowell et al., 2000). To overcome this problem, fibre surfaces are

being modified so as to improve the adhesion between the fibre and matrix

(Mohanty et al., 2000).

The interfacial adhesion between the reinforcing fibres and the polymer matrix in

composites plays an important role in the final mechanical properties of the

composites. This is because the stress transfer between the matrix and fibres

depend on the resultant reinforcement efficiency (Rowell et al., 2000). Generally,

chemical or mechanical treatment of natural fibres is being utilized to increase the

adhesion between natural fibres and polymer matrix. The chemical methods of

mercerization, peroxide treatment, and silane treatment have been applied to

improve the adhesion properties of natural fibres. Similarly, the use of coupling

agents has greatly improved the adhesion between the hydrophilic filler and the

hydrophobic polymer matrix.

Physical treatments such as plasma treatment, corona treatment and electron beam

irradiation have been investigated for use to increase the interfacial surface area of

fillers (Mishra et al., 2001). While it is necessary to improve the natural

fibre/plastic adhesion, most natural fibre surface treatments involve the use of

expensive equipment and chemicals (Zafeiropoulos et al., 2002). Some surface

fibre treatment methods such as mercerization, and hydrogen peroxide treatments
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are simple methods that involve immersing fibres into appropriate solutions under

ambient conditions (Dijon, 2002; Pickering et al., 2003).

Many factors influence the performance of natural fibre reinforced composites and

these include the nature of fibre, fibre/filler size and content, the presence or

absence of coupling agents, processing technique among others. The effect of fibre

content on the properties of natural fibre reinforced composites is particularly of

importance. It is often observed that increase in fibre content leads to an increase in

the tensile properties of composites (Shackelford, 1992).  Another important factor

that significantly influences the properties and interfacial characteristics of

polymer composites is the processing techniques used. Therefore, suitable

processing techniques must be carefully selected in order to obtain optimum

composite properties (Tungjitpornkull & Sombatsompop, 2009).

The use of treated pineapple leaf powder (PALP) in preparing HDPE composites

has not been reported to our knowledge.

1.3 Statement of Problems

The use of inorganic fillers to produce polymer composites generally lead to

products which on being discarded to the environment, leads to environment

pollution. However, the incorporation of natural fillers/fibres into polymers will

confer some measure of biodegradability to the polymer. High density
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polyethylene (HDPE) is not suitable for all its applications. However, the

incorporation of natural fillers/fibres and, in some cases, other additives to HDPE

brings about tremendous improvement in its properties. The incorporation of

natural fillers/fibres into HDPE leads to increased moisture absorption by the

composites and there is always weak interfacial adhesion between the matrix and

fibre. To overcome these problems, there is the chemical or mechanical processing

of the natural fibre, as well as the incorporation of maleic anhydride - graft -

polyethylene into the composites. The optimum properties of natural

fibre/thermoplastic composites depend not only on the properties of raw materials

used and their compositions, but also on the processing technique. The polymer

processing techniques of injection and extrusion moulding will definitely produce

composites having unique characteristic properties, thereby allowing for varieties

in the choice of finished products.

1.3 Objectives of the Study

The main objective of this study is to investigate the use of pineapple leaf powder

(PALP) as filler in compounding high density polyethylene (HDPE). The specific

objectives are to:

(i) produce pineapple leaf powder filled high density polyethylene (HDPE)

composites.
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(ii) determine the mechanical properties (tensile strength, tensile modulus,

elongation at break, abrasion resistance, hardness and flexural strength) of

pineapple leaf powder filled high density polyethylene composites.

(iii) investigate the effects of surface treatments (NaOH and H2O2) of pineapple

leaf powder on the mechanical properties of pineapple leaf powder filled high

density polyethylene.

(iv) ascertain the effects of a compatibilizer (maleic anhydride-graft-

polyethylene) on the mechanical properties of pineapple leaf powder filled high

density polyethylene composites.

(v) evaluate the effects of processing techniques (injection moulding and extrusion

moulding) on the mechanical properties of pineapple leaf powder filled high

density polyethylene composites.

1.6 Justification of the Study

The incorporation of pineapple leaf powder filler is expected to bring about

significant improvement on the mechanical properties of the HDPE composites,

and also impart biodegradability to the polymer. This is expected to help to

minimize environmental pollution, reduce plastic wastes disposal and management

problems. The addition of maleic anhydride-graft-polyethylene (MA-g-PE) to

HDPE is expected to bring about tremendous improvement in the filler-polymer
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adhesion, thereby improving the application properties of HDPE. This will

consequently enhance its suitability in engineering applications. The chemical

processing of PALP by mercerization (alkaline treatment) and peroxide treatment,

is expected to help in cleaning the filler surfaces, modify the surface chemically,

restrain moisture absorption, and make the surface more hydrophobic thereby

improving the mechanical properties of the composites. The processing techniques

(injection and extrusion moulding techniques) used for the composites, it is

expected, will produce composites that have efficient properties, and therefore,

enhances the composites industrial applications. The present study, it is hoped, will

help to bring to limelight, the usefulness of pineapple leaf powder as a filler in

compounding high density polyethylene.

1.7 Scope of the Study

The scope of this study include: preparation of pineapple leaf powder, treatment of

the pineapple leaf powder (PALP) with sodium hydroxide (NaOH) and hydrogen

peroxide (H2O2); preparation of HDPE composites using untreated/ treated PALP in

the presence/absence of maleic anhydride-graft-polyethylene (MA-g-PE). An

injection moulding machine will be used for the preparation of composites samples

and the process will be repeated using an extruder; and carrying out mechanical

testings for the determination of such mechanical properties of the composites as
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tensile strength, tensile modulus, elongation at break, flexural strength, hardness

and abrasion resistance of the composites.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Growth Outlook of Bio-Based Composites

Studies on the use of natural fibres as replacement to man-made fibres in fibre-

reinforced composites have increased and opened up further industrial possibilities.

Fig.2.1: Growth Outlook for Bio-based Composites by Application in United
State, 2000-2005 (Drzal et al., 2003).

This is due to their (natural fibres) high performance in terms of mechanical

properties, significant processing advantages, low cost, environmental friendliness,

biodegradable, low density, and renewability (Alamri et al., 2012). In this new era
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of technology, availability of bio-based composites offers the opportunity for

environmental gains, reduced energy consumption, light weight, insulation and

sound absorption properties, reduction in volatile organic emissions, and reduction

in the dependence on petroleum based and forest product based materials. The

development of sustainable materials as an alternative for petroleum based

materials is being studied so as to decrease the dependence on petroleum

(Drzal et al., 2003).

2.2 Composites

Composite materials are heterogeneous materials that consist of two or more solid

phases, which are in intimate contact with each other on a microscopic scale

(Suchetclan, 1972; Zini & Scandola, 2011). Composites can also be considered as

homogeneous materials on a microscopic scale in the sense that any portion of it

will have the same physical property. Composite materials differ from alloys

because in composites the individual components retain their characteristics, but

are so incorporated into the composite that they take advantage only of their

attributes and not of their short comings in order to obtain improved materials

(Zini & Scandola, 2011)). Composites should not be regarded simply as a

combination of two materials since in a broader sense; the combination has its own

distinctive properties. In terms of strength or resistance to heat or some other
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desirable property, the composite is not only better than either of the components

alone or but also different from either of them.  A polymer composite is a material

that is made by combining two or more materials to give a unique combination of

properties. One of the materials so combined may be made up of stiff, long fibres

and the other, a binder or 'matrix' which holds the fibres in place (Mohanty et al.,

2005; Nishino & Arimoto, 2007).

1.2.1 Composites constituents

Generally, composites consist of a bulk material (‘matrix’) and a reinforcement of

some kind, which are added primarily to increase the strength and stiffness of the

matrix. Matrix materials in composites are required to fulfil the following

functions (Mathews & Rawlings, 1994):

(i) bind together the fibres (fillers) by virtue of its cohesive and adhesive

characteristics.

(ii) protect the fibres/fillers from environments and handling.

(iii) disperse the fibres and maintain the desired fibre orientation and spacing.

(iv) transfer stresses to the fibres by adhesion and/or friction across the fibre-

matrix interface when the composite is under load, and thus, to avoid any

catastrophic propagation of cracks and subsequent failure of composites.

(v) be chemically and thermally compatible with the reinforcing fibres.
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(vi) be compatible with the manufacturing methods which are available to

fabricate the desired composite components.

2.2.2 Classification of Composites

Composites can be classified based on either the matrix materials, or the

reinforcing materials. These are the two major components that make up the

composites.

2.2.2.1 Classification Based on Matrix Materials

Broadly composite materials can be classified into three groups on the basis of

matrix materials. They are:

(i) Metal Matrix Composites (MMC)

(ii) Ceramic Matrix Composites (CMC)

(iii) Polymer Matrix Composites (PMC)

Metal Matrix Composites

Metal matrix composites have many advantages over monolithic metals like higher

specific modulus, higher specific strength, better properties at elevated

temperatures, and lower coefficient of thermal expansion. Because of these

attributes, metal matrix composites are under consideration for wide range of
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applications viz. combustion chamber nozzle (in rocket, space shuttle), housing,

tubing, cables, heat exchangers, structural members, etc.

Ceramic Matrix Composites

One of the main objectives of producing ceramic matrix composites is to increase

the toughness. Naturally, it is hoped, and indeed often found that there is a

concomitant improvement in strength and stiffness of ceramic matrix composites.

Polymer Matrix Composites

Most commonly used matrix materials are polymeric. The reasons for this are

two-fold. In general, the mechanical properties of polymers are inadequate for

many structural purposes. In particular, their strength and stiffness are low

compared to metals and ceramics. These drawbacks are taken care of by

reinforcing polymer with other materials. Secondly, the processing of polymer

matrix composites need not involve high pressure, and temperature. Also

equipments required for manufacturing polymer are simpler. For this reason,

polymer matrix composites developed rapidly and soon became popular for

structural applications.

Composites are used because overall properties of the composites are superior to

those of the individual components.
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2.2.2.2 Classification Based on the Reinforcing Materials

The reinforcement material is used to strengthen the matrix, and examples of

reinforcing materials includes carbon (graphite) fibres, glass fibres, ground

minerals, boron fibres, aramid fibres, jute fibres, flax fibres, etc (Javid et al., 2013;

Clemons, 2002).

2.2.3. Classification of Polymer Composites

There two types of polymer composites and they are:

a) Fibre Reinforced Polymer (FRP).

b) Particle Reinforced Polymer (PRP).

Fibre Reinforced Polymer

Common fibre reinforced composites are composed of fibres, and matrix. Fibres

are the reinforcement and the main source of strength while matrix glues all fibres

together in shape and transfers stresses between the reinforcing fibres. The fibres

carry the loads along their longitudinal directions. Sometimes, fillers might be

added to smooth the manufacturing process, impact special properties to the

composites, and/ or reduce the product cost.

Common fibre reinforcing agents include asbestos, carbon/graphite fibres, glass

fibres, polyamide, aluminium oxides, natural fibres, etc.
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Particle Reinforced Polymers

Particles used for reinforcing polymers include ceremics, and glasses such as small

mineral particles, metal particles such as aluminium and amorphous materials,

including polymers, and carbon black. Particles are used to increase the modulus of

the matrix, and to decrease the ductility of the matrix. Particles are also used to

reduce cost of the composites.

2.2.4 Structure and Properties of Composites

Composites consist of one or more discrete phases that are embedded in a

continuous phase so as to produce a multiphase material that possesses superior

properties not obtainable with any of the constituent materials acting alone. The

continuous phase which is present in greater amount in composites is termed as

‘matrix’. The discrete phase is generally harder and stronger than the continuous

phase and is called the, “reinforcement” or, “reinforcing material” (Jacob et al.,

2004). The geometry of the reinforced phase is one of the major parameter that

determines the effectiveness of the reinforcement. Properties of composites are

strongly dependent on the characteristics of their constituent materials, their

distribution, and the interaction among them. The surface adhesion between the

fibre, and the polymer plays an important role in the transmission of stress from

matrix to the fibre, and thus, contributes to the performance of the composite. The
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properties of composites cannot be achieved by any of the components functioning

alone. Generall, the properties of a composite are determined by:

(i) the properties of the fibre

(ii) the properties of the matrix

(iii) the ratio of fibre to matrix in the composite (fibre-volume fraction)

(iv) the geometry and orientation of the fibres in the composite, and

(v) the surface interaction of fibre and resin (the ‘interface’).

The need for a composite material to have  high strength to weight ratio, corrosion

resistance, lighter construction materials and more seismic resistant structures has

necessitated the use of new and advanced materials in composite production.

These materials do not only decrease the weight but also absorb the shock and

vibration through tailored microstructures. Composites are being used for

prefabricated, portable and modular buildings as well as for exterior cladding

panels.

2.2.5 General Process of Composites Making

Making of composites involves moulding of the materials. The reinforcing

materials are first placed in the mould, and the semi-liquid matrix material is

sprayed or pumped into it to for the object. Pressure is often times applied to force

air bubbles, and the mould heated to make the matrix set. Composites can be made
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by simple processing techniques such as hand lay-up, and spraying, compression,

extrusion, resin transfer, injection and pressure bag moulding operations (Fakirov

& Evstatiev, 1994; Cantor & Patrick, 2011). Many advanced composites like the

wing, or body of panels of aircraft, consist of honey-comb plastics, sandwiched

between two skins of carbon fibre reinforced composite material. This kind of

sandwiched composite has high strength, bending stiffness, light weight, and very

costly.

2.2.6 Thermoplastic and Thermoseting Composites

Thermoplastic composites are composites that have a thermoplastic polymer as a

matrix. A thermoplastic polymer is a long chain polymer that can be either

amorphous in structure or semi-crystalline. These polymers are long chain,

medium to high molecular weight materials that are tough, resistant to chemical

attack, and are recyclable. Examples of a thermoplastic are polyethylene,

polypropylene, polystyrene, and poly (vinyl chloride). Methods such as extrusion

and injection moulding can be used for the processing of thermoplastic composites.

The moulding of thermoplastics can be carried out non- isothermally, i.e., they can

be heated rapidly and cooled without any damaging effects to their microstructure.

The melt viscosities of polymer thermoplastics are 500 to 1000 times that of the

thermosets. The natural fibres that can be used to reinforce thermoplastics include
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wood, cotton, flax, hemp, jute, sisal, banana, pineapple, rice straw, and sugarcane

fibres (Evstatiev et al., 2000).

Thermosetting composites are composites that have thermoseting polymer as the

matrix. Thermosets are polymers that do not undergo reversible heat cycle. Once

they set, they cannot be re-melted by heat again. Thermosets are also used as

matrices for most structural composite materials. The main advantage of using

thermosets is that they have very low viscosity, and can be mixed with fibres at

low pressures. Thermosets are processed by simple processing techniques such as

hand lay-up and spraying, compression, extrusion, resin transfer, injection, and

pressure bag moulding operations (Mohan & Kanny, 2010). In these polymers, the

fibres are used as unidirectional tapes or mats. They are impregnated with the

thermosetting resins, and then exposed to high temperature for curing to take place.

Examples of thermosetting polymers are epoxy resins, unsaturated polyesters (UP);

phenolic resins (e.g. phenol-formaldehyde); amino resins (e.g. melamine-

formaldehyde and urea-formaldehyde resins), and polyurethane (Dhakal et al.,

2007).

2.2.7 Processing of Thermoplastic-Fibre Composites

The manufacture of thermoplastic composites is often a two-step process. The raw

materials are first mixed together in a compounding process and the compounded
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material is then formed into a product. The manufacturing processes for the fibre-

thermoplastic composites include sheet or profile extrusion, injection moulding,

calendering, thermoforming and compression moulding (Clemons, 2006). The

quality of moulded products depends on the selection of correct processing

parameters. The process temperature is of utmost importance, since at temperatures

above 200°C, natural fibres start to degrade (Clemons, 2006).

The extrusion process for composite production is by far the most common

processing method for the production of fibre-thermoplastic composites. The

injection or compression moulding technique is used when the processing of a

continuous piece is not desired, or a more complicated shape is needed. However,

the total weight of product is much less than that obtained with the extrusion

moulding (Clemons, 2006). When fillers are added during the extrusion or

injection moulding process, changes occur which alter the processing parameters,

fibre orientation, and mechanical properties of the product (Han-Seung et al.,

2006).

2.2.8 Properties of Composites

Properties of composites are versatile based on their sources, composition, design,

applications, etc (Rodriguz et al., 2005). Some major characteristics of composites

that make them so useful are:
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(i) Specific Strength

This can be described as the rigidity, or hardness of a material with regard to its

weight. A number of composites like fibre-glass share comparable impact

resistance with steel and titanium, based on the fraction of the weight applied on

them (Hari & Pukanzsky, 2011). Fibre composites are extremely strong and

flexible compared to ordinary fibre. Composite materials can bend severally before

yielding.

(ii)Cost

Some composites materials could be produced at a cheaper rate than their

traditional metal counterparts.

(iii) Processability

Processing of metal requires high amount of thermal energy (heat), but plastics,

and plastic-based composites require less heat to be moulded, or processed. Some

composites like paints or moulded parts can be processed at low temperatures, but

when they cure, or set, they are very resistant to heat, or fire.

(iv) Light Weight

Most synthetic composites are of light weight. For example, a digital versatile disc

(DVD) case lid is made of carbon fibre to reduce the weight so that it can be

carried as cabin baggage while travelling, and for improving security.
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(v) Electrical properties

Fibre-glass has been produced as an insulator for electrical purposes. High tensile

strength and insulation properties are also easily obtained with composites.

(vi) Chemical and Weathering Resistance

Composite products have good weathering properties, and are resistant to wide

range of chemical attack. This resistance, however, depends entirely on the nature

of resin used during processing. By careful selection, the required conditions can

be achieved. Composites are used in the manufacture of chemical storage tanks,

pipes, chimneys and ducts, boat hulls, and vehicle bodies due to high chemical, and

weathering resistance properties.

(vii) Colour

Any colour can be incorporated into the composites during the production by

pigmenting the gel-coat used. Costs are, therefore, reduced since no further

finishing or painting is required. Soluble dyes can be used, if a translucent product

is desired, although dark colours are not recommended because it produces

excessive heat on the surface. This can lead to the surface deteriorating, or print

showing through the resin (matrix).

(viii) Translucency

Polyester resins are widely used to manufacture translucent moulded parts, and

sheets. Light transmission of up to about 85% can be achieved when this matrix is

used during composite processing.
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(ix) Low Thermal Conductivity

The development of fibre-glass has made it possible for the production of

specialized meat containers which remain chilled at the required temperature for

exportation.

2.2.9 Advantages of the Use of Composites

The greatest advantage of using polymer composites is the improvement on their

light-weight, strength and stiffness. If appropriate choices of reinforcement and

matrix materials are selected, an improved property that will fit into the desired

structure will be obtained. Unlike metals, composites do not break up easily under

stress. A small crack in a piece of metal can spread rapidly to cause great problem

especially when used in aircraft but composite material will block the crack, share

in the stress due to the effect of fibrous materials used for reinforcement.

Composites are resistant to heat and corrosion. This is why composites are ideal

products for use in boats, spacecrafts, etc, that are liable to be used in extreme

environmental conditions. Composites are durable especially when plastics are

used as the matrix material. They provide design flexibility and could be moulded

into different shapes as desired.

In health sector, composites have been used to produce structural polymeric

materials which have the ability to automatically heal cracks (Henrique et al.,
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2009). These materials are produced by the incorporation of microencapsulated

healing agent that can be released upon crack intrusion.

2.2.10 Disadvantages of the use of Composites

The disadvantages of the use of composites are:

i. Cost

Composites cost depends on the materials used, production tools, processing

techniques, finishing, etc. Some materials like calcium carbonate can be added

during formulation in order to reduce cost, and increase the bulk, whereas other

materials like lead, zinc, etc, increases the cost of composites. The finishing

involves the material quality tests after construction through some expensive

methods like the use of X-ray, ultrasonic, radiography, etc, to prevent failure

(Dittenber & GangaRao, 2012). The commonest shortcoming of the use of polymer

composite is that it has relatively low strength, and cannot totally replace metals

like steel.

ii. Visual Proof of Damage

Composites respond differently from other structural materials to impact and there

is no obvious sign of damage. For, example, if a car panel made of aluminium is

damaged, it shows and repairs are made. In a composite, a low energy impact like

a bump, or tool drop may leave no visible sign of the impact on the surface;
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although, there could be an extensive delamination, spreading in a cone-shaped

area from the impact locations. It is good to always carry out a routne check on

composite materials using qualified composite personnel to examine the material,

and determine underlying damages. Any whitish appearance on the part of a

fibre-glass composite shows that a serious fracture had occurred (Dittenber &

GangaRao, 2012).

iii. High Energy Impact

A high energy impact such as a bird strike on an aircraft results in serious puncture

and damage. It is difficult to notice a low energy impact until serious structural

failure is encountered (Lopresto et al., 2013).

iv. Heat Damage

High temperature has the potential of causing damage to composites especially on

the resin component. For example, epoxy resin begins to weaken when used at

temperature above 111oC (Borba et al., 2014). This problem can be minimized by

proper selection of paint colours. For example, white paint coat tends to reflect sun

rays while black paint coat absorb sunlight, and tends to heat up the composite

structure. Because of this, aircrafts constructed using composites often have

specific recommendation of paint colours. Fire and chemical should not be brought

into contact with composite products, because a little exposure to a corrosive
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solvent can cause severe harm to the composite products. Similarly, fire poses a

great danger to the use of composite material (Lopresto et al., 2013).

2.3 Fillers

A filler is an inert material that is added to a polymer composition to improve its

properties, and / or to reduce its cost. On being mixed with a polymer resin, it

forms a heterogeneous mixture which can be moulded under the influence of heat

or pressure or both (Bonse et al., 2010). Fillers are the most widely used additives

in polymer compositions. Fillers are incorporated into plastics, natural and

synthetic rubber, and coatings (Bhatnagar, 1956; Bonse et al., 2010).

2.3.1 Types of Fillers

There are generally three types of fillers

(i) Reinforcing Fillers

When a polymer is reinforced by a high strength fibre, it is known as fibre

reinforced plastic (FRP). The main reinforcing fibres/fillers are glass, graphite,

alumina, carbon, boron etc. FRPs have high elastic modulus, high strength to

weight ratio, excellent corrosion resistance, and are easy to fabricate. The matrix

condenses into a network compound. The qualities of reinforced plastics make

them useful in spacecraft design and boat hulls (Bonse et al., 2010).
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Fully synthetic aromatic fibres have been found to be sometimes more useful than

natural fibres reinforcing polymers. The glass fibre is largely used in fibre

reinforced plastics. Glass fibres have low coefficient of thermal expansion, high

dimensional stability, good tensile strength, low dielectric constant, are

inflammable and chemically resistant. The fibres are used as short chopped fibres,

continuous filament, or woven fabric. The polymer transfers the stress from fibre

to fibre, thus, forming a product of high elastic modulus and small elongation. The

strength of reinforced plastic depends on the arrangement of the fibres and elastic

modulus of the polymer. The strength of the material is increased by arranging the

fibers in parallel position. The degree of interaction or adhesion between the binder

and the fibre determines the quality of the product. The matrices used are

polyester, epoxy, phenolic, silane, melamine, polyamides and vinyl derivatives

(Kate & Milewski, 1978; Bonse et al., 2010).

(ii) Active Fillers

Fillers that increase the mechanical strength of polymers are called active fillers

(Bonse et al., 2010). The active fillers (e.g. carbon black, silica gel) are more

effective when used with synthetic elastomers, and rubbers. They increase greatly

the strength of synthetic elastomers. Below glass transition temperature (Tg), the

addition of an active filler increases the value of forced elasticity, but decreases the
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rubbers brittleness. Therefore, at low temperatures, addition of large amount of

fillers is undesirable (Bonse et al., 2010).

(iii) Inactive Fillers:

These fillers (e.g. sawdust, wood ashes, etc) are used to lower the cost of materials

as well as to improve the finish of the moulded product (Bonse et al., 2010).

2.4 Classification of Natural Fibres

Natural fibres are classified into three categories namely: plant fibres, animal fibres

and mineral fibres.

(i) Plant Fibres

Plant fibres are composite materials designed by nature. Most plant fibres are

composed of cellulose, hemicellulose, lignin, waxes and some water-soluble

compounds (D'Arcy, 1986; Hornik et al., 2005). Examples of major natural fibres

of importance are cotton, jute, flax, ramie, sisal, pineapple and hemp. Cellulose

fibres are mainly used in the manufacture of paper and cloth. Plant fibres are

categorized into seed fibres, leaf fibres, bast fibre/ stem fibres, straw fibres, grass

fibres, wood fibres (Figure 2.2). The percentage composition of each of these

components varies for different fibres. Generally, the fibre contains 60-80 %

cellulose, 5-20% lignin, and up to 20 % moisture (Taj et al., 2007; Wang et al.,

2008).
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Figure 2.2: Classification of Natural Fibres (Hornik et al., 2005).

Lignin fills the space between the polysaccharide fibres, thereby cementing them

together. This lignification process causes stiffening of cell walls, and the

carbohydrate is protected from chemical and physical damage (Taj et al., 2007).

The chemical composition of natural fibres varies depending on the type of fibre.

The chemical composition as well as the structure of the plant fibres is fairly

complex. Hemicellulose is responsible for the biodegradation, micro absorption

and thermal degradation of the fibre as it exhibits the least resistance, whereas

lignin is thermally stable, but prone to ultraviolet (UV) degradation. Some

important plant fibres such as sisal, flax, cotton and jute fibres are discussed below.

Natural fibres

Straw fibres:
- Corn
- Wheat
- Rice

- straws

Bast fibres:
- flax
- Hemp
- Kenaf

- Jute

Leaf fibres:
- Sisal
- Henequen
- Pineaple leaf

Wood fibres:
- Pine fibre

Seed
fibres:
- Cotton
- coir

Grass
fibres:
- Bamboo
- Switch
- Grass
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1. Sisal Fibre

Sisal plant belongs to the agave family (Agavaceae). The plant looks like a giant

pineapple. The soft tissue is scraped from the fibres manually or using a machine.

The fibre is used mainly to produce mats, carpets, and some other reinforced

materials. Sisal fibre varies in their quality. The large variations in the chemical

compositions are due to the fibres different sources, age, extraction methods, etc.

(Chand et al., 1988). The chemical composition as well as the structure of the plant

fibres is fairly complicated. According to Wilson (1971), sisal fibre contains 78%

cellulose, 8% lignin, 10% hemicelluloses, 2% waxes, and about 1% ash by weight,

whereas Rowell et al. (1992) reported that sisal contains 43 – 56% cellulose, 7-9%

lignin, 21-24% pentosan, and 0.61-1.1% ash. The study by Chand and Hashmi

(1993) showed that the cellulose and lignin contents in sisal vary from 49.62 to

60.95% and 3.75 to 4.40%, respectively.  Mohanty et al. (2005) reported the

following compositions for sisal: 66–78% cellulose, 10–14% hemicellulose,

1–10% lignin, 10% pectin, 10–22% moisture, and 2% waxes. It is apparent from

the above reports that the  chemical composition and other characteristics of sisal

fibre depends on various agro-climatic conditions under which sisal is grown, age

of the sisal plant and extraction process (Saxena et al., 2011)
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2. Flax Fibre

Flax fibre is one of the strongest fibre among natural fibres. Flax fibre has a good

heat conducting properties. However, constant creasing in the same place in sharp

folds tends to break the fibre. Flax is used for the production of linen, canvas,

ropes and sacks (O’ever et al., 2000). Flax fibre bundles are isolated from the plant

by breaking and scutching processes. The isolated fibres are composed of a few

fibres, bonded together by a relatively weak pectin, and lignin interphase, which

are virtually absent at some places along the fibre. The fibres are composed of

elementary fibres of diameters around 15 mm, and lengths, between 20 and 50

mm. The fibre consists of about 10–40 elementary fibres in cross section. The

elementary fibres are bound together by a pectin interphase (O’ever et al., 2000).

Flax fibre contains 71% cellulose, 18.6- 20.6 % hemicelluloses, 2.2% lignin, 2.3%

pectin, 8-12 % moisture content, 1.7% waxes and 5- 10° micro-fibrillar angle (Taj

et al., 2007; Saxena et al., 2011).

3. Cotton Fibre

Cotton is the most important fibre used in the textile industry. Cotton is generally

collected by picking which is generally carried out by hand. Comparison with other

natural fibres, cotton is mainly used in the manufacture of clothes, blankets,

carpets, etc. Cotton fibre contains 85-90% cellulose, 5.7% hemicelluloses, 0-1 %
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pectin, 7.85-8.5% moisture, and 0.6 % waxes (Taj et al., 2007; Saxena et al.,

2011).

4. Jute Fibre

Generally, jute fibres are extracted from the ribbon of the stem. It is used as

packaging material (bags), carpet backing, ropes, and yarns and in many other

decorative items. Jute fibre contains 61.1-71.5 % cellulose, 13.6-20.4%

hemicelluloses, 12-13% lignin, 0.2% pectin, 12.5-13.7% moisture content, 0.5%

waxes, and 8° microfibrillar angle (Taj et al., 2007; Saxena et al., 2011).

(ii) Animal Fibres

Animal fibres are generally composed of proteins. Examples are wool, silk, human

hair and feathers etc. Wool has several qualities that distinguish it from hair or fur.

It is crimped, elastic, and grows in staples (D'Arcy, 1986; Hornik et al., 2005).

Silk is a natural protein fibre, some forms of which can be woven into textiles. The

best-known type of silk is obtained from the cocoons of the larvae of the mulberry

silkworm (D'Arcy, 1986; Hornik et al., 2005). The shimmering appearance of silk

is due to the triangular prism-like structure of the silk fibre, which allows silk cloth

to refract incoming light at different angles, thus, producing different colours

(D'Arcy, 1986; Hornik et al., 2005).



32

The human body, apart from its skin, is covered by follicles which produce thick

terminal and fine hair. Hair is a filamentous biomaterial that grows from follicles

that are present in the dermis. Hair is an important biomaterial that is primarily

composed of protein, notably keratin. It is made up 95% of keratin (D'Arcy, 1986;

Hornik et al., 2005).

Feathers are among the most complex structure found in vertebrates (Prum &

Brush, 2002, 2003; Pettingill, 1970). They are formed in tiny follicles in the

epidermis, or outer skin layer that produce keratin proteins (Schor & Krimm, 1961;

Hornik et al., 2005). Feathers are one of the epidermal growths that form the

distinctive outer covering or plumage on birds.

(iii) Mineral Fibres

Mineral fibres are mainly naturally occurring fibres or slightly modified fibres that

are processed from minerals. Asbestos is a group of minerals that occur naturally

in the environment as bundles of fibres (Pettingill, 1970). These fibres are resistant

to heat and fire, and are bad conductors of electricity. Asbestos mineral are silicate

compound which contain silicon, and oxygen in their molecular structure.

Examples of asbestos are amosite, crocidolite, tremolite, actinolite, anthophyllite,

and chrysotile (Pettingill, 1970).

Amosite asbestos is the second most prevalent type of asbestos used as building

material. It is also known as brown asbestos and sometimes “grey” asbestos. The



33

colour originates from the natural presence of magnesium, and iron. Generally,

amosite is used as a fire retardant in thermal insulation product (Pettingill, 1970).

Crocidolite also known as blue asbestos is the least used in commercial products.

Generally, tremolite asbestos is formed by metamorphism of sediments rich in

dolomite and quartz. Mainly pure magnesium tremolite is creamy white in colour,

but due to the increasing content of iron, the colour approaches to dark green

(Pettingill, 1970).

Actinolite asbestos is derived from the Greek word ‘aktis’, meaning beam or ray.

Actinolite is normally found in metamorphic rocks like cooled intrusive igneous

rocks, and aureoles.

Anthophyllite, also known as amphibole mineral occurs as a result of

metamorphism of magnesium-rich rocks, and dolomite shales. It is an amphibole

mineral.

Chrysotile asbestos, also known as white asbestos, is a very soft, fibrous silicate

mineral of phyllosilicates. It is the most widely used form of serpentine asbestos

family. The fibre is strong, long, and cylindrical (Pettingill, 1970).
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2.4.1 Structure of Natural Fibres

The cell wall in a fibre is not a homogenous membrane. Each fibril has a complex,

layered structure which consists of a thin primary wall. This is the first layer that is

deposited during cell growth and which encircles a secondary wall (Figure 2.3).

The secondary wall is made up of three layers and the thick middle layer (S2)

determines the mechanical properties of the fibre. The middle layer consists of a

series of helically wound cellular microfibrils that are formed from long chain

cellulose molecules. The angle between the fibre axis and the microfibrils is called

the microfibrillar angle. The characteristic value for this parameter varies from one

fibre to another.

The outer secondary cell wall (S1) is comparable in thickness to the primary wall

and consists of four to six lamellae which spiral in opposite directions around the

longitudinal axis of the tracheid (Williams & Wool, 2000). The main bulk of the

secondary wall is contained in the middle secondary cell wall (S2), and may be as

little as 1cm thick in early woods, and up to 5 cm in summer wood. The inner

secondary wall (S3), sometimes also known as the tertiary wall, is not always well

developed, and has no great technological importance.
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Figure 2.3. Positioning of the Cellulose Fibrils in Wood Fibres: (M) Middle lamella, P) Primary
wall, S1) Secondary wall I, (S2) Secondary wall II, (S3) Secondary wall III (Williams & Wool,
2000).

The orientation of the microfibrils within the S2 layer has an important bearing on

mechanical properties of the fibre such as its modulus of elasticity (Mooney et al.,

2001).

Mechanical properties of fibres are determined by the cellulose content and

microfibril angle. A high cellulose content and low microfibril angle are desirable

properties of a fibre to be used as reinforcement in polymer composites (Williams

& Wool, 2000).
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2.4.2 Properties of Natural Fibre Composites

Generally, the tensile properties of composites are markedly improved by adding

fibres to polymer matrices since fibres have much higher strength and stiffness

values than polymer matrices (Malkapuram et al., 2008; Holbery & Houston,

2006). The properties of natural fibre reinforced composites depend on a number

of factors such as volume fraction of the fibres, fibre aspect ratio, fibre– matrix

adhesion, stress transfer at the interface, and orientation. Studies on natural fibre

composites involve the study of mechanical properties as a function of fibre

content, effect of various treatments of fibres, and the use of external coupling

agents (Garcia et al., 1995; Tobias, 1993; Vollenberg & Heiken, 1990; Felix et al.,

1993; Mukharjea et al., 1984). Other aspects of study include the prediction of

modulus and strength using some well-established models for two-phase systems

and comparison with experimental data (Garcia et al., 1995). Both the matrix and

fibre properties are important in improving mechanical properties of the

composites. The tensile strength is more sensitive to the matrix properties, whereas

the modulus is dependent on the fibre properties. To improve the tensile strength, a

strong interface, low stress concentration, fibre orientation is required whereas

fibre concentration, fibre wetting in the matrix phase, and high fibre aspect ratio

determine tensile modulus. The aspect ratio is very important for determining the
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fracture properties. In short-fibre-reinforced composites, there exists a critical fibre

length that is required to develop its full stress condition in the polymer matrix.

Table 2.1: Mechanical Properties of Natural Fibres (Dash et al., 1999; Ray et al., 2001;
Mishra et al., 2000; Oksman et al., 2002)

Fibre Specific

Gravity

Tensile

Strength(MPa

Modulus

(GPa)

Specific

Modulus

Jute 1.3 393 55 38

Sisal 1.3 510 28 22

Flax 1.5 344 27 50

Sunhemp 1.07 389 35 32

Pineapple 1.56 170 62 40

Glass Fiber-E 2.5 3400 72 28

Fibre lengths shorter than this critical length lead to failure due to debonding at the

interface at lower load. On the other hand, for fibre lengths greater than the critical

length, the fibre is stressed under applied load and thus results in a higher strength

of the composite.

For good impact strength, an optimum bonding level is necessary. The degree of

adhesion, fibre pullout, and a mechanism to absorb energy are some of the

parameters that can influence the impact strength of a short-fibre-filled composites
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(Tobias, 1993). The properties mostly vary with composition as per the rule of

mixtures and increase linearly with composition.

However, it has been observed that this linear dependence on percentage of fibre

content does not hold at high percentage (>80%) of the fibre, probably due to lack

of wetting of the fibre surface by the polymer. Table 2.1 above shows the

mechanical properties of some natural fibres.

2.5 Treatment of Natural Fibres

Natural fibres are amenable to modification as they contain hydroxyl groups from

cellulose and lignin present in the fibres. The hydroxyl groups may be involved in

the hydrogen bonding within the cellulose molecules thereby reducing the

reactivity towards the matrix. Chemical modifications may activate these groups or

can introduce new moieties that can effectively interlock with the matrix.

Interfaces play an important role in the physical and mechanical properties of

composites (Joseph et al., 2000). Simple chemical treatments can be applied to the

fibres with the aim of changing surface tension and polarity of fibre surfaces.

The different surface chemical modifications of natural fibres have achieved

various levels of successes in improving fibre strength, fibre fitness and

fibre-matrix adhesion in natural fibre composites. Some important fibre chemical

modifications that are applicable to natural fibres are outlined below.
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2.5.2 Alkaline treatment

The important modification achieved by alkaline treatment is the disruption of

hydrogen bonding in the network structure, thereby increasing surface roughness

of the fibres. This treatment removes certain amount of lignin, wax and oils

covering the external surface of the fibre cell wall, depolymerizes cellulose and

exposes the short length crystallites (John et al., 2008).

The addition of aqueous sodium hydroxide (NaOH) to natural fibre promotes the

ionization of the hydroxyl group to the alkoxide (Agrawal et al., 2000). Thus,

alkaline processing directly influences the cellulosic fibril, the degree of

polymerization and the extraction of lignin and hemicellulosic compounds (John et

al., 2008). Alkali treatment of fibre surfaces increases the surface roughness

resulting in better mechanical interlocking, and the amount of cellulose exposed on

the fibre surface. This increases the number of possible reaction sites and allows

for better wetting of fibre.

The reaction in equation 2.1 (Pothan et al., 2006) below is envisaged to take place

as a result of alkali treatment.

(2.1)

It has been reported that alkali treatment leads to fibre fibrillation i.e. breaking

down of fibre bundles into smaller fibres which increases the effective surface area
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available for contact with the matrix (John et al., 2008). The partial removal of

lignin and hemicellulose on alkali modified cellulose fibres was reported by

Sreekala et al. (1997). Mukherjee et al. (1993) reported that the removal of

hemicellulose produces less dense and less rigid interfibrillar region while Kokot

and Stewart (1995) noted that as lignin was removed, the middle lamella joining

the ultimate cells was expected to be more plastic and as homogeneous due to the

gradual elimination of micro-voids.

2.5.2 Silane Treatment

Silane is a chemical compound that has chemical formula, SiH4. Silanes are used

as coupling agents to improve the adhesion of glass fibres to polymer matrices,

thereby stabilizing the composite material. Silane coupling agents may reduce the

number of cellulose hydroxyl groups in the natural fibre–matrix interface. Silanes

undergo hydrolysis, condensation, and bond formation stage as illustrated in the

reaction in equation 2.2 below (Sreekala et al., 2000).

Bledzki et al. (1996) in their studies reported that in the process of interaction

between natural fibres and silanes, alkoxy silanes formed bonds with hydroxyl

groups present in the fibres. In the presence of moisture, hydrolyzable alkoxy

group of silane formed silanols which was capable of forming polysiloxane

structures by reaction with hydroxyl groups of the fibres.
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John et al. (2008) and Mathew et al. (2004) investigated the effect, of silane

treatment on the mechanical properties of biocomposites.

(2.2)

They observed marked improvement on composite properties after chemical

modification. Sreekala et al. (1997) also suggested that silane treated cellulose

fibre composite showed an increase in nucleation density when compared to the

untreated fibre composites. The increased nucleation yielded smaller crystals that

resulted in a transcrystalline interphase region, with improved bonding between the

fibre and the matrix (Agrawal et al., 2000).

2.5.4 Benzoylation Treatment

Benzoylation is an important transformation in organic synthesis (Paul et al.,

2003). Benzoyl chloride is often the most used reagent in fibre treatment. Benzoyl
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chloride forms an ester linkage with natural fibres, reduces their hydrophylicity,

thereby enhancing their compatibility with polymer matrices.

The reaction between the cellulosic–OH group of natural fibre and benzoyl

chloride is shown in equation 2.3 (Joseph et al., 2000)

(2.3)

Mohanty et al. (2004) reported that benzoylated oil palm empty fruit bunch

improved the tensile properties, impact strength, and water resistance of

composites when compared to the untreated fruit bunch.

2.5.6 Acrylation Treatment

Acrylation is defined as any reaction involving the addition of an acrylate group

(https://en.wiktionary.org/wiki/acrylation). Acrylation reaction is initiated by free

radicals of cellulose molecules. Cellulose can be treated with high energy radiation

to generate radicals which can initiate chain scission reactions (Bledzki & Gassan,

1999). The reaction is accomplished between OH groups and acrylic acid as shown

in equation 2.4 (Mohanty et al., 2004):

https://en.wiktionary.org/wiki/reaction
https://en.wiktionary.org/wiki/acrylate
https://en.wiktionary.org/wiki/acrylation-
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(2.4)

Sreekala et al. (2000, 2002) have used acrylic acid in natural fibre surface

modifications. Acrylation of fibres leads to strong covalent bond formation and

hence, the tensile strength and Young’s modulus of treated fibres are marginally

improved.

2.5.7 Peroxide Treatment

A peroxide is an organic molecule having the functional group, ROOR which

contain the divalent ion, O – O. Organic peroxides decomposes easily to free

radicals of the type RO* which react with the hydrogen group of the matrix and

cellulose fibres. The peroxide initiated free radical reaction between PE matrix and

cellulose fibres is illustrated in the following equations (Paul et al., 1997; Joseph &

Thomas, 1996):

RO - OR→ 2RO * (2.5)

RO * + PE - H→ROH + PE (2.6)

RO * + Cellulose-H →ROH + Cellulose (2.7)

PE + Cellulose → PE + Cellulose (2.8)

Benzoyl peroxide (C6H5CO)2O2 and dicumyl peroxide C6H5C(CH3)2O2 are

frequently used in natural fibre surface modifications. In peroxide treatment, fibres
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are coated with benzoyl peroxide or dicumyl peroxide in acetone solution for about

30 min after alkali pre-treatment (Paul et al., 1997; Sreekala et al., 2000; Sreekala

et al., 2002).

2.5.6 Other Chemical Treatments

Paul et al. (1997) and Zafeiropoulos (2002) have reported the treatment of natural

fibre with stearic acid in ethyl alcohol solution. According to the report, this

treatment resulted in the removal of non-crystalline constituents of the fibres, and

changed the fibre surface topography. Sodium chlorite (NaClO2) which is usually

used to bleach fibres has been used to delignify lignocellulosics. Thus, Mishra et

al. (2002) dipped untreated sisal fibre for use in sisal–polystyrene biocomposites in

sodium chlorite solution with a liquor ratio of 25:1 at 75 0C for 2 hrs. The tensile

strength of the bleached sisal fibre–polystyrene composite was less than that for

other chemically treated fibre composites, and this was attributed to the

delignification of the fibre, which lowered its tensile strength (Mishra et al., 2002).

Similar results on tensile strength of bleached fibre composites using sodium

chlorite was reported by Li et al. (2004) on flax fibre–PE composites.



45

2.6 Natural Fibre Reinforced Composites

A number of studies have been reported in the literature on the use of natural fibres

to reinforce polymers and are reviewed below. Ma et al. (2005) investigated the

effects of fibre contents on the tensile properties of micro winceyette fibre

reinforced corn starch composites and found that the tensile strength of the

composites was approximately trebled when the fibre content increased from 0 to

20 % wt. However, the elongation at break decreased with increase in fibre

content. Similarly, Lee et al. (2009) studied kenaf and jute fibre reinforced

polypropylene, and found that the tensile strength and Young’s modulus increased

with increase in fibre content, reached a maximum, and thereafter, decreased with

further increase in fibre content.

Herrera-Franco and Valadez-Gonzalez (2004) studied the properties of henequen

fibre (Agave fourcryocydes) reinforced HDPE and found that fibre surface

modification had adverse effects on the strength properties of the composites in the

perpendicular direction to the fibre where the improvements were above 50 % with

respect to the untreated fibre composites. The introduction of surface modification

was observed to shift the failure mode of the composites from interfacial failure to

matrix failure.

Rozman et al. (1999) studied the use of coconut fibre as reinforcement in

polypropylene hybrid composites, and reported that the incorporation of the fibre
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led to reduction in the tensile, flexural, and impact strengths of the composites.

This observation was attributed to incompatibility between the fibre and

polypropylene matrix, as well as on the irregularity in the fibre size. However,

increasing the fibre content was found to lead to improvement in the tensile

strength, and flexural modulus of the composites.

Khoathane et al. (2008) who investigated the effects of bleached hemp fibre

contents on the tensile strength of the fibre reinforced 1-pentene/polypropylene

copolymer composites found that the tensile strength increased from 20 MPa to 30

MPa when the fibre content was 5 %. However, the tensile strength dropped to 23

MPa when the fibre content was 20 %, and later increased again, the value of

which was the same as that of 30 % fibre content.

Verma et al. (2012) studied the effects of mercerization, acrylation, isocyanate

treatment, and washing with alkaline solution on bagasse-polypropylene

composites, and found that chemical treatments improved the tensile properties of

the composites.

The mechanical and dynamic mechanical properties of polypropylene/sisal fibre

composites were investigated by Mohanty et al. (2004). It was found that the

composites containing 2 % fibre content, and 1 % MAPP exhibited optimum

improvement in mechanical properties, and the damping properties of the

composites decreased with increase in fibre, and MAPP contents.
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Bujang et al. (2007) studied the dynamic characterization of coir fibre reinforced

polymer composites and found that the tensile modulus changed with increasing

fibre content. The tensile strength of the coconut fibre reinforced composites

tended to decrease with increases in fibre content, an indication of an ineffective

stress transfer between the fibre and matrix.

Mir et al. (2013) investigated the mechanical properties of coir based polymer

composites. The composites were prepared using coir fibre treated with varying

pre-treatment conditions. The results showed increase in the mechanical and

modulus of rupture properties of coir based polymer composites and these were as

a result of chemical composition modification, and surface modification of the

fibres. Husain et al. (2011) studied the mechanical properties of green coconut

fibre reinforced HDPE composites. The test specimens were produced according to

Taguchi’s L9 orthogonal array concept.  The results showed increases in the tensile

strength, flexural strength, and Young’s modulus of the composites with increases

in fibre contents. However, the tensile properties decreased with further increase in

fibre content above 20 % fibre content.

Dixit and Verma (2012) investigated the effect of hybridization on the mechanical

properties of coir reinforced polymer composites prepared using the compression

moulding technique. The results showed that hybridization played an important

role in improving the mechanical properties of composites. The tensile, and
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flexural properties of the hybrid composites improved markedly when compared to

those of unhybridized composites.

Kindo (2010) studied the mechanical performance of treated oil palm fibre

reinforced polymer composites containing 40 wt. % of fibre. Silane, isocynate,

acrylate, latex coated, and peroxide treated composites were found to withstood

tensile stress to higher strain level. The silane, benzoylated, and peroxide treated

flax composites showed superior physical and mechanical properties due to the

better adhesion between the fibres and polymer matrix.

The effect of chemical treatment on tensile and dynamic mechanical properties of

short sisal fibre reinforced low density polyethylene was studied by Frederick and

Norman (2004). The results indicated that the cardanol derivative of toluene

di-isocyanate treatment reduced the hydrophilic nature of sisal fibre, and hence,

enhanced the tensile properties of the sisal fibre reinforced low density

polyethylene.

The influence of alkali treatment of jute fibre on the performance of biocomposites

was studied by Sangita (2012) who reported that alkali treatment of the fibre led to

more than 40 % improvement in the tensile strength of the composites. The

performance of the biocomposites was reported to be affected by jute fibre content,

and jute fibre of about 30 wt. % content exhibited optimum performance in

biocomposites properties.
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Joseph and Thomas (1996) studied the benzoyl peroxide (BP) and dicummyl

peroxide (DCP) treatment on short sisal fibre-reinforced polyethylene composites.

The tensile strength of composites was reported to increase with the concentration

of peroxide up to a certain level (4% for DCP, and 6% for BP), and then remained

constant. As a result of peroxide treatment, the hydrophilicity of the fibres was

observed to decrease (Paul, et al., 1997).

Li et al. (2009) studied flax fibre reinforced linear low density polyethylene

(LLDPE) and HDPE biocomposites processed by extrusion, and injection

moulding processes. Five surface modification methods (alkali, silane, potassium

permanganate, acrylic acid, and sodium chlorite treatments) were employed to

improve the interfacial bonding between fibres and matrix. It was found that the

biocomposite tensile strengths were increased after fibre surface modifications.

Among these surface modification techniques, acrylic acid was found to be a

relatively good method in enhancing tensile properties of both flax / HDPE, and

LLDPE biocomposites (Li et al., 2009).

Fuqua and Ulven (2008) investigated the different effects of maleated

polypropylene (MAPP) contents on the tensile properties of corn chaff fibre

reinforced polypropylene composites. Similarly, the effects of other treatments

(silane z-6011, silane z-6020 and 5 w/t % MAPP) on corn chaff fibre and distilled

dried grains (DDGS) reinforced polypropylene composites were studied. It was
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found that 5 wt. % of MAPP yielded the optimum value for the composites in term

of tensile strength and modulus. The strength reduction observed with high MAPP

loading was caused reportedly by the interaction between the compatibilizer

(MAPP) and the fibre/matrix system.

Mohanty et al. (2000) investigated the effect of low-molecular weight MAPP on

tensile properties of polypropylene reinforced with different natural fibres such as

old newsprint, kraft pulp and hemp. Results showed that the optimum level of the

coupling agent (MAPP) by weight of the old newsprint-filled PP composites was 4

percent for tensile strength and 1.5 percent for tensile modulus respectively.

Herrero-Franco and Valadez-Gonzalez (2004) studied the tensile behaviour of

HDPE reinforced with continuous henequen fibres which were treated with silane

coupling agent. Results showed that silane agent treated fibre increased the tensile

strength of the composites. It was found that none of the fibre-matrix interface

improvements had any significant effect on the value of Young’s modulus of

continuous henequen fibre reinforced HDPE composites.

2.7 Factors that Influence the Properties and Interfacial Characteristics of

Polymer Composites

The following factors influence the properties and interfacial characteristics of

polymer composites are as follows:
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(i) Natural fibre/Polymer Incompatibility

The hydrophilic nature of natural fibres is incompatible with hydrophobic polymer

matrix, and has a tendency to form aggregates. These hydrophilic fibres exhibit

poor resistant to moisture, which lead to high water absorption, subsequently

resulting in poor tensile properties of the natural fibre reinforced composites.

Moreover, fibre surfaces have waxes and other non-cellulosic substances such as

hemi-cellulose, lignin and pectin which create poor adhesion between matrix and

fibres. Therefore, in order to improve and develop natural fibre reinforced polymer

composites with better tensile properties, it is necessary to increase fibre

hyphobicity by subjecting the natural fibres to surface chemical modifications

(surface treatment). The fibre modification is attempted to improve fibre

hydrophobicity, interfacial bonding between matrix and fibre, roughness and

wettability, and also decrease moisture absorption, thereby leading to the

enhancement of tensile properties of the resulting composites (Lee et al., 2009;

Li et al., 2009; Panigrahy et al., 2006; Santos et al., 2009).

The chemical coupling method is also one of the important chemical methods

which improve the interfacial adhesion. In this method the fibre surface is treated

with a compound that forms a bridge of chemical bonds between the fibre and

matrix. The chemical composition of coupling agents allows them to react with the

fibre surface to form a bridge of chemical bonds between the fibre and matrix
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(Lee et al., 2009). Among different coupling agents, maleic anhydride is the most

commonly used.

(ii) Processing Techniques

Processing technique is another important factor that significantly influences the

properties and interfacial characteristics of composites. Common methods for

processing natural fibre reinforced thermoplastic composites are extrusion,

injection, and compression moulding. Tungjitpornkull and Sombatsompop (2009)

studied the tensile properties of E-glass fibre (GF) reinforced wood/PVC (WPVC)

composites produced by twin screw extrusion and compression moulding

processes and reported that the GF/WPVC composites produced from compression

moulding had better tensile modulus than those from other production techniques.

The shear stress in compression moulding was lower than that in twin screw

extrusion; as a result, there was less thermal degradation of polyvinylchloride

(PVC) molecules and less breakage of glass fibre, resulting in longer fibre length

in the composites produced by compression moulding. The composite

manufactured by compression moulding had higher specific density which resulted

in fewer voids in the composites.

Li et al. (2009) determined the appropriate values of injection temperature and

pressure for flax fibre reinforced high density polyethylene biocomposites. The

results showed that higher fibre content in composites led to higher mechanical
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strength. An Injection temperature of lower than 192ºC was recommended for

better composite quality because at higher temperature, fibre degradation (fibre

degradation temperature ≈ 200ºC) might have occurred, thereby leading to inferior

tensile properties. In comparison with the injection temperature, the influence of

injection pressure was not obvious in this study. However, higher injection

pressure was preferred to obtain better composite tensile properties.

2.8 Polyethylene

Polyethylene (PE) is a thermoplastic polymer that is used in making consumer

products. The structure of polyethylene is:

In the United Kingdom the polymer is called polythene

(http://en.wikipedia.org/wiki/polyethylene).

Ethene, also known as ethylene is the monomer that is used to produce

polyethylene. The structure of ethene molecule is:

http://en.wikipedia.org/wiki/Thermoplastic
http://en.wikipedia.org/wiki/United_Kingdom
http://en.wikipedia.org/wiki/polyethylene
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The conversion of ethene to polyethylene can be by radical, anionic, ion

coordination, and cationic polymerization. This is because ethene does not have

any substituent groups which can influence the stability of the propagation head of

the polymer. Each of these methods results in a different type of polyethylene.

2.8.1 Classification of Polyethylene

Polyethylene (PE) is classified into several different categories based mostly on its

density and branching. These classes of polyethylene can be produced by using

different polymerization processes which include free radical, anionic addition,

ion-coordination or cationic addition polymerization (http://en.wikipedia.org/

wiki/polyethylene). The classes of polyethylene include:

(i) Ultra High Molecular Weight Polyethylene

(ii) High Density Cross-linked Polyethylene

(iii) Cross-linked Polyethylene

(iv) Medium Density Polyethylene

(v) Low Density Polyethylene

http://en.wikipedia.org/wiki/File:Ethene-2D-flat.png
http://en.wikipedia.org/wiki/Radical_polymerization
http://en.wikipedia.org/wiki/Anionic_polymerization
http://en.wikipedia.org/w/index.php?title=Ion_Coordination_polymerization&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Ion_Coordination_polymerization&action=edit&redlink=1
http://en.wikipedia.org/wiki/Cationic_polymerization
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Branching
http://en.wikipedia.org/wiki/polyethylene
http://en.wikipedia.org/wiki/polyethylene
http://en.wikipedia.org/wiki/Cross-link
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(vi) Linear Low Density Polyethylene

(vii) Very Low Density Polyethylene

(viii) High Density Polyethylene

Ultra High Molecular Weight Polyethylene is polyethylene (UHMWPE) that has a

molecular weight numbering ranging from 3.1 and 5.67 million. The high

molecular weight results in less efficient packing of the chains into the crystal

structure as evidenced by densities that are less than that of high density

polyethylene. The high molecular weight results in a very tough material.

UHMWPE can be made through any catalyst technology, although, Ziegler

catalysts are most common. UHMWPE is used in high modulus fibres and in

bulletproof vests.

Cross-linked Polyethylene (PEX) is a medium- to high density polyethylene

containing cross-link bonds that changes the thermoplast into an elastomer. The

high temperature properties of the polymer are thus improved, its flow is reduced

and its chemical resistance is enhanced.

PEX is classified according to their method of production, and applications into

PEX-A, PEX-B and PEX-C. PEX is used in some potable water plumbing systems

as tubes made of the material can be expanded to fit over a metal nipple, and it will

slowly return to its original shape, forming a permanent, water-tight connection.
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Medium Density Polyethylene (MDPE) is has a density range between

0.926 - 0.940 g/cm3. MDPE can be produced by chromium/silica catalysts, Ziegler-

Natta catalysts or metallocene catalysts.

Linear Low Density Polyethylene (LLDPE) is defined by a density range of

0.915 - 0.925 g/cm3 is a substantially linear polymer, having significant number of

short branches. It is commonly made by copolymerization of ethylene with short-

chain alpha-olefins (e.g. 1-butene, 1-hexene, and 1-octene).

Low Density Polyethylene (LDPE) is characterized by a density range,

0.910 - 0.940 g/cm3. LDPE has a high degree of short and long chain branching,

results into poor packing of the chains into the crystal structure. It has less

intermolecular forces of attraction because the instantaneous-dipole induced-dipole

attraction is low. This results into low tensile strength, and increased ductility.

LDPE is produced by free radical polymerization process. The high degree of

branches with long chains gives molten LDPE unique and desirable flow

properties. LDPE is used to produce rigid contains, and plastic film like plastic

bags, and film wraps.

Very Low Density Polyethylene (VLDPE) is characterized by a density range of

0.880 - 0.915 g/cm3. VLDPE is a substantially linear polymer, which has high

degree of short chain branches. It is commonly made by copolymerization of

ethylene with short-chain alpha-olefins (e.g. 1-butene, 1-hexene, and 1-octene).
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VLDPE is most commonly produced using metallocene catalysts due to the greater

co-monomer incorporation exhibited by these catalysts. It is used for hose and

tubing, ice and frozen food bags, food packaging and stretch wrap.

High Density Polyethylene (HDPE) is characterized by a density of equal to or

greater than 0.941 g/cm3. HDPE has a low degree of branching, and thus, stronger

intermolecular forces and tensile strength. HDPE can be produced using

chromium/silica catalysts, Ziegler-Natta catalysts or metallocene catalysts. The

lack of branching is ensured by an appropriate choice of catalyst (e.g. chromium

catalysts or Ziegler-Natta catalysts) and reaction conditions. HDPE is used in

making containers, blown bottles for food, pipe and pipe fittings, and packaging

films.

2.8.2 Preparation of HDPE

There are two major processes used in the production of HDPE. They are the

Ziegler-Natta, and Phillips polymerization processes (www.goodfellow.com/

polyethylene-High -Density.html).

(i) Production of HDPE from the Ziegler Process:

Ziegler-Natta process was discovered by Karl Ziegler in Mulheim, Germany in

1950. The process involves the chain transfer reaction with the introduction of

hydrogen to control the molecular weight of the polymer.



58

In this process, an organometallic compound (i.e. titanium tetrachloride) is reacted

in a reaction vessel with a metal alkyl at a temperature between 100-130 0C in the

presence of a hydrocarbon solvent like n-heptane. The pressure of the reaction

vessel is between atmospheric and 20 atm. Ethylene is introduced into the reactor

vessel in the gas phase. The boiling point of ethylene is approximately 100 0C. The

ethylene reacts with the active site on the catalyst to produce polyethylene. The

solvent is used to dissipate heat. The solvent must not vapourize or react with any

of the compounds in the reactor.

The melting point of high-density polyethylene is approximately 1300C. Therefore,

the polyethylene formed is in the solid phase.

This type of polymerization is called slurry polymerization or suspension

polymerization. The slurry solution is passed to a catalyst decomposition bed

where the catalyst is deactivated. The catalyst is not completely used in the

polymerization process. Catalyst decomposition is achieved with the addition of an

alcohol. Polyethylene is then recovered with the extraction of the solvent, filtered

and dried.

The polyethylene created by the Ziegler process has a molecular weight between

20,000 and 1.5 million. The molecular weight of HDPE is controlled in a number

of different ways: pressure of the reactor vessel (higher pressure, less branches),

temperature in preparation of catalyst (too high of temperature deactivates
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catalyst), chain transfer reagents, and the ratio of Al/Ti catalyst added to reactor.

The flow chart for Ziegler process for producing HDPE is shown in Figure 2.4.

Today, the theory put forth by Natta is most credibly believed. Natta worked

alongside Ziegler in a laboratory in Germany. He (Natta) created polypropylene by

reacting an organometallic with a metal alkyl to create an active site for

polymerization. The catalyst created is very similar to the catalyst Ziegler created to

produce high density polyethylene. Because of this, the catalysts used today to create

polyethylene and other types of polymers are referred to as the Ziegler-Natta catalyst

(named after Karl Ziegler and Giulio Natta).

Figure 2.4: Flow Diagram of Ziegler Process
(http://wwwcourses.sens.buffalo.edu/ce435/Polyethylene/CE435Kevin.htm).
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(ii) Production of HDPE from Phillips Process:

The Phillips process is very similar to the Ziegler Process. The Phillips Process

commercialized by Phillips Petroleum Corporation in 1961 uses a catalyst to create

an active site for polymerization. Historically, this was the first method used for

commercial ethylene polymerization with the original Ziegler catalyst. At present,

Phillips Petroleum utilizes a highly active catalyst, chromium oxide on high-

surface area silica, to produce high density polyethylene. The active site for

polymerization, Cr-C bond, is achieved by reacting the catalyst with an olefin. The

olefin reduces the valence state of the transition-metal atoms, thus, making it more

reactive.

The difference in today’s process in producing high density polyethylene process is

as a result of the catalyst used. The first generation Ziegler catalysts were not very

active and had to be removed through a complex extraction process. An alcohol

was added to deactivate the catalyst. Many of the polymer processes had in front of

the main reactor, a special reactor in which the catalyst preparation took place and

the viscosity and morphology control were very important steps. The use of a silica

base eliminates this problem. The catalyst is very active and needs not to be

removed because, all of the catalyst is reacted with the monomer, ethylene. The

active sites on the monomer are equally accessible to the monomer throughout the
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particle. Therefore, the polymer chains grow not only outwards but also inwards,

causing the granule to expand progressively.

Figure 2.5: Phillips Loop Reactor for Anionic
Polymerization(http://wwwcourses.sens.buffalo.edu/ce435/Polyethylene/CE435Kevin.htm).

The polymer particle will be a replica of the catalyst particle if the mechanical

strength of the particle is strong enough. Because of the complexity and

importance of the silica base catalyst, the catalyst is often prepared in a separate

production plant.

In the Phillips process, the polymer particles are suspended in an inert

hydrocarbon. The melting point of high-density polyethylene is approximately
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135 oC. Therefore, slurry polymerization takes place at a temperature below

135 oC, the polymer formed is in the solid state. If the polymerization was to take

place at a temperature greater than its melting temperature, then, the polymer

formed would be in the liquid phase. The Phillips process takes place at a

temperature between 85-110 oC. A loop reactor is used in a liquid-phase process.

The catalyst and the inert solvent are introduced into the loop reactor where

ethylene and an  -olefin are circulating. The inert solvent is used to dissipate heat

as the reaction is highly exothermic. A cooling jacket is also used to dissipate heat.

The active sites on the catalyst are equally accessible to the whole monomer

particle.

Therefore, the polymer chains grow not only outwards but also inwards, causing

the granule to expand progressively. The reactor consists of a folded loop

containing four long runs of pipe 1 m in diameter, connected by short horizontal

lengths of 5m. The slurry of HDPE and catalyst particles circulates through the

loop at a velocity between 5 to 12 m/s. The reason for the high velocity is because

at lower velocities the slurry will deposit on the walls of the reactor causing

fouling. The concentration of polymer products in the slurry is 25% by weight.

Ethylene, α-olefin co-monomer (if used), an inert solvent, and catalyst components

are continuously charged into the reactor at a total pressure of 450 Psi. The

pressure is a bit higher than the pressure used to create high-density polyethylene
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by the Ziegler process. The high pressure creates HDPE polyethylene with fewer

branches than the HDPE created by the Ziegler process.

The HDPE created by the Phillips process typically has one ethyl branch per every

100 molecular chains, while HDPE created by the Ziegler process has three ethyl

branches per every 100 molecule chains. Because of this, the density of high

density polyethylene created by the Phillips process is higher. This has its

advantages in processing. The HDPE created by the Phillips process is more

crystalline and it is used to create more durable products. The polymer is

concentrated to about 60% by slurry weight and continuously removed. The

solvent is recovered by hot flashing. The polymer is dried and pelletized. The

conversion of ethylene to polyethylene is very high (95-98%), thereby eliminating

ethylene recovery. The molecular weight of high-density polyethylene is again

controlled by the temperature of catalyst preparation (too high of temperature

increases spontaneous chain transfer, but increases the rate of reaction).

2.8.3 Properties of HDPE

HDPE is known for its large strength to density ratio (http://en.wikipedia.org/

wiki/polyethylene). The density of high-density polyethylene can range from 0.93

to 0.97 g/cm3. Although the density of HDPE is only marginally higher than that of

low-density polyethylene, HDPE has little branching, thus, giving it stronger
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intermolecular forces and tensile strength than LDPE. The difference in strength

exceeds the difference in density, thereby making HDPE to have a high specific

strength. HDPE is also harder and more opaque than LDPE and can withstand

somewhat higher temperatures (120 °C for short periods, 110 °C continuously).

High-density polyethylene, unlike polypropylene, cannot normally withstand

required autoclaving conditions. The lack of branching in HDPE is ensured by an

appropriate choice of catalyst (e.g. Ziegler-Natta catalysts) and reaction conditions

(www.goodfellow.com/polyethylene-High -Density.html).

2.8.4 Applications of HDPE

HDPE is resistant to many solvents and has a wide range of applications which

includes:

(i) High density polyethylene is used in manufacturing blow or injection

moulded materials used in food and drink packaging like milk jug, detergent

bottles, bottle caps (like crown corks, screw caps, cork stopper, pull-off

bottle caps, etc), margarine tubes, garbage containers, water pipes, children

toys, furniture, hollow goods, etc.

(ii) It is used in corrosion-resistant piping, geomembranes (a low permeable

synthetic membrane liner or barrier used to control fluid or gas migration in

human made project, structure, or system).
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(iii) It could be used in recyclying to produce plastic lumbers (a recyclable

material made of recycled plastic in the form of lumber or timber), this

material is 100% plastic and resembles wood-plastics or composites lumber.

(iv) Storage tanks used for water or fuel tank and other inflammable fluids are

made of high density polyethylene.

(v) High density polyethylene is used in plastic surgery or reconstructive

surgery for face or forehead lifting, breast enhancement, etc.

(vi) It is also used for cell liners, landfill liners or sanitary landfills forming

homogeneous resistant barrier with the intention to prevent pollution of the

soil, and ground water by the liquid constituents of the waste.

(vii) High density polyethylene is preferred in the making of robot base due to its

light weight, affordability, high strength, ease of machinability, resistant to

corrosion than other materials like aluminium or wood.

(viii) It is highly used in cable and pipe insulation due to its poor electrical and

thermal conductivity.

(ix) Generally, polyethylene could be copolymerized or blended to improve its

properties or fasten its decomposition when no longer in use. They are also

good insulators for submarine telephone cables, power or electrical cables.
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2.9 Pineapple

The pineapple (Ananas comosus Merr.) is a tropical plant that produces an edible

multiple fruit consisting of coalesced berries (www.hort.purdue.edu/newcrop/

morton/pineapple.html). It is the most economically significant plant in the

Bromeliaceae family (www.hort.purdue.edu/newcrop/morton/pineapple.html).

Pineapples may be cultivated from a crown cutting of the fruit, and possibly

flowers in 20 to 24 months, and fruiting the following six months. Pineapple does

not ripen significantly on post-harvest.

Pineapples are consumed fresh, cooked, juiced, and preserved, and are found in a

wide array of cuisines. In addition to consumption, in the Philippines pineapple's

leaves are used to produce the textile fibre piña employed as a component of wall

paper and furnishings, amongst other uses (www.hort.purdue.edu/newcrop/

morton/pineapple.html).

Raw pineapple is an excellent source of manganese, and vitamin C (www.hort.

purdue.edu/newcrop/morton/pineapple.html). Pineapple leaves yield a strong,

white, silky fibre which was extracted by Filipinos before 1591 (www.hort.

purdue.edu/newcrop/morton/pineapple.html). Certain cultivars of pineapple are

grown especially for fibre production and their young fruits are removed to give

the plant maximum vitality. The 'Perolera' is an ideal cultivar for fibre extraction

because its leaves are long, wide and rigid.
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Pineaples are mainly cultivated in the rain forest zones of Nigeria such as the

South- west, South-east, South-south, some parts of Middle-belt. It is used mainly

as source of fruit juice, and food by local people in some communities in Nigeria.

Some people also use pineapple for medicinal purposes, etc.

2.9.1 Pineapple Leaf Fibre

Pineapple leaf fibre (PALF) serves as a reinforcement for some plastic matrices.

The fibre is cheap, and exhibits superior properties in composites when compared

to other natural fibres. PALF is a multi-cellular, and lignocellulose materials that is

extracted from the leaves of plant, Ananas comosus which belongs to the

Bromeliaceae family by retting (separation of fabric bundles from the cortex).

PALF has a ribbon-like structure, and is cemented together by lignin, pentosan-like

materials, which contribute to the strength of the fibre (George et al., 2000).

It has been shown that the PALF is a multicellular fibre like other vegetable fibres.

The cells in the fibre have average diameter of about 10 μm, and mean length of

4.5 mm, with an aspect ratio of 450. The thickness of the cell wall (8.3 μm) lies

between that of sisal fibre (12.8 μm) and banana leaf fibre (1.2 μm).

The excellent mechanical properties of PALF are associated with this high

cellulose and low microfibrillar content. Some physical and mechanical properties

of PALF are given in Table 2.2.
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Table 2.2: Physical and Mechanical Properties of PALF (George et al., 1995,     1998; Uma et
al., 1997).

Properties Value

Density (g/cm3) 1.526

Softening Point (0C) 104

Tensile Strength (MPa) 170

Young’s Modulus (MPa) 6260

Specific Modulus (MPa) 4070

Elongation at Break (%) 3

Moisture Regain (%) 12

Chinese people in Kwantgung Province and on the island of Hainan weave the

fibre into coarse textiles that resembles grass cloth.  In India, the thread is prized

by shoemakers, and in West Africa, it is used for stringing jewels, capes, and caps

worn by tribal chiefs (www.hort.purdue.edu/newcrop/morton/pineapple.html).

2.9.2 The Use of Pineapple Leaf Fibre in Composite Production

Arib et al. (2004) provided an overview on the development, mechanical

properties, and uses of pineapple leaf powder (PALF) reinforced polymer

composites. Both thermosets, and thermoplastic resins have been used as matrices
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for this natural fibre. Research works carried out on the use of PALF in the

composite industry are reviewed below.

George et al. (1995) studied the use of short PALF in reinforcing LDPE. The

composites were prepared by melt, and solution mixing. The effects of fibre length,

fibre content, and fibre orientation were evaluated. From this study, it was found

that the melt-mixed composites exhibited lower composite properties than

solution-mixed composites, and this was attributed to the extensive fibre damage

and breakage during melt mixing (Rowell et al., 2000).

The various factors that affect the use of PALF in reinforcing polymers have

received the attention of researchers (Uma et al., 1997; George et al., 1995; George

et al., 1996 and Lopattananon et al., 2006). Thus, Uma et al. (1997) observed that

there were changes in tensile properties with fibre length and fibre content of

PALF in polyester composites. The study further showed that maximum Young’s

modulus was obtained for PALF reinforced polyester at fibre length of 30 mm,

with a value of 2290 MPa. The decrease in the strength of the fibre reinforced

composite above a fibre length of 30 mm was explained as being due to fibre

entanglements that occured above an optimum size of fibre. Increases in fibre

content were observed to increase the Young’s modulus. The addition of 40 wt. %

of fibre increased the modulus by 340 %. For the tensile strength, the properties

increased when the fibre content was increased.



70

The impact properties of PALF/polyester composites were studied by Uma et al.

(1997). The work focused on the effect of fracture, and impact strength of PALF

composites as a function of fibre content. The impact strength was found to

increase almost linearly with the fibre content. For a 30 wt.% fibre content, the

impact strength was found to be 24 kJm-2. This was roughly 1200 % greater than

that of pure polyester resin.

Pavithran et al. (1987) studied the impact properties of unidirectional aligned

polyester reinforced with sisal, pineapple, banana, and coir fibre. The effect of

fracture was found to be maximum in sisal composites yielding toughness of

98.7 kJm-2. This was followed by PALF composites with toughness of 79.5 kJm-2.

The PALF composites exhibited higher toughness than that of banana leaf fibre

composites.

2.10 Compatibilizers

The development of polymer blends, composites, and laminates is of great

economic importance in the plastics industry, many other industries where the use

of such products is becoming increasingly more common (Nabi & Jog, 1999;

George et al., 2001). Most pairs of polymers are immiscible with each other. Even

worse, is the fact that they also have less compatibility than would be required in
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order to obtain the desired level of properties and performance from their blends

(George et al., 2000).

Compatibilizers are often used as additives to improve the compatibility of

immiscible polymers, and thus, improve the morphology and resulting properties

of the blend. It is often difficult to disperse fillers effectively in the polymer matrix

of a composite. Continued progress in the development of compatibilization

technologies is, hence, crucial in enabling the polymer industry to reap the full

benefits of such approaches to obtaining materials with optimum performance and

cost characteristics (George et al., 2000).

Maleic anhydride-graft-polypropylene (MA-g-PP) and maleic anhydride-graft-

polyethylene (MA-g-PE) have been extensively used as compatibilizers in various

polyolefin composites with natural fibres (Feng et al., 2001; Espert et al., 2003).

Glycidyl methacrylate grafted PP has been employed in producing composites of

PP with hemp fibres (Pracella et al., 2006).

The PP chain permits maleic anhydride to be cohesive and produce maleic

anhydride-graft-polypropylene (MA-g-PE). Then the treatment of cellulose fibres

with hot MA-g-PE copolymers provides covalent bonds across the interface.

After this treatment, the surface energy of cellulose fibres is increased to a level

much closer to the surface energy of the matrix. This results in better wettability

and higher interfacial adhesion of the fibre
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CHAPTER THREE

MATERIALS AND METHODS

3.2Materials

(i) High Density Polyethylene

The high density polyethylene (HDPE) used in this study was obtained

from Ceeplast Industries, Aba, Abia state, Nigeria. It has a density of

0.97g/cm3, and melt flow index of 9.0 g/10 min. at 170 0C.

(ii) Pineapple Leaf Powder

Pineapple leaf powder (PALP) was used as a filler in this study. The

pineapple leaves from where the powder was prepared were collected

from a pineapple orchard near Umuagwo Polytechnic, Owerri, Imo State,

Nigeria.

(iii) Compatibilizer

Malei anhydride-g-polyethylene (MA-g-PE) was used as a compatibilizer

in this study, and was obtained from a chemical store (Rovet Scientic

Limited) at 1 wire Road, Benin city, Nigeria. It is a product of Sigma

Aldrich, USA. The maleic anhydride content of the MA-g-PE is

approximately 0.5 wt. % while its density is 0.92 g/cm3 at 25 0C.

.
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(iv) Chemicals/Materials

The following chemicals/and materials were used in this study.

(a) Sodium hydroxide pellets (BDH)

(b) Hydrogen peroxide solution (BDH)

(c) Acetone (BDH)

(d)Sodium chlorite (BDH)

(e) Acetic acid (BDH)

(f) Toulene (MERCK)

(g)Ethanol (Qualikers)

(h)Potassium dichromate (BDH)

(i) Ferrous ammonium sulphate (BDH)

(j) Distilled water (Growcells)

(k) Litmus paper (Red)

(l) Whatman Grade 1 filter paper

(m) Masking tape

3.1.1 Equipments/Apparatuses

The following equipment/apparatus were used in this study:

(i) Water bath (Polyscience, USA)

(ii) Electronic oven (Carbolite, United Kingdom)
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(iii) Beakers

(iv) Electronic weighing balance (Contech, India)

(v) Thermometer (0 – 300 0C)

(vi) Dessicator

(vii) Funnel

(viii) Hand glove

(ix) Stirrer

(x) Injection moulding machine (Negri Bossi, Italy)

(xi) Extrusion moulding machine (Qingdao Yifeng Zhongrun, China)

(xii) Instron Testing Machine (Instron ltd., United Kingdom)

(xiii) Glass thimble

(xiv) Soxhlet extractor

(xv) Conical flask

(xvi) Crucible

(xvii) Bunsen burner

(xviii)Muffle furnace (Carbolite, United Kingdom)

(xix) Boling chips
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3.2 Preparation of Materials

3.2.1 Pineapple Leaf Powder

Pineapple leaves collected from Umuagwo, Imo State, Nigeria were cut into

smaller sizes and sun-dried for fourteen days. The dried leaves were later oven-

dried for 24 hrs at 80oC prior to grinding. A manual grinder was used to grind the

chopped dry pineapple leaves into powder. The pineapple leaf powder (PALP)

obtained was sieved with a sieve grid of 75 microns (µm).

3.2.2 Filler Treatment

The following treatments were carried out on the pineapple leaf powder (PALP).

(i) Sodium Hydroxide (Alkaline) Treatment

35g of PALP was placed in a 500cm3 beaker containing 5% NaOH at room

temperature, and stirred continuously for 18 hrs. At the expiration of 18 hrs, the

content of the beaker was filtered using a filter paper. The collected PALP was first

washed with acetone, and later, distilled water for the removal of adsorbed alkali.

To ensure that all the alkali had been removed completely from the PALP, the

water used in washing the PALP was tested with a red litmus paper. The red litmus

paper was neutral when dipped in the water an indication that the alkali had been

removed completely from the PALP. The alkali treated PALP was placed in a hot

air oven maintained at 70oC, and later, kept in a dessicator for subsequent use.
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(ii)  Hydrogen Peroxide Treatment

35g of PALP was placed in a 500 cm3 beaker containing 320cm3 hydrogen

peroxide, and 1g of NaOH at 85oC, and stirred for 1 hour. At the expiration of 1hr,

the content of the beaker was filtered, the PALP was washed with distilled water,

and dried in an oven at 50oC to a constant weight. Later, the PALP was kept in a

dessicator for subsequent use.

3.4 Determination of Chemical Composition of Dry Pineapple Leaf Fibre

3.4.1 Ash content

15g of dry PALP sample was placed in a carefully cleaned empty, dry crucible

with cover, and burnt directly over a low flame of Bunsen burner until it was well

carbonized. The crucible with its content was placed in a muffled furnace at 550 0C

for a period of 4 hrs to burn off all the carbon. The crucible was later removed

from the furnace, the cover was replaced and the crucible was allowed to cool

somewhat. The crucible was later placed in a dessicator, and cooled to room

temperature.

The ash content was calculated as follows:

Total Ash (%) = Weight of fibre residue after burning     ×   100    ……    (3.1)
Initial weight of dry fibre

Extrapolation of the above equation to zero concentration gives the value of the ash

content.
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3.4.2 Cellulose Content

6g of PALP fibre was placed in a 300 ml beaker, and 75 ml of 17.5 % NaOH

solution was added. The contents of the beaker were stirred with a glass rod. After

stirring, the stirrer was raised and the fibre adhering on the rod was removed with a

pointed glass rod. The stirrer was rinsed with 25 ml of 17.5 % NaOH solution, this

was added to the beaker. The beaker with its contents was placed in a water bath

maintained at 25 ± 0.2 0C. After a period of 30 min., 100 ml of distilled water was

added to the beaker. The beaker was left to stay for 30 min in the bath. At the

expiration of 30 min, the content of the beaker was stirred with a glass rod and

transferred to a filtering funnel; 20 ml of the filtrate was discarded. 25 ml of the

filtrate was pipette out in a 250 ml flask and 10 ml of 0.5 molar potassium-

dichromate was added, the solution was allowed to remain for 15 min after which

50 ml of water was added to it and allowed to cool at room temperature and then 4

drops of ferrous indicator was added in the beaker and the content filtrated with 0.1

m ferrous ammonium sulphate solution to a purple colour. A black filtration was

made where the fibre was substituted with 12.5 ml of 17.5 % NaOH and 12.5 ml of

water.

The alpha cellulose content in the fibre was calculated as,

Alpha - cellulose (%) = 100 – 6.85 (V2 - V1) × M × 20                    ………..    (3.2)

A × W



78

where;

V2 = Filtration of the purple filtrate, ml.

V1 = Black filtration, ml.

M = Exact molarity of the ferrous ammonium sulphate solution.

A = Volume of purple filtrate used in the oxidation, ml.

W = Oven – dry weight of pure specimen, g.

3.4.3 Holocellulose Content

80 cm3 of hot distilled water, 0.5 ml acetic acid, and 1 g of sodium chlorite were

added to 2.5 g of the PALP sample contained in 250 cm3 conical flask. The mixture

was covered, and heated on a water bath at 70 0C with occasional manual stirring.

After 1 hr, 0.5 ml of acetic acid, and 1 g of sodium chlorite were added. The

addition of 0.5 ml of acetic acid, and 1 g of sodium chlorite was repeated after 1 hr

interval for the next five hr after which the sample was left in the water bath

overnight. At the end of 24 hrs, the holocellulose was filtered on a fritted disc glass

thimble with acetone, oven dried at 105 0C for 24 hrs, then placed in a dessicator

for 1hr, and weighed.
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3.4.4 Lignin Content

Acid – insoluble lignin was determined according to the procedure of Liyama and

Wallis (1988) with minor modifications.

Procedure:

The dry pineapple leaf fibre (PALP) was pulverized in a mill, and successively

extracted with 50 % (v/v) toluene in ethanol twice, 95 % (v/v) ethanol once, and

water once. The resulting extractive- free fibre was rinsed with acetone and dried

in a Lohconco rapid evaporator. 4 mg of the dried meal was digested in 1.25 ml of

25 % (v/v) perchloric acid at 70 0C for 30 min. The reaction mixture was diluted to

a final volume of 25 ml with acetic acid and 5 ml of 2 M sodium hydroxide. The

absorbance of the solution was spectrophotometrically determined at 280 nm. The

lignin content (acid-insoluble) was calculated using the absorption coefficient on

the basis of extractive-free material.

3.4.5 Extractives Estimation

10 g of milled PALP sample was placed in an extraction thimble which was later

placed in soxhlet extraction unit. 200 cm3 of toluene-ethanol mixture was poured

into a 500 cm3 round bottom flask with several boiling chips to prevent bumping.

The extraction of extractives was carried out in a well ventilated chemical
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fumehood for 24 hrs. The solvent was evaporated to dryness, and extracts were

weighed. The extractive concentration was estimated using the equation,

Extractives (% on dry basis) =         Extracts                      x   100 ………   (3.3)
Dry material weight

3.4 Preparation of High Density Polyethylene Composites

High Density Polyethylene composites of the pineapple leaf powder (PALP) were

prepared using the formulation schemes shown in Tables 3.1 to 3.6. The HDPE

composites were prepared by thoroughly mixing of high density polyethylene with

the appropriate PALP quantities as shown in Tables 3.1 to 3.6.

Maleic anhydride-graft-polyethylene was used as a compatibilizer and was used at

3% based on the weight of PALP. The formulated blend compositions was each

processed at the same temperature (165oC) using an injection moulding machine.

The whole process was repeated using an extruder to process the composites.
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Table 3.1: Composition of Untreated PALP/HDPE Composites

S/N. Sample Code. HDPE Content

(wt.%).

Filler Content (PALP)

(wt.%).

1 PE 200 0

2 PE—2U 198 2

3 PE—4U 196 4

4 PE—6U 194 6

5 PE—8U 192 8

6 PE—10U 190 10

Table 3.2: Composition of NaOH Treated PALP/HDPE Composites
S/N. Sample Code. HDPE Content

(wt.%).

Filler Content (PALP)

(wt.%).

1 PE—2T1 198 2

2 PE—4T1 196 4

3 PE—6T1 194 6

4 PE—8T1 192 8

5 PE—10T1 190 10
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Table 3.3: Composition of H2O2 Treated PALP/HDPE Composites
S/N. Sample Code. HDPE Content

(wt.%).

Filler Content (PALP)

(wt.%).

1 PE—2T2 198 2

2 PE—4T2 196 4

3 PE—6T2 194 6

4 PE—8T2 192 8

5 PE—10T2 190 10

Table 3.4: Composition of Untreated PALP/HDPE Composites in the  Presence of MA-g-PE

S/N. Sample

Code.

HDPE Content

(wt.%).

Filler Content (PALP)

(wt.%).

MA-g-PE.

(wt. %).

1 PE—0.06U 198 2 3

2 PE—0.12U 196 4 3

3 PE—0.18U 194 6 3

4 PE—0.24U 192 8 3

5 PE—0.30U 190 10 3
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Table 3.5: Composition of NaOH treated PALP/HDPE Composites in the Presence of MA-g-PE

Table 3.6: Composition of H2O2 treated PALP/HDPE Composites in the Presence of MA-g-PE

S/N. Sample Code. HDPE Content

(wt.%).

Filler Content (PALP)

(wt.%).

MA-g-PE.

(wt.%).

1 PE—0.06T1 198 2 3

2 PE—0.12T1 196 4 3

3 PE—0.18T1 194 6 3

4 PE—0.24T1 192 8 3

5 PE—0.30T1 190 10 3

S/N. Sample Code. HDPE Content

(wt.%).

Filler Content (PALP)

(wt.%).

MA-g-PE.

(wt.%).

1 PE—0.06T2 198 2 3

2 PE—0.12T2 196 4 3

3 PE—0.18T2 194 6 3

4 PE—0.24T2 192 8 3

5 PE—0.30T2 190 10 3
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3.5 Measurement of Mechanical Properties

Tensile properties of the composites were determined by using an Instron Testing

Machine (Lloyds, capacity 1-20 kN) according to standard method (ASTM D638).

The tensile properties of HDPE composites that were determined are: (i) tensile

strength, (ii) elongation at break, and (iii) tensile modulus. Other properties of the

composites that were determined are: (i) abrasion resistance (ASTM D1044),

(ii) hardness (ASTM D2240), and flexural strength (ASTM D790). During tensile

testing, 5 identical standard dumb bell shape samples of dimensions: 165mm of

length x 19 mm of width x 3.3 mm of thickness were cut from each composite and

used to determine the tensile properties the composite. Testing speed was set at

5 mm/min and carried out at room temperature. Values for the tensile strength,

elongation at break and tensile modulus were recorded and calculated

automatically by the instrument’s software. Flexural properties were determined

using three point bending tests. The span length was set at about 50 mm. Testing

speed was set at 2 mm/min and carried out at room temperature and specimen

dimensions are 125 mm x 12.5 mm x 3.3 mm. Hardness (Shore D) of the

composite samples were tested using digital Durometer. It (durometer) has

patented pressure mechanism, which ensures a constant contact pressure according

to standards, eliminating measuring errors caused and influenced by tilting or slope

contact. The measured value will be shown on the display. For abrasion resistance
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of the samples, 4x4 inch flat specimens were subjected to abrasion by means of a

Taber Abraser with a load of 500 grams on each CS-10F Calibrate Wheel for l00

cycles and operated in accordance with the code procedure. Haze measurements

were made in accordance with code procedure before and after subjecting the

specimens to abrasion by means of a Pivotable-Sphere Hazemeter. From the

required measurements, the light scattered as a result of abrasion was computed in

accordance with the code procedure.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Tensile Properties of High Density Polyethylene Composites

The tensile properties of high density polyethylene containing different amounts of

untreated, and treated pineapple leaf powder (PALP) as filler, and maleic

anhydride-graft-polyethylene (MA-g-PE) as compatibilizer were determined in this

study. The composites were produced using two processing techniques: injection

moulding and extrusion technique. Table 4.1 shows the composition of dry

pineapple leaf powder that was experimentally estimated.

Table 4.1: Chemical Composition of Dry Pineapple Leaf Fibre.

Constituent Content, wt.%

Ash 3.7

Cellulose 68.5

Holocellulose 84.2

Lignin 11.5

Extractives 4.7
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4.1.1: Effect of Filler Content on Tensile Strength of composites

Figure 4.1 shows the effect of filler content on the tensile strength of untreated

PALP/HDPE composites prepared by injection, and extrusion moulding

techniques. The tensile strength of the composites was observed to increase with

increase in PALP (filler) content for both injection, and extrusion moulded

composites for all filler contents investigated.

Figure 4.1: Effect of Filler Content of Untreated PALP on the Tensile Strength of Injection and
Extrusion Moulded HDPE Composites.
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The tensile strength of the composites was found to increase by 6.49% at 2 wt%

filler content (least filler content), and 30.39% at 10 wt% filler content (maximum

filler content) for injection moulded sample, and 7.44% at 2 wt% filler content, and

32.77% at 10 wt% filler content for extrusion moulded samples respectively. The

observed trend of increase in tensile strength of the composites with increase in

filler content may be attributed to two main factors: the better dispersion of filler in

the polymer, and filler-matrix interaction.

The increase of tensile strength of HDPE composites with increase in filler content

observed in this study was similar to the findings of other researchers. Sanjaya,

2010; Uma et al., 1997; Bigg, 1987; Onuegbu and Igwe, 2011, and Shao-Yun et

al., 2008 reported increases in tensile strength with increases in filler content. It is

important to note that for poorly bonded filler particles in the matrix, the stress

transfer at the filler/polymer interface will be inefficient, thereby tending to

discontinuity in the form of debonding because of non-adherence of filler particles

to polymer. Thus, the filler particles cannot carry any load and the composite

strength decreases with increasing filler content. However, for composites

containing well-bonded filler particles, the addition of filler particles to the

polymer will lead to an increase in strength especially for filler particles with high

surface areas.



89

4.1.2: Effects of Filler Surface Treatment and Compatibilizer on Tensile

Strength of Composites

The effects of filler surface treatments (NaOH and H2O2) and compatibilizer

(MA-g-PE) incorporation on the tensile strength of PALP/HDPE composites for

injection, and extrusion moulded composites are shown in Figures 4.2a, and 4.2b

respectively.

Figure 4.2a: Effects of Filler Surface Treatment and Compatibilizer on the Tensile Strength of
Injection Moulded PALP/HDPE Composites.
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For untreated PALP/HDPE composites, the adhesion between the PALP and

HDPE in PALP/HDPE composites was expected to be rather poor when compared

to treated PALP/HDPE composites. Generally, the organic PALP has a polar

nature whereas HDPE is characterized by non-polar groups.

From Figures 4.2a, and 4.2b, it can be observed that the NaOH, and H2O2 treated

PALP/HDPE composites showed appreciable increases in tensile strength than the

untreated PALP/HDPE composites for all the filler contents investigated for both

the injection, and extrusion moulded composites.

Figure 4.2b: Effects of Filler Surface Treatment and Compatibilizer on the Tensile Strength of
Extrusion Moulded PALP/HDPE Composites.
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It has been reported that NaOH and H2O2 treatment of fibres reduce the fibre

diameter and increase the aspect ratio (Ray et al., 2001). The report showed that

alkali treatment helped in the removal of lignin and hemicellulose which affect the

tensile characteristics of the fibres. When the hemicellulose is removed, the

interfibrillar region expected to be less dense and rigid, thereby making the fibrils

more capable of rearranging themselves along the direction of tensile deformation

(Ray et al., 2001). Sodium hydroxide (NaOH) and hydrogen peroxide (H2O2)

treatments are used to remove the hydrogen bonding in the network structure of the

fibres, thereby increasing the fibres surface roughness (Lee et al., 2009). These

treatments also remove certain amounts of lignin, wax and oils covering the

external surface of the fibre’s cell wall, depolymerises the native cellulose

structure and exposes the short length crystallites (Li et al., 2009). When natural

fibres are stretched, such rearrangements amongst the fibrils would result in better

load sharing, and hence, result in higher stress development in the fibre. In

contrast, softening of the inter-fibrillar matrix adversely affects the stress transfer

between the fibrils and thus, the overall stress development in the fibre under

tensile deformation. As lignin is removed, the middle lamella joining the ultimate

cell is expected to be more plastic as well as homogeneous due to the gradual

elimination of microvoids, while the ultimate cells themselves are affected slightly

(Li et al., 2009). In addition to increase in the mechanical properties through alkali
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treatment, an increase in the composite quality is expected due to the improved

fibre-matrix bonding (Luz et al., 2008).

NaOH treated PALP exhibited higher tensile strengths in both the injection

moulded and extrusion moulded composites than H2O2 treated PALP.

The tensile strength of the NaOH treated PALP/HDPE composites was increased

by 29.87% at 2 wt% filler content, and 53.25% at 10 wt% filler content for

injection moulded composites, and 32.82% at 2 wt% filler content, and 53.90% at

10 wt% filler content extrusion moulded composites respectively. For the H2O2

treated PALP/HDPE composites, the tensile strength was increased by 21.66% at

2 wt% filler content, and 42.85% at 10 wt% filler content for injection moulded

composites, and 23.08% at 2 wt% filler content, and 43.49% at 10 wt% filler

content for extrusion moulded composites respectively. From the above results, it

can be observed that the NaOH treated PALP enhanced the tensile strength of the

composites more than the H2O2 treated PALP. This can be attributed to the fact

that NaOH treatment removed more hemicelluloses, lignin, waxes, and oil from the

PALP than H2O2 treatment thereby enhancing its matrix-filler adhesion more than

that obtained by H2O2 (Luz et al., 2008).

The effects of compatibilizer (MA-g-PE) on the tensile strength of PALP/HDPE

composites were also studied. Figures 4.2a and 4.2b also showed that there were

increases in the tensile strength of PALP/HDPE composites on incorporation of
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MA-g-PE for all the filler contents investigated, for both injection, and extrusion

moulded composites. This findings is attributed to better interfacial adhesion

between the filler and matrix arising from chemical modification of the interface

on addition of MA-g-PE (Lee et al., 2009). The chemical composition of the

compatibilizer (MA-g-PE) allows it to react with the fibre surface, thereby forming

a bridge of chemical bonds between the fibre and matrix. MA-g-PE has a

hydrophilic group that is compatible with the filler, and a hydrophobic group that

is compatible with HDPE. This property enables it to react with the surface of

HDPE to form bonds. Without the MA-g-PE (compatibilizer), there will be simple

adhesion of the polymer to the filler through weak bonding, i.e. Van der Waals or

induction interactions. The determined chemical composition of pineapple leaf

powder showed that it contains cellulose and holocellulose, both polar groups

which are capable of bonding with MA-g-PE for improved adhesion in composites.

Most researchers have reported that the incorporation of MA-g-PE improved the

interfacial bonding between the organic filler and inorganic matrix (Lee et al.,

2009; Panigrahy et al., 2006; Hu & Lim, 2007)).

The addition of 3 wt % MA-g-PE (based on the filler content) showed increases in

the tensile strength of the composites for all filler contents investigated, an

indication that MA-g-PE can be efficiently used as a compatibilizer for

PALP/HDPE composites. The study showed that untreated PALP/HDPE
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composites in the presence of MA-g-PE showed an increase in tensile strength of

27.27% at 2 wt% filler content, and 51.58% at 10 wt% filler content for injection

moulded composites; and 28.10% at 2 wt% filler content, and 54.46% at 10 wt%

filler content for extrusion moulded composites respectively. NaOH treated

PALP/HDPE composites in the presence of MA-g-PE showed an increase in

tensile strength of 50.65% at 2 wt% filler content, and 82.08% at 10 wt% filler

content for injection moulded composites, and 53.49% at 2 wt% filler content, and

84.15% at 10 wt% filler content for extrusion moulded composites respectively.

Similarly, the H2O2 treated PALP/HDPE composites in the presence of MA-g-PE

showed an increase in tensile strength of 32.47% at 2 wt% filler content, and

66.29% at 10 wt% filler content for injection moulded composites; and 33.23% at

2 wt% filler content, and 69.13% at 10 wt% filler content for extrusion moulded

composites. The above results show that NaOH treated PALP/HDPE composites in

the presence of MA-g-PE exhibited the highest tensile strength, followed by H2O2

treated PALP/HDPE composites in presence of MA-g-PE, while the untreated

PALP/HDPE composites in the absence of MA-g-PE have the least tensile

strength. This result is understandable since NaOH treated PALP/HDPE

composites in absence of MA-g-PE also exhibited the highest value of tensile

strength, It is therefore expected that the combined effects of NaOH and MA-g-PE

will give higher values of tensile strength in the composites than H2O2 treated
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PALP/HDPE composites in the presence of MA-g-PE or untreated PALP/HDPE

composites in presence of MA-g-PE because of the stronger matrix-filler bonds

that would result from the combined influences of NaOH, and MA-g-PE. It can

also be observed from Figures 4.2a, and 4.2b that the untreated PALP/HDPE

composites in the presence of MA-g-PE exhibited higher tensile strength than the

H2O2 treated PALP/HDPE composites. This suggests that MA-g-PE effects better

filler/HDPE bonding than treating the fibre surface with H2O2 alone. Fuqua and

Ulven (2008) in their studies reported that all fibre contents of treated (alkali, or

bleached) and untreated flax fibre in the absence of a compatibilizer (maleic

anhydride-graft-polypropylene) in Polypropylene composites exhibited inferior

tensile strength when compared to pure polypropylene. However, treated fibre

contents in the presence of a compatibilizer resulted to improved tensile strength.

This observation by Faque and Ulven (2008) is similar to our findings in this study.

The treatment of natural fibres with NaOH, or H2O2 in the presence of MA-g-PE in

natural fibre reinforced plastic composites therefore helps to improve the tensile

strength of the composites when compared to the tensile strength of the composites

in the absence of MA-g-PE (Hu & Lim, 2007).
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4.1.3: Effect of Processing Technique on Tensile Strength of Composites

Another important factor that influences the properties and interfacial

characteristics of the composites is processing technique used (Tungjitpornkull &

Sombatsompop, 2009). It is evident from Figure 4.1 that the untreated

PALP/HDPE composites processed through extrusion moulding technique gave

slightly higher tensile strength than those processed through injection moulding

technique for all the filler contents investigated. The trend is the same for the

treated PALP/HDPE composites in the absence or presence of MA-g-PE for all

filler contents as shown in Figures 4.2a, and 4.2b. This result is similar to the

findings of Vineta (2009).

The processing technique of polymers has profound effect on the properties of the

polymer product. This study shows that unfilled HDPE processed using extrusion

moulding technique showed 1.30% increase in tensile strength when compared to

the samples processed through injection moulding technique. It was also observed

that the extrusion moulded, untreated PALP/HDPE composite exhibited 2.20%,

and 3.15% increase in tensile strength at 2 wt%, and 10 wt% filler content

respectively when compared with the samples processed through injection

moulding technique. This increase in the tensile strength obtainable with extrusion

moulded composites may be attributed to one or both of the following reasons: (i)

better mixing of the filler and matrix by the screws of the extruder than that of the
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injection moulding machine and (ii) cold-drawing (observed in extrusion, and not

in injection moulding technique) which is a physical treatment that improves the

strength and other properties of polymer (Oksman, 2001). At temperatures above

Tg (glass transition temperature), a thicker than desired polymer film can be

forcibly stretched to many times its length and in so doing the polymer chains

become entangled and tend to align in a parallel fashion. This cold-drawing

procedure organizes randomly oriented crystalline domains of polymer, and also

aligns amorphous domains so that they become more crystalline. In this case, the

physically oriented morphology is stabilized and retained in the final product

(Moran et al., 2007). From these experimental results, it can be suggested that

although extrusion moulded composites exhibited better tensile strength than the

injection moulded samples, both extrusion, and injection moulding techniques are

promising techniques for the processing of eco-composites (Li et al., 2009; Medina

et al., 2009; Joseph et al., 1999).

It is interesting to note that different processing techniques had been used to

prepare polymer products as reported in the literature. Thus, Vineta (2009)

prepared eco-composites using compression, and injection moulded techniques and

reported that the flexural, impact, compression and tensile strengths of the injection

moulded composites decreased by about 25 %  when compared to the strengths of

samples prepared by compression moulded technique. They reported that the
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technique used in the production of the eco-composites under certain processing

conditions did not induce significant changes on the mechanical properties of the

resulting composites. Similarly, Tungjitpornkull and Sombatsompop (2009)

investigated the tensile properties of E-glass fibre (GF) reinforced wood/PVC

(WPVC) composites produced using twin screw extrusion, and compression

moulding processes respectively. Their experimental results showed that the

GF/WPVC composites produced from compression moulding technique gave

better tensile strength and modulus than the samples produced using twin screw

extruder. The researchers also reported that the composites produced by

compression moulding technique would have higher specific density, which

resulted in less voids in the composites, thereby giving better tensile strength than

the samples produced through twin screw extrusion process (Tungjitpornkull &

Sombatsompop, 2009).

4.2: Effect of Filler Content on Tensile Modulus of Composites

Modulus (stiffness) is another basic property of composites. The main aim of filler

incorporation is usually to increase the stiffness of the resultant material.

Figure 4.3 shows the effect of filler content on the tensile modulus of untreated

PALP/HDPE composites. Like was observed on the effect of filler content on the

tensile strength of PALP/HDPE composites, the tensile modulus of the composites
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was observed to increase with increase in PALP content for both the injection, and

extrusion moulded composites for all the investigated filler contents.

Figure 4.3: Effect of Filler Content of Untreated PALP on the Tensile Modulus of Injection and
Extrusion Moulded HDPE composites.
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The tensile modulus of the composites was found to increase by 6.81% at 2 wt%

filler content, and 25.39% at 10 wt% filler content for the injection moulded

composites, and 8.03% at 2 wt% filler content, and 25.55% at 10 wt% filler

content for the extrusion moulded composites respectively. This increase in tensile

modulus is to be expected when rigid fillers are incorporated into softer polymer

matrices since at high filler content, the composites will be able to withstand

greater load (Jacob et al., 2004). Ardhyananta et al. (2007) who worked on

polymer composites reported results similar to ours on the increase of tensile

modulus of composites with increase in filler content. Natural lignocellulosic

fillers have been found to have modulus that are higher than those of polyethylene,

polypropylene, and some other polymer materials (Wang et al., 2006; Eze et al.,

2013). Because of this, the rigidity of their composites tends to increase on

addition of these fillers (Das et al., 2002; Mukherjee & Satyanarayana, 1986).

Some authors have also related the increase in composites’ rigidity with the

reduction of polymer chains mobility in the presence of fillers (Rana et al., 1998).

4.2.1: Effects of Filler Surface Treatment and Compatibilizer on Tensile

Modulus of Composites

It can observed from Figures 4.4a, and 4.4b that the tensile modulus of

PALP/HDPE composites increases with increase in filler content for both the
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untreated, and treated PALP/HDPE composites in the presence or absence of  a

compatibilizer  (MA-g-PE) for both injection, and extrusion moulded composites.

The tensile modulus for the NaOH treated PALP/HDPE composites was observed

to be slightly higher than that of the H2O2 treated PALP/HDPE composites. That of

the H2O2 treated PALP/HDPE composites was higher than that of the untreated

PALP/HDPE composites in absence of MA-g-PE for both injection and extrusion

moulded composites.

Figure 4.4a: Effects of Filler Surface Treatment and Compatibilizer on the Tensile Modulus of
Injection Moulded PALP/HDPE Composites.
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The tensile modulus for NaOH treated PALP/HDPE composites in the absence of

MA-g-PE was increased by 8.34% at 2 wt% filler content, and 25.96% at 10 wt%

filler content for injection moulded composites, and 8.43% at 2 wt% filler content,

and 26.35% at 10 wt% filler content for extrusion moulded composites.

Figure 4.4b: Effects of Filler Surface Treatment and Compatibilzer on the Tensile Modulus of
Extrusion Moulded PALP/HDPE Composites.
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in better mechanical interlocking, and (ii) it increases the amount of cellulose

exposed on the fibre surface, thus increasing the number of possible reaction sites

in the fibre. It was also observed that NaOH increases the stiffness of fibre as it

modifies the fibre’s surface. According to the authors, alkaline treatment has a

lasting effect on the mechanical behaviour of flax fibres, especially on fibre

strength and stiffness (modulus) (John et al., 2008). According to other authors

(Van de Weyenberg et al., 2003), NaOH treatment of natural fibres enhances both

the tensile strength and tensile modulus of the fibres.

The effect of compatibilizer (MA-g-PE) on the tensile modulus of the composites

is depicted in Figures 4.4a, and 4.4b. The tensile modulus of NaOH treated

PALP/HDPE composites in the presence of MA-g-PE increased by 12.88% at

2 wt% filler content, and 30.52% at 10 wt% filler content for the injection moulded

composites, and 12.96% at 2 wt% filler content, and 30.75% at 10 wt% filler

content for the extrusion moulded composites. For the H2O2 treated PALP/HDPE

composites in the presence of MA-g-PE, the tensile modulus was increased by

12.48% at 2 wt% filler content, and 30.25% at 10 wt% filler content for the

injection moulded composites, and 12.73% at 2 wt% filler content, and 30.64% at

10 wt% filler content for the extrusion moulded composites respectively. The

tensile modulus for the untreated PALP/HDPE composites in the presence of

MA-g-PE was increased by 12.34% at 2 wt% filler content, and 30.05% at 10 wt%
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filler content for the injection moulded composites, and 12.61% at 2 wt% filler

content, and 30.09% at 10 wt% filler content for the extrusion moulded composites

respectively. The results obtained above arise because maleated coupling agents

(compatibilizers) are widely used to strengthen composites containing fillers

(Keener et al., 2004; Cantero, 2003). According to reports (Bledzki et al., 1996;

Mohanty et al., 2004; Mishra et al., 2000), after treating cellulose fibres with

maleated anhydride, the surface energy of cellulose fibres is increased to a level

very close to the surface energy of the matrix. This results in better wettability and

higher interfacial adhesion of the fibre and the matrix.

4.2.2: Effect of Processing Technique on Tensile Modulus of Composites

The present study show that the extrusion moulded untreated PALP/HDPE

composites showed very slight increase in tensile modulus for all the filler contents

investigated when compared to the samples processed through injection moulding

technique. As can be seen from Figure 4.3, the tensile modulus of extrusion

moulded PALP/HDPE composites was increased by 8.03%, and 25.55% at 2 wt%,

and 10 wt% filler content respectively while that of the injection moulded

PALP/HDPE composites was 6.81%, and 25.39% at 2 wt%, and 10 wt% filler

content respectively. This result is similar to the ones reported by Vineta (2009)

who reported that the techniques used for producing eco-composites under certain
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processing conditions induced slight changes on the composites mechanical

properties (Avella et al., 2008; Dimzoski et al., 2008; Siaotong et al., 2006). This

very slight increase in tensile modulus may be attributed to either or both of the

following reasons, as stated previously in the case of tensile strength of the

composites, better mixing of the filler and matrix by the screws of the extruder, or

cold-drawing (observed in extrusion, and not in injection moulding technique).

Cold-drawing is a physical treatment (carried out by the use of different rollers

with varying speeds) that improves the strength and other properties of polymers

by organizing randomly oriented crystalline domains of the polymer, and also,

aligns amorphous domains so that they become more crystalline (Oksman, 2001;

Li et al., 2009; Medina et al., 2009; Joseph et al., 1999).

4.3: Effect of Filler Content on Elongation at Break of Composites

Figure 4.5 shows the effect of filler content on the elongation at break of untreated

PALP/HDPE composites processed through injection and extrusion moulding

techniques respectively. From the Figure, it can be seen that the elongation at break

for all the PALP/HDPE composites decreases with increase in filler content for all

filler contents investigated both for injection, and extrusion moulded composites.

The elongation at break of untreated PALP/HDPE composites was found to

decrease by 2.40% at 2 wt% filler content, and 10.24% at 10 wt% filler content for
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injection moulded composites, and 2.02% at 2 wt% filler content, and 10.08% at

10 wt% filler content for extrusion moulded composites.

Figure 4.5: Effect of Filler Content of Untreated PALP on the Elongation at Break of Injection
and Extrusion Moulded HDPE Composites.
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filler to support the stress transfered from the filler to the matrix.  The composites

elongation at break therefore decreases as the fibre’s stiffness increases.

Jacob et al. (2004) in their studies reported that the addition of stiff fibre into a

polymer matrix interrupted the polymer (HDPE) segments mobility and thus,

making the polymer to become more brittle (Jamal et al., 2007). This, in turn,

reduces the elongation at break of the composites.

4.3.1: Effects of Filler Surface Treatment and Compatibilizer on Elongation at

Break of Composites

The effects of surface treatment and compatiblizer on the elongation at break of

PALP/HDPE composites are illustrated in Figures 4.6a, and 4.6b. The elongation

at break of treated PALP/HDPE composites was observed to be lower than those of

the untreated composites both in the presence or absence of Ma-g-PE. The Figures

also show that the elongation at break of treated (NaOH and H2O2) PALP/HDPE

composites in the presence of MA-g-PE was lower than those of treated

(NaOH and H2O2) PALP/HDPE composites in the absence of MA-g-PE.

Generally, surface treatment and the addition of a compatibilizer make fillers to

become stiffer than the untreated fillers in absence of MA-g-PE (Van de

Weyenberg et al., 2003). Therefore, the combined effects of surface treatment and
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compatibilizer makes the composites to be stiffer (higher modulus), thereby,

further reducing their elongation at break (Sreekala et al., 2000).

Figure 4.6a: Effects of Filler Surface Treatment and Compatibilizer on the Elongation at Break
of Injection Moulded PALP/HDPE Composites.
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For NaOH treated PALP/HDPE composites in the absence of MA-g-PE, the

elongation at break decreased by 15.07% at 2 wt% filler content, and 17.03% at

10 wt% filler content for the injection moulded composites, and 14.95% at 2 wt%

filler content, and 16.74% at 10 wt% filler content for the extrusion moulded

composites.

Figure 4.6b: Effects of Filler Surface Treatment and Compatibilizer on the Elongation at Break
of Extrusion Moulded PALP/HDPE Composites.
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Similarly elongation at break of H2O2 treated PALP/HDPE composites in the

absence of MA-g-PE decreased by 14.91% at 2 wt% filler content, and 16.69% at

10 wt% filler content for the injection moulded composites, and 14.68% at 2 wt%

filler content, and 16.61% at 10 wt% filler content for the extrusion moulded

composites.  The untreated PALP/HDPE composites in the presence MA-g-PE had

elongation at break decrease of 14.59% at 2 wt% filler content, and 15.09% at

10 wt% filler content for the injection moulded composites, and 14.52% at 2 wt%

filler content, and 14.84% at 10 wt% filler content for the extrusion moulded

composites. It can be observed that NaOH treated PALP/HDPE composites in the

presence of MA-g-PE had the least value for the elongation at break followed by

H2O2 treated PALP/HDPE composites, then the untreated PALP/HDPE composites

in the presence of MA-g-PE, while untreated PALP/HDPE composites in the

absence of MA-g-PE had the highest value for elongation at break for all the filler

contents investigated both for the injection moulded, and extrusion moulded

composites. From this study, it can be inferred that as the tensile modulus of

PALP/HDPE composites increased while the elongation at break decreased.

4.3.2: Effect of Processing Technique on Elongation at Break of Composites

Figure 4.5 shows the effect of process technique on the elongation at break of

Untreated PALP/HDPE composites. The injection moulded PALP/HDPE
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composites were observed to have higher elongation at break values for all the

filler contents investigated when compared to the extrusion moulded composites.

The elongation at break for injection moulded untreated PALP/HDPE composites

decreased by 2.40% at 2 wt% filler content, and 10.24% at 10 wt% filler content

while those of extrusion moulded untreated PALP/HDPE composites decreased by

2.02% at  2 wt% filler content, and 10.08% at 10 wt% filler content respectively. It

has been reported that the stiffer the natural fibre (filler), the higher the tensile

modulus of composites (Jacob et al., 2004). It was also observed, in this study, that

as the tensile modulus of PALP/HDPE composites increased while the elongation

at break decreased. Therefore, the reason for the observed trend of the elongation

at break values for the injection moulded composites being higher than the

elongation at break values for extrusion moulded composites for all filler contents

investigated can be inferred from the results of the effect of processing technique

on the tensile strength and tensile modulus of untreated PALP/HDPE composites

earlier discussed in this chapter.

4.4: Effect of Filler Content on Abrasion Resistance of Composites

The resistance of materials and structures to abrasion is known as abrasion

resistance (http://en.wikipedia.org/wiki/Abrasion). Abrasion resistance is a

property which allows a material to resist wear. It has been observed that an
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increase in tensile modulus of fillers brings about increases in abrasion resistance

and hardness of composites (Grozdanov et al., 2006).

Figure 4.7: Effect of Filler Content of Untreated PALP on the Abrasion Resistance of Injection
and Extrusion Moulded HDPE Composites.
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PALP/HDPE composites increases with increases in filler content for both the

injection, and extrusion moulded composites for all the filler contents investigated.

The abrasion resistance of the composites was found to increase by 12.40% at

2 wt% filler content, and 17.92% at 10 wt% filler content for the injection moulded

composites, and 13.63% at 2 wt% filler content, and 21.20% at 10 wt% filler

content for the extrusion moulded composites. This study shows that the abrasion

resistance of PALP/HDPE composites increases with increases in the tensile

modulus of composites. Lee and Wang (2006) in their studies on polymer

composites had reported increases in the abrasion resistance of composites with

increases in the tensile modulus.

4.4.1: Effects of Filler Surface Treatment and Compatibilizer on the Abrasion

Resistance of Composites

Figures 4.8a, and 4.8b show that the abrasion resistance of PALP/HDPE

composites increases with increases in filler content for the treated (NaOH, and

H2O2) PALP/HDPE composites in the presence or absence of MA-g-PE for all the

filler contents investigated both for the injection and extrusion moulded

composites respectively. Premalal et al. (2002) who studied polypropylene

composites had reported such increases in the abrasion resistance of composites

with increases in filler content. They attributed the observed increase in the
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abrasion resistance to increase in the surface area of filler in contact with the

polymer, which decreased the movement of the polymer molecular chains.

Figure 4.8a: Effects of Filler Surface Treatment and Compatibilizer on the Abrasion Resistance
of Injection Moulded PALP/HDPE Composites.
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the absence of MA-g-PE for all the filler contents investigated for both the

injection, and extrusion moulded composites.

Figure 4.8b: Effects of Filler Surface Treatment and Compatibilizer on the Abrasion Resistance
of Extrusion Moulded PALP/HDPE Composites.
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composites. For H2O2 treated PALP/HDPE composites in the presence of

MA-g-PE, the abrasion resistance was increased by 62.44% at 2 wt% filler content,

97.85% at 10 wt% filler content for the injection moulded composites, and 64.38%

at 2 wt% filler content, and 100.64% at 10 wt% filler content for the extrusion

moulded composites. The abrasion resistance for untreated PALP/HDPE

composites in the presence of MA-g-PE was increased by 20.86% at 2 wt% filler

content, and 40.14% at 10 wt% filler content for the injection moulded composites,

and 21.41% at 2 wt% filler content, and 43.47% at 10 wt% filler content for the

extrusion moulded composites. It can also be observed from Figures 4.8a, and 4.8b

that the abrasion resistance of H2O2 treated PALP/HDPE composites was higher

than those of the NaOH treated PALP/HDPE composites both in presence or

absence of MA-g-PE for all the filler contents investigated for both injection, and

extrusion moulded composites. This may be attributed to the fact that in addition to

the H2O2 treatment making the filler (PALP) harder and stiffer than the untreated,

and NaOH treated samples, the H2O2 may also hinder polymer chains mobility

thereby making the polymer (HDPE) to become hard and stiff which will in turn

further increase the abrasion resistance of the PALP/HDPE composites (Saira et

al., 2007; Gomes et al., 2007; Rana et al., 1998).
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4.4.2: Effect of Processing Technique on the Abrasion Resistance of Composites

The effect of processing technique on the abrasion resistance of untreated

PALP/HDPE composites is illustrated in Figure 4.7. It can be observed that at

2 wt% filler content, the abrasion resistance of injection, and extrusion moulded

untreated PALP/HDPE composites was increased by 12.40%, and 13.63%

respectively; while at 10 wt% filler content, the abrasion resistance of injection,

and extrusion moulded composites was increased by 17.92%, and 21.20%

respectively. The observed slight increase in abrasion resistance of the extrusion

moulded composites when compared to the injection moulded ones may be

attributed to either or both of the following reasons, as previously advanced for

other parameters of extrusion moulded samples, better mixing of the filler and

matrix by the screws of the extruder or cold-drawing (observed in extrusion and

not in injection moulding technique). Cold-drawing improves the strength and

some other properties of polymers by organizing randomly oriented crystalline

domains of polymer and also, aligns amorphous domains so that they become more

crystalline. (Oksman, 2001; Li et al., 2009; Medina et al., 2009; Joseph et al.,

1999).



118

4.5: Effect of Filler Content on the Hardness of Composites

A material is said to be hard when it is firm, stiff, and difficult to press down,

break, or cut. Hardness is also a measure of how resistant solid matter is to various

kinds of permanent shape change when a force is applied. The hardness of a

material is dependent on ductility, elastic stiffness, plasticity, strain, strength,

toughness, viscoelasticity, and viscosity (http://en.wikipedia.org/wiki/Hardness).

Figure 4.9: Effect of Filler Content of Untreated PALP on the Hardness of Injection and
Extrusion Moulded HDPE Composites.
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The hardness (Shore D) of injection, and extrusion moulded PALP/HDPE

composites are illustrated in Figure 4.9. It is evident that the hardness of untreated

PALP/HDPE composites increased with increases in filler content for all the filler

contents investigated both for the injection and extrusion moulded composites.

This observation is in agreement with the findings of Onuegbu and Igwe (2011)

who reported that at a given filler particle size, the hardness of polypropylene

composites increased with increases in the amount of filler incorporated into

polypropylene. This was attributed to the stiffer filler increasing the hardness of

HDPE. Therefore, the more the incorporation of filler (PALP), the greater will be

the hardness of HDPE. From this study, the hardness of the injection and extrusion

moulded untreated PALP/HDPE composites was increased by 14.03%, and

14.94% at 2 wt% filler content respectively, and 23.47%, and 24.60% at 10 wt%

filler content respectively. It is envisaged that the filler (PALP) being stiffer and

more rigid than HDPE will make the resulting composites harder as more of it is

incorporated into the HDPE (Jacob et al., 2004; Wang et al., 2007).

4.5.1: Effects of Filler Surface Treatment and Compatibilizer on the Hardness of

Composites

Figures 4.10a, and 4.10b show that the hardness (Shore D) of NaOH and H2O2

treated PALP/HDPE composites in the absence of MA-g-PE was higher than that
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of untreated PALP/HDPE composites also in the absence of MA-g-PE. Similarly,

the hardness of NaOH and H2O2 treated PALP/HDPE composites in the presence

of MA-g-PE was higher than that of untreated PALP/HDPE composites also in the

presence of MA-g-PE. For example, the hardness of NaOH treated composites in

the presence of MA-g-PE was increased by 41.12%, and 44.25% at 2 wt% filler

content for the injection, and extrusion moulded composites respectively, and

86.0%, and 88.34% at 10 wt% filler content for the injection, and extrusion

moulded composites respectively. The hardness of H2O2 treated PALP/HDPE

composites in the presence of MA-g-PE was increased by 88.71%, and 90.66% at

2 wt% filler content for injection, extrusion moulded composites respectively, and

102.42%, and 105.31% at 10 wt% filler content for the injection, and extrusion

moulded composites respectively. It can also be observed that the hardness of

untreated PALP/HDPE composites in the presence of MA-g-PE was increased by

26.43%, and 26.92% at 2 wt% filler content for the injection, and extrusion

moulded composites respectively, and 38.44%, and 39.29% at 10 wt% filler

content for the injection, and extrusion moulded composites respectively. Maleated

coupling agents (compatibilizers) are widely used to strengthen composites

containing fillers, and fibre reinforcements (Keener et al., 2004; Cantero, 2003).

This explains why the treated composites in the presence of MA-g-PE, in this
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study, have higher hardness values than the untreated composites in the presence of

MA-g-PE.

Figure 4.10a: Effects of Filler Surface Treatment and Compatibilizer on the Hardness of
Injection Moulded PALP/HDPE Composites.
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composites both in the presence and absence of MA-g-PE for all the filler contents

investigated.

Figure 4.10b: Effects of Filler Surface Treatment and Compatibilizer on the Hardness of
Extrusion Moulded PALP/HDPE Composites.
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and stiff, and this in turn, increases the hardness of the PALP/HDPE composites

(Saira et al., 2007; Gomes et al., 2007).

4.5.2: Effect of Processing Technique on the Hardness of Composites

Figure 4.9 shows the effect of processing technique on the hardness of untreated

PALP/HDPE composites prepared using injection and extrusion moulding

techniques. It can be seen that extrusion moulded untreated PALP/HDPE

composites have higher hardness values than the injection moulded, untreated

PALP/HDPE composites for all filler contents investigated. The hardness of the

extrusion moulded composites at 2 wt% filler content was increased by 14.94%,

while that of the injection moulded composites was increased by 14.03%.

Similarly, at 10 wt% filler content, the hardness of the extrusion moulded

composites was increased by 24.60% while that of the injection moulded

composites was increased by 23.47%. As advanced earlier on the effects of filler

content on tensile modulus of untreated PALP/HDPE composites, the

incorporation of fillers into polymers makes the latter harder and stiffer

(Jacob et al., 2004). Therefore, the only plausible reason that can be adduced that

is responsible for the variation in hardness of the extrusion and injection moulded,

untreated PALP/HDPE composites can either be that there was better mixing of the

filler and matrix by the screws of the extruder than those of the injection moulding
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machine, or cold-drawing (observed in extrusion and not in injection moulding

technique). Cold-drawing is a physical treatment (carried out by the use of

different rollers with varying speeds) that improves the strength and some other

properties of polymers. This cold-drawing process organizes the randomly oriented

crystalline domains of polymer, and also aligns amorphous domains so that they

become more crystalline (Oksman, 2001; Li et al., 2009; Medina et al., 2009;

Joseph et al., 1999).

4.6: Effect of Filler Content on Flexural Strength of Composites

Flexural strength (also known as modulus of rupture, bending strength, or fracture

strength), a mechanical parameter for a brittle material, is defined as a material's

ability to resist deformation under an applied load. It is an object’s ability to bend

without showing any major deformities (http://en.wikipedia.org/

wiki/Flexural_strength). It is a 3-point bend test, which generally promotes failure

by inter-laminar shear.

The effect of filler content on the flexural strength of untreated PALP/HDPE

composites is shown in Figure 4.11. From the Figure, the flexural strength of

untreated PALP/HDPE composites increased with increases in filler content for all

the filler contents investigated both for injection, and extrusion moulded

composites. At 2 wt% filler content, the flexural strength increased by 5.26%, and



125

6.16% for injection, and extrusion moulded composites respectively, while at

10 wt% filler content, the flexural strength increased by 28.95%, and 29.47% for

injection, and extrusion moulded composites respectively.

Figure 4.11: Effect of Filler Content of Untreated PALP on the Flexural Strength of Injection
and Extrusion Moulded HDPE Composites.
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than the matrix and is, therefore expected to share the load applied in the matrix

effectively with the crystalline fibrils in it (Rowell et al., 2000; Chandramohan &

Marimuthu, 2011).

4.6.1: Effects of Filler Surface Treatment and Compatibilizer on Flexural

Strength of Composites

Figures 4.12a, and 4.12b show the effect of surface treatment and compatibilizer

on the flexural strength of PALP/HDPE composites for injection and extrusion

moulded composites respectively. The Figures show that both the surface

treatment of filler with NaOH and H2O2, and compatibilizer (MA-g-PE)

incorporation improved the flexural strength of PALP/HDPE composites. The

NaOH treated PALP/HDPE composites in the presence of MA-g-PE had higher

flexural strength than those of H2O2 treated PALP/HDPE composites in the

presence of MA-g-PE. Similarly, H2O2 treated PALP/HDPE composites in the

presence of MA-g-PE had higher flexural strength than those of untreated

PALP/HDPE in the presence of MA-g-PE. It is noteworthy that untreated

PALP/HDPE composites in the absence of MA-g-PE had the least flexural

strength, followed by H2O2 treated composites in the absence of MA-g-PE. The

flexural strength of NaOH treated PALP/HDPE composites in the presence of

MA-g-PE was increased by 50.52% and 50.75% at 2 wt% filler content for
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injection and extrusion moulded composites respectively and 80.79%, and 81.31%

at 10 wt% filler content for injection, and extrusion moulded composites

respectively.

Figure 4.12a: Effects of Filler Surface Treatment and Compatibilizer on the Flexural Strength of
Injection Moulded PALP/HDPE Composites.
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injection and extrusion moulded composites respectively, and 64.84% and 65.77%

at 10 wt% filler content for injection, and extrusion moulded composites

respectively.

Figure 4.12b: Effects of Filler Surface Treatment and Compatibilizer on the Flexural Strength of
Extrusion Moulded PALP/HDPE Composites.
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at 10 wt% filler content for injection and extrusion moulded composites

respectively. The observed increase in flexural strength of treated composites may

be due to the removal of impurities from the fibre surface after treatment which

leads to the better adhesion of the filler with the matrix (Pracella et al., 2006).

Ratnam et al. (2008) had reported that the adhesion in untreated

polypropylene/lignocelluloses composite was poor when compared to the adhesion

in chemically treated composites. The lignocellulosic filler has a polar nature

whereas polypropylene is characterized by non-polar groups. Due to the changes in

physical structure, it was expected for treated lignocellulosic filler to show some

changes in the overall properties of composites (Ratnam et al., 2008; Sun et al.,

2005).  It was also reported by Lee et al. (2009) that MA-g-PE which has a

hydrophilic group which is compatible with organic filler and a hydrophobic group

that is compatible with HDPE, both reacted to form bonds. In the absence of

MA-g-PE (compatibilizer) there would be simple adhesion of the polymer to the

filler through weak bonding, i.e. Van der Waals or induction interactions. Most

researchers have found that these treatments were effective and showed better

interfacial bonding (Lee et al., 2009; Panigrahy et al., 2006). This explains why the

treated PALP/HDPE composites in the presence of MA-g-PE exhibited higher

flexural strength when compared to composites produced without MA-g-PE.
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4.6.2: Effect of Processing Technique on the Flexural Strength of Composites

The effect of processing technique on the flexural strength of untreated

PALP/HDPE composites is illustrated in Figure 11. It can be observed that the

flexural strength of untreated PALP/HDPE composites increased with increases in

filler content for both injection and extrusion moulded composites for all filler

contents investigated. It was also observed that the flexural strength of the

extrusion moulded composites were higher than those of injection moulded

composites for all filler contents investigated. For example, the flexural strength of

untreated PALP/HDPE composites increased by 5.26%, and 6.16% at 2 wt% filler

content for injection, and extrusion moulded composites respectively, and 28.95%,

and 29.47% at 10 wt% filler content for injection, and extrusion moulded

composites respectively. As was advanced earlier, the observed increases in

flexural strength may be attributed to either one or both of the following: (i) better

mixing of the filler and matrix by the screws of the extruder, (ii) cold-drawing

(observed in extrusion and not in injection moulding technique) which is a physical

treatment (carried out by the use of different rollers with varying speeds) that

improves the strength and other properties of polymer (Oksman, 2001). At

temperatures above Tg (glass transition temperature), a thicker than desired

polymer film can be forcibly stretched to many times its length and in so doing, the

polymer chains become entangled and tend to align in parallel fashion. This
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cold-drawing procedure organizes randomly oriented crystalline domains of

polymer and also, aligns amorphous domains so that they become more crystalline

(Oksman, 2001; Li et al., 2009; Medina et al., 2009; Joseph et al., 1999).
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1        Conclusion

The present study has shown that surface treatment of pineapple leaf powder

(PALP), using NaOH and H2O2, the incorporation of MA-g-PE (compatibilizer)

and processing technique used in producing PALP/HDPE composites affected the

mechanical properties of composites as can be justified from the following

observations:

(i) The tensile strength, tensile modulus, flexural strength, abrasion resistance,

and hardness of PALP/HDPE composites generally increased with increases

in filler content for both the injection and extrusion moulded composites for

all the filler contents investigated.

(ii) The elongation at break (EB) of PALP/HDPE composites decreased with

increases in filler content for both the injection and extrusion moulded

composites for all the filler contents investigated.

(iii) Surface treated (NaOH and H2O2) PALP/HDPE composites generally

exhibited better tensile strength, tensile modulus, flexural strength, abrasion

resistance, and hardness than the untreated PALP/HDPE composites for all

the filler contents investigated both for the injection and extrusion moulded

composites while the elongation at break values of the NaOH and H2O2

treated PALP/HDPE composites was lower than those of untreated

PALP/HDPE composites for all the filler contents investigated both for the

injection and extrusion moulded composites .

(iv) The NaOH treated PALP/HDPE composites in the presence or absence of

MA-g-PE were observed to exhibit better mechanical (tensile strength,

tensile modulus and flexural strength) properties than the H2O2 treated
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PALP/HDPE composites in the presence or absence of MA-g-PE for all the

filler contents investigated both for the injection and extrusion moulded

composites. The H2O2 treated PALP/HDPE composites were, however,

observed to have higher values for abrasion resistance and hardness than the

NaOH treated PALP/HDPE composites in the presence or absence of

MA-g-PE for all the filler contents investigated both for the injection and

extrusion moulded composites.

(v) PALP/HDPE composites in the presence of MA-g-PE had higher tensile

strength, tensile modulus, flexural strength, abrasion resistance, and

hardness than PALP/HDPE composites in the absence of MA-g-PE for all

the filler contents investigated.

(vi) The extrusion moulded PALP/HDPE composites had higher tensile strength,

tensile modulus, flexural strength, abrasion resistance, and hardness than

composites processed using injection moulding technique for all the filler

contents investigated while the injection moulded composites exhibited

higher elongation at break (EB) than the extrusion moulded composites for

all the filler contents investigated.

5.2 Recommendations

(i) The use of pineapple leaf powder (PALP) as a filler should be extended to

the processing of other polymers (plastics) so as to ascertain its likely wide

acceptance or otherwise as a reinforcing filler for polymer industry

(ii) It is recommended that other types of filler surface treatments should be

investigated for the processing of HDPE composites so as to identify the

method with the best promising result.
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5.3 Contributions to Knowledge

(i) The present study has highlighted the utility of pineapple leaf powder

(PALP) as a reinforcing filler in HDPE compounding. Pineapple leaf

which is an agricultural waste has been shown to have potential as a

cheap, more readily available, and more environmentally friendly filler.

(ii) Surface treatment of PALP with either NaOH or H2O2 has proved to be

an efficient alternative or compliment to the use of compatibilizer to

enhance filler/polymer interaction (adhesion).

(iii) Although, both injection and extrusion moulding techniques are widely

used in polymer processing, the extrusion moulding technique has been

shown to produce HDPE composites of slightly better mechanical

properties than samples produced using injection moulding technique.
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APPENDIX

Appendix 1a1: Mechanical Properties of Injection Moulded Samples of Untreated PALP/HDPE
Composites.

S/N SAMPLE CODE TENSILE

STRENGTH

(MPa)

TENSILE

MODULUS

(MPa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(MPa)

1 PE 19.25 525.20 623.00 13.95 40.56 19.00

2 PE – 2U 20.50 560.96 608.00 15.68 46.25 20.00

3 PE – 4U 21.59 599.63 595.00 15.89 47.11 21.21

4 PE – 6U 22.76 623.50 585.10 15.99 47.98 22.30

5 PE – 8U 23.70 639.86 575.11 16.23 49.43 23.00

6 PE – 10U 25.10 658.55 559.20 16.45 50.08 24.50

Appendix 1b1: Mechanical Properties of Extrusion Moulded Samples of Untreated PALP/HDPE
Composites.

S/N SAMPLE CODE TENSILE

STRENGTH

(MPa)

TENSILE

MODULUS

(Mpa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(Mpa)

1 PE 19.50 525.79 620.00 14.01 40.90 19.31

2 PE – 2U 20.95 568.00 607.50 15.92 47.01 20.50

3 PE – 4U 21.98 599.99 593.00 15.99 47.98 21.35

4 PE – 6U 23.00 624.01 582.50 16.21 48.00 22.93

5 PE – 8U 24.04 639.97 572.00 16.79 49.99 23.89

6 PE – 10U 25.89 660.00 557.50 16.98 50.96 25.00

N.B: PE = Polyethylene, U = Untreated; 2,4,6,8, and 10 = Weight % of filler used
to fill the PE respectively.



154

Appendix 1a2: Mechanical Properties of Injection Moulded Samples of NaOH Treated
PALP/HDPE Composites.

S/N SAMPLE CODE TENSILE

STRENGTH

(MPa)

TENSILE

MODULUS

(MPa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(MPa)

1 PE – 2T1 25.00 569.00 529.12 16.68 52.58 24.65

2 PE – 4T1 26.17 601.62 527.50 16.89 54.19 25.90

3 PE – 6T1 27.20 625.56 523.71 16.99 54.85 26.95

4 PE – 8T1 28.51 641.88 520.00 17.23 58.40 28.00

5 PE – 10T1 29.50 661.53 516.91 17.45 60.72 29.10

Appendix 1b2: Mechanical Properties of Extrusion Moulded Samples of NaOH Treated
PALP/HDPE Composites.

S/N SAMPLE CODE TENSILE

STRENGTH

(Mpa)

TENSILE

MODULUS

(Mpa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(Mpa)

1 PE – 2T1 25.90 570.11 527.34 16.98 53.97 25.21

2 PE – 4T1 27.00 603.21 524.50 17.21 54.89 26.89

3 PE – 6T1 27.98 628.56 521.80 17.99 55.21 27.00

4 PE – 8T1 29.59 645.01 518.70 18.00 58.97 28.97

5 PE – 10T1 30.01 664.31 515.00 18.20 61.99 29.72

N.B: T1 = NaOH treated PALP.
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Appendix 1a3: Mechanical Properties of Injection Moulded Samples of H2O2 Treated
PALP/HDPE Composites.

Appendix 1b3: Mechanical Properties of Extrusion Moulded Samples of H2O2 Treated
PALP/HDPE Composites.

S/N SAMPLE CODE TENSILE

STRENGTH

(Mpa)

TENSILE

MODULUS

(Mpa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(Mpa)

1 PE – 2T2 24.00 569.99 529.00 17.59 65.58 23.82

2 PE – 4T2 24.99 602.91 526.50 17.99 67.99 24.50

3 PE – 6T2 26.57 626.11 523.50 18.11 69.97 25.99

4 PE – 8T2 27.01 644.00 520.30 19.00 74.10 26.73

5 PE – 10T2 27.98 662.97 517.00 19.35 75.02 27.47

N.B: T2 = H2O2 treated PALP

S/N SAMPLE CODE TENSILE

STRENGTH

(MPa)

TENSILE

MODULUS

(MPa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(MPa)

1 PE – 2T2 23.42 568.96 530.10 17.04 64.17 23.10

2 PE – 4T2 24.59 600.61 529.51 17.32 67.39 24.00

3 PE – 6T2 25.80 624.53 527.92 17.43 69.63 24.98

4 PE – 8T2 26.93 640.86 523.01 18.96 73.75 26.21

5 PE – 10T2 27.50 660.52 519.00 18.99 75.02 27.00
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Appendix 1a4: Mechanical Properties of Injection Moulded Samples of Untreated PALP/HDPE
Composites in the Presence of MA-g-PE.
S/N SAMPLE CODE MA-g- PE

content

(wt %)

TENSILE

STRENGTH

(MPa)

TENSILE

MODULUS

(MPa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(MPa)

1 PE – 0.06U 3 24.50 590.01 532.11 16.86 51.28 23.80

2 PE – 0.12U 3 25.80 623.49 530.92 16.98 51.79 25.10

3 PE – 0.18U 3 26.84 647.36 529.95 18.23 53.09 26.23

4 PE – 0.24U 3 27.00 663.20 529.00 19.03 53.92 26.85

5 PE – 0.30U 3 29.18 683.00 528.99 19.55 56.15 28.92

Appendix 1b4: Mechanical Properties of Extrusion Moulded Samples of Untreated PALP/HDPE
Composites in the Presence of MA-g-PE.

S/N SAMPLE CODE MA-g- PE

content

(wt %)

TENSILE

STRENGTH

(Mpa)

TENSILE

MODULUS

(Mpa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(Mpa)

1 PE – 0.06U 3 24.98 592.10 530.00 17.01 51.91 24.23

2 PE – 0.12U 3 25.99 625.19 529.50 17.98 52.03 25.72

3 PE – 0.18U 3 27.01 649.85 529.02 18.99 53.95 26.95

4 PE – 0.24U 3 28.97 665.32 528.30 19.78 54.00 27.89

5 PE – 0.30U 3 30.12 684.00 528.00 20.10 56.97 29.72

N.B: 0.06, 0.12, 0.18, 0.24, and 0.30 are the MA-g PE content which is equal to 3

weight % of filler used to fill the PE respectively.
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Appendix 1a5: Mechanical Properties of Injection Moulded Samples of NaOH treated
PALP/HDPE Composites in the Presence of MA-g-PE.
S/N SAMPLE CODE MA-g- PE

content

(wt %)

TENSILE

STRENGTH

(MPa)

TENSILE

MODULUS

(MPa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNE

SS

FLEXURAL

STRENGTH

(MPa)

1 PE – 0.06T1 3 29.00 592.83 527.01 19.39 57.24 28.60

2 PE – 0.12T1 3 30.25 624.48 525.11 20.43 59.30 30.00

3 PE – 0.18T1 3 31.70 648.34 523.50 20.48 68.55 31.23

4 PE – 0.24T1 3 33.00 665.70 518.93 21.08 70.94 32.84

5 PE – 0.30T1 3 35.05 685.47 514.11 21.33 75.44 34.35

Appendix 1b5: Mechanical Properties of Extrusion Moulded Samples of NaOH treated
PALP/HDPE Composites in the Presence of MA-g-PE.
S/N SAMPLE CODE MA-g- PE

content

(wt %)

TENSILE

STRENGTH

(Mpa)

TENSILE

MODULUS

(Mpa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(Mpa)

1 PE – 0.06T1 3 29.93 593.92 526.00 19.87 59.00 29.11

2 PE – 0.12T1 3 30.99 625.97 523.03 20.99 59.96 30.33

3 PE – 0.18T1 3 32.00 650.11 520.50 21.05 69.01 31.97

4 PE – 0.24T1 3 34.01 667.30 515.75 21.79 71.59 33.21

5 PE – 0.30T1 3 35.91 687.41 512.20 22.23 77.03 35.01
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Appendix 1a6: Mechanical Properties of Injection Moulded Samples of H2O2 treated
PALP/HDPE Composites in the Presence of MA-g-PE.
S/N SAMPLE CODE MA-g- PE

content

(wt %)

TENSILE

STRENGTH

(MPa)

TENSILE

MODULUS

(MPa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(MPa)

1 PE – 0.06T2 3 25.50 590.75 529.01 22.66 76.54 25.00

2 PE – 0.12T2 3 26.03 624.05 527.35 23.26 78.33 25.97

3 PE – 0.18T2 3 28.00 647.83 524.00 24.66 79.88 27.95

4 PE – 0.24T2 3 29.75 664.65 519.11 25.67 81.46 29.20

5 PE – 0.30T2 3 32.01 684.07 517.82 27.60 82.10 31.32

Appendix 1b6: Mechanical Properties of Extrusion Moulded Samples of H2O2 treated
PALP/HDPE Composites in the Presence of MA-g-PE.
S/N SAMPEL CODE MA-g- PE

content

(wt %)

TENSILE

STRENGTH

(Mpa)

TENSILE

MODULUS

(Mpa)

ELONGATION

AT BREAK

(%)

ABRASION

RESISTANCE

(%)

SHORE D

HARDNESS

FLEXURAL

STRENGTH

(Mpa)

1 PE – 0.06T2 3 25.98 592.73 528.00 23.03 77.98 25.57

2 PE – 0.12T2 3 27.00 626.30 525.20 23.97 79.01 26.93

3 PE – 0.18T2 3 28.99 650.10 521.35 25.01 79.99 28.00

4 PE – 0.24T2 3 30.03 665.98 518.50 26.79 82.00 29.97

5 PE – 0.30T2 3 32.98 686.91 515.74 28.11 83.97 32.01
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Appendix 2: Abbreviations, Symbols and Notations

PALP        pineapple leaf powder

PALF        pineapple leaf fibre

FRP          fibre reinforced polymer

PRP          particle reinforced polymer

UP            unsaturated polyester

DVD         digital versatile disc

UV            ultraviolet

BP             benzoyl peroxide

DCP           dicummyl peroxide

MAPP maleated polypropylene

DDGS        distilled dried grains

GF              glass fibre

WPVC        wood filled poly (vinyl chloride)

PVC            poly (vinyl chloride)

PP               polypropylene

MA             maleic anhydride

MA-g-PP     maleic anhydride-graft-polypropylene

MA-g-PE     maleic anhydride-graft-polyethylene

UHMWPE   ultra high molecular weight polyethylene

PEX             cross-linked polyethylene

MDPE          medium density polyethylene

LLDPE         linear low density polyethylene

LDPE           low density polyethylene

VLDPE        very low density polyethylene

HDPE          high density polyethylene
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MMC          metal matrix composites

CMC           ceramic matrix composites

PMC            polymer matrix composites

NaOH sodium hydroxide

H2O2 hydrogen peroxide

EB               elongation at break

U                 untreated PALP

T1 NaOH treated PALP

T2 H2O2 treated PALP

µm              microns
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