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Abstract

Poly(lactic acid) (PLA) and polypropylene (PP) were comparatively investigated as matrices
for injection moulded composites containing small (1-3 wt.%) amounts of short sisal fibre.
The polymers and fibres were mechanically mixed, followed by extrusion at 190 °C and
injection moulding at the same temperature. The morphology, thermal and mechanical
properties, and degradation characteristics were investigated using scanning electron
microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy, polarised optical
microscopy (POM), differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), dynamic mechanical analysis (DMA) and tensile testing. From the POM photos it
seems as if the fibres are equally well dispersed in the PLA and PP matrices. The SEM
photos, however, show more intimate contact and better interaction between the fibres and
PLA. This improved interaction was confirmed by the FTIR results that show the presence of
hydrogen bonding interaction between PLA and the fibre. This improved interaction did not
seem to have a significant influence on the yield stress, stress at break or tensile modulus of
PLA. In the case of PP, however, the stress at break reduced observably, while the tensile

modulus almost doubled in the presence of the fibre.

The thermal stability (as determined through TGA) of both polymers increased with
increasing fibre content, with a more significant improvement in the case of PP. The DSC
results show a significant influence of the presence of the fibre on the crystallization
behaviour of PLA, because both the melting temperature and melting enthalpy decreased with
increasing fibre content, even at low fibre contents of 1-3%. This is the result of the strong
interaction between PLA and the fibre, which immobilizes the PLA chains. The influence of
the fibre on the melting characteristics of the PP was negligible. Both the storage and loss
moduli of the PLA decreased with increasing fibre content below the glass transition of PLA,
but the influence on the loss modulus was more significant. The DMA results clearly show
cold crystallization of PLA around 110 °C, and the presence of fibre gave rise to higher
modulus values between the cold crystallization and melting of the PLA. The presence of

fibre also had an influence on the dynamic mechanical properties of PP.

The biodegradation of PLA and its composites was determined by keeping the samples in
water at an elevated temperature for up to 10 days. The composites initially showed a larger
mass loss than pure PLA, but after 10 days the pure PLA seemed to be more degraded. The
SEM results of biodegraded samples show complete collapse of the surface of the PLA matrix

after ten days.
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Chapter 1

Introduction

1.1 Overview

In the past years, growing environmental pollution has called for the use of natural materials for
different applications. Government environmental policies have been implemented to force the
industries like the automotive, packaging and construction to search for environmentally friendly
or biodegradable materials to substitute the traditional non-biodegradable composites.
Biodegradable polymers are materials obtained from nature or by synthetic route, whose
chemical bonds are cleaved at least in one step by enzymes from the biosphere, with appropriate
pH and temperature conditions and total processing time for completion. Most of the
commercially available polymers are made from petroleum and they are non-biodegradable, and

therefore the composites made from them are still a burden to the environment [1-8].

So far, two main technical ways have been developed to produce biodegradable materials. One
deals with the compounding of traditional petroleum based polymers like thermosetting polymers
(epoxy, unsaturated polyesters, phenol formaldehyde resin) or low processing temperature
thermoplastic polymers (polypropylene, polyethylene) with natural fibres. The disadvantages
stemming from the use of thermosets include brittleness, lengthy cure cycles and inability to
repair and/or recycle damaged or scrapped parts. These disadvantages have led to the
development of the thermoplastic matrix composite system. Among the thermoplastics,
polypropylene was the first synthetic polymer to achieve industrial importance due to its low
cost, easy processability, and excellent mechanical properties [9-10]. These composites cannot be
taken as completely biodegradable materials due to the fact that the matrix is a non-biodegradable
polymer.The other way mixes natural fibres with biodegradable polymers including starch,
soybean plastics, cellulosic plastics, polyhydroxyalkanoate (PHA), polyhydroxybutyrate (PHB),
polycaprolactone (PCL) and polylactic acid (PLA) [11-14].



The traditional definition of a composite material is a material with at least two phases, a
continuous phase and a dispersed phase. The continuous phase is responsible for filling the
volume and transfer loads to the dispersed phase. The dispersed phase is usually responsible for
improving one or more properties of the composite [14]. In the field of composites, fibre
reinforcement of matrices was initially developed using synthetic fibres such as glass, carbon and
aramid, as they can be produced with a definite range of properties. Recently natural fibre
reinforced polymer composites have experienced a significant growth in the composites industry.
They are characterized by easy processability, good dimensional stability and excellent
mechanical performance. The improved material performance primarily varies with the fibre-
matrix bond strength and choice of suitable processing parameters [15-17]. The quality of the
fibre reinforced composites depends considerably on the interface, because only a well formed

interface allows stress transfer from the matrix to the fibre [18-19].

Natural fibres are subdivided based on their origin, coming from plants, animals or minerals. All
plant fibres are composed of cellulose, while animal fibres consist of protein (hair, silk, and
wool). Plant fibres include bast, leaf, or hard fibres. Bast (flax, hemp, jute) and hard fibres (sisal,
coir) are commonly used in composites; therefore they are available throughout the world. They
may also represent an economic interest for the agricultural sector [20-21]. Advantages of bio-
fibres over the traditional reinforcing materials are cost effectiveness, low density, high
toughness, acceptable specific strength properties, reduced tool wear, reduced dermal and
respiratory irritation, good thermal properties, and improved energy recovery. They are
renewable and biodegradable. Although there are so many advantages of natural fibres compared
to inorganic or synthetic fibres, natural fibres are hydrophilic in nature. To overcome this
problem the reinforcing natural fibres can be modified by physical (stretching, calendaring,
thermo-treatment) and chemical methods. The most important chemical modification involves

coupling methods [20,22-25].

Among the various natural fibres, sisal fibre is one of the most commercially available useful
natural fibres. Sisal fibre is a hard fibre extracted from the leaves of the sisal plant Agave
sisalana. It has a short renewal time and grows wild in the hedges of fields. The sisal fibre

content of cellulose, lignin, hemi-cellulose, waxes and ash depends on the origin and age of the



fibre. Currently sisal is mainly used as ropes for the marine and agricultural industries. Other
applications of sisal fibre include twines, cords, upholstery, padding and mat making, fishing
nets, and fancy articles such as purses. Sisal fibre possesses a moderately high specific strength
and stiffness, and can be used as a reinforcing material in polymeric resin matrices like

polypropylene to make useful structural composite materials [9,16,26-28].

Polylactic acid (PLA) belongs to the family of aliphatic polyesters derived from a-hydroxy acids.
PLA is a compostable polymer derived from renewable sources (mainly starch and sugars). Its
degradation occurs by hydrolysis to lactic acid, which is metabolized by micro-organisms to

water and carbon dioxide. Figure 1.2 shows the life cycle of PLA.
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Figure 1.1  Life cycle of PLA

PLA has reasonably good optical, physical, mechanical, and barrier properties compared to the
existing petroleum based polymers. The good thing about PLA is that it can be processed exactly
the same way as polyolefines and other thermoplastic polymers, although the thermal stability
could be better. PLA can be used for making plastic bags for household bio waste, barrier for
sanitary products and diapers, planting cups, and disposable cups and plates. PLA can also be

clinically used as surgical sutures, sustained drug delivery system, in bones fracture fixation



[17,29-35]. The drawback of using PLA is its brittleness, and it is also not cost effective. The
problem is solved through the use of composite materials based on natural fibres [36]. The
reinforcement of PLA using plant fibres has been studied with the aim of developing sustainable
‘green-composites’. The Young’s modulus of the PLA can be increased significantly with
increasing fibre load, but the problem is loosing properties like yield strain, which results in the
strength being decreased. To overcome this drawback, samples are processed by melt extrusion

compounding using a twin screw extruder, followed by injection molding. [37]

The processing technique for preparing the composites is very important, and it was reported that
twin screw extrusion resulted in better fibre dispersion [29]. The shear force occurring when both
screws rotate in the opposite directions provides an intimate mixing between the fibre and the
matrix. This plays a major role in providing the required performance such as less fibre pull outs,
indicating a better fibre-matrix adhesion. Most thermoplastic-natural fibre composites were
prepared through melt mixing of short natural fibres and polymer pellets through extrusion,
followed by injection moulding. PLA based biodegradable composites are prepared with natural
fibre as the reinforcing phase by twin screw extrusion, followed by injection molding. Injection
molding is the most widely used converting process for thermoplastic articles, especially for

those that are complex in shape and call for high dimensional accuracy [33,38-39].

1.2 Objectives

The present work aims at comparing the properties of polylactic acid (PLA) and polypropylene
(PP) reinforced with sisal fibre at low concentrations of 1-4 and 6%. The composites were
processed using a twin screw extruder, followed by injection molding. The composites’
morphology was studied using scanning electron microscopy (SEM), and the dispersion of the
sisal fibre in the composites was studied with polarized optical microscopy (POM). The thermal
behaviour was determined by differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). The polymeric structure of these composites was further investigated by
attenuated total reflectance infrared spectroscopy (ATR-FTIR) microscopy. The mechanical and
thermo-mechanical properties of the composites were studied using tensile testing and dynamic

mechanical analysis (DMA).



1.3

Thesis outline

The outline of this thesis is as follows:

Chapter 1: General introduction

Chapter 2: Literature review

Chapter 3: Experimental

Chapter 4: Results and discussion

Chapter 5: Conclusions
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Chapter 2

Literature review

2.1 Introduction

This chapter consists of the literature review on the natural fibre classifications and properties,
and natural fibre/polymer composites. A lot of research has been done on natural fibre/polymer
composites. The literature review of the different publications is summarised under (i) natural
fibre/polyolefin composites, and (i1) natural fibre/biodegradable polymer composites. Each of
these sections are sub-divided into sub-sections covering the morphology where different
morphological observations are reported, the mechanical properties where tensile properties are
discussed. Thermal properties, including melt crystallization and thermal stability, are also
discussed; thermo-mechanical behaviour in which dynamic mechanical properties are reviewed,

as well as the biodegradability of the natural fibre/biopolymers is discussed.

2.2 Natural fibres: Classification and properties

Besides the environmental advantage of natural fibres, there are three parameters that are first to
be determined and characterised. The stiffness and strength of fibres are the basis for the
reinforcement, but also the interfacial strength (adhesion) is important for efficient reinforcement
[1]. Natural fibres are subdivided based on their origin, coming from plants, animals or minerals.
All plant fibres are composed of cellulose, while animal fibres consist of proteins (hair, silk, and
wool). Plant fibres include bast (or stem) fibres, leaf or hard fibres, seed, fruit, wood, cereal
straw, and other grass fibres [2-3]. These materials form inexpensive ‘new resources’, which
could make them more valuable for wider utilization. They are easily renewable, environmentally
friendly because of their biodegradability, low density, high specific mechanical performance [4-
6]. When developing countries use such materials in composites, and produce them, they become
part of the global composite industry as developer and manufacturer leading to increasing
revenue and job creation [7]. Lignocellulosic fibres have some unique attributes, such as being

less abrasive to tooling and not causing as many respiratory problems for workers [8].
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Furthermore, because they have load-bearing potential, the use of natural fibre based composites
has spread to various sectors, including aircraft, construction, grain and fruit storage and
footwear. Natural fibres like jute, flax, hemp coir, and sisal have all been proved to be good
reinforcement in thermoset and thermoplastic matrices, and are used in automotive applications,

construction as well as packaging industries. [7,9,10]

2.2.1 Sisal fibre classification and properties

Sisal fibre is a hard fibre extracted from the leaves of the sisal plant (Agave Sisalana). It is one of
the four most commonly used natural fibres, and almost accounts for half the total production of
textile fibres. The reason for sisal fibre being the most used fibre is the ease of cultivation of sisal
plants, which have short renewal times. Though native to tropical and sub-tropical North and
South America, sisal fibre is now usually grown in tropical countries of Africa, the West Indies
and the Far East. A sisal plant produces about 200-250 leaves and each leaf contains 1000-1200
fibre bundles, which is composed of 4% fibre, 0.75% cuticle, 8% dry matter, and 87.25% water.
The cellulose and lignin contents of sisal vary from about 50 to 61% and 3 to 4%, respectively,
depending on the plant age and origin. The sisal leaf contains three types of fibre: mechanical,
ribbon, and xylem [11-12]. The mechanical fibres are mostly extracted from the border of the
leaf. They have a generally thickened-horseshoe shape and hardly ever divide during the
extraction processes. They are the most commercially useful part of the sisal fibre. Ribbon fibres
occur in association with the conducting tissues in the median line of the leaf. Figure 2.1 shows a
cross-section of the sisal leaf, which indicates where mechanical and ribbon fibres are obtained
from, and a picture of the sisal plant. Xylem fibres have an irregular shape and occur opposite the
ribbon fibres through the connection of vascular bundles as shown in Figure 2.2. They are
composed of thin-walled cells and are therefore easily broken up and lost during the extraction

process.
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Figure 2.1  (a) Sketch of sisal plant and the cross-section of a sisal leaf; (b) Picture of a

sisal plant. [11-12]
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Figure 2.2 Cross-section of a ribbon-fibre bundle [11-12]

Generally the strength and stiffness of plant fibre depends on the cellulose content. Therefore the
structure and properties of sisal fibre depends on the origin and the age of the fibre [12-13]. After
cotton, these fibres have the highest production volume among natural fibres. Sisal fibre has also
been used as reinforcement for composite materials due to its high strength, durability, and strain-
to-failure. Some automotive components have already been produced using polymer matrix
composites reinforced with sisal fibres [14]. The quality of a fibre reinforced composite depends
considerably on the fibre—matrix interface, because only a well formed interface allows stress
transfer from the matrix to the fibre. The extent of the adhesion between fibre and matrix can be
described by the critical fibre length resulting from the balance of interface shear force, and
normal force in the fibre. Sufficient adhesion, low fibre diameter and high tensile strength allow

short critical fibre lengths [15-17]
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2.3 Properties of polyolefin/natural fibre composites

Polyolefins are synthetic polymers of olefin monomers. They are the largest polymer family by
volume of production and consumption. Polyolefins have enjoyed great success due to many
application opportunities (automotive, packaging, medical, consumer products), relatively low
cost, and wide range of properties. Classification of polyolefins can be based on their monomeric
unit and chain structures. The ethylene based polyolefins include linear low density polyethylene
(LLDPE), low density polyethylene (LDPE), high density polyethylene (HDPE) and ethylene
vinyl acetate co-polymer (EVA), while polypropylene is classified atactic, syndiotactic or

isotactic [18].

Polypropylene (PP) was the first synthetic polymer to achieve industrial importance due to its
low cost, easy processability and excellent mechanical properties. The monomer propylene is a
hydrocarbon gas mainly produced from petroleum refining. The polypropylene chain comprises a
monomer with an asymmetric carbon atom at the C2 position, -CH2- CH(CH3)—, and hence the
polymer may exist in three types (isotactic, syndiotactic and atactic) of molecular configurations
depending upon the relative orientations of the methyl side groups [19]. Atactic polypropylene
(APP) is a side product of polypropylene production. Because the structure of the polymer chain
is not regular, APP is less resistant to chemical attack and weaker than other types of PP such as
isotactic and syndiotactic PP. Thus, APP is an undesired and unemployed product in the
petrochemical industry [20]. Both isotactic and syndiotactic forms have methyl groups situated
regularly with respect to adjacent groups along the molecular chain, and have fibre-forming
character due to their potential for creating order in the polymer structure. Currently, isotactic
polypropylene is the most crystalline and main commercially available stereoisomer for use in
oriented fibres, films and tapes [19]. Because of its wholly aliphatic hydrocarbon structure,
polypropylene by itself burns very rapidly with a relatively smoke-free flame and without leaving
a char residue. It has a high self-ignition temperature (570 °C) and a rapid decomposition rate and
hence has a high flammability [21]. PP possesses outstanding properties such as low density,
good flex life, sterilisability, good surface hardness, very good abrasion resistance, and excellent

electrical properties [22]. PP has been widely used in apparel, upholstery, floor coverings,
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hygiene medical, geotextiles, car industry, automotive textiles, various home textiles, and wall-

coverings [19].

Today synthetic polymers are combined with various reinforcing fillers in order to improve the
mechanical properties and obtain the characteristics demanded in actual applications [23].
Natural fibres added as fillers to synthetic polymers reduce the product cost by replacing oil
derived material with a cellulose-rich natural polymer. A further advantage is when the natural

fibres act as reinforcement and improve the mechanical properties of the polymer matrix [24].

2.3.1 Morphology

Rahman et al. [23] investigated the effect of fibre loading on the mechanical properties and
morphology of jute reinforced polypropylene, where raw, oxidized, and urotropine post-treated
fibres were used. The composites were prepared by first mixing with a single screw extruder,
followed by injection moulding of the materials. They reported an improvement in the
fibre/matrix adhesion with oxidized fibre composites. The fibre/matrix adhesion was further
improved by introducing urotropine in the composites, which was seen from the reduced
agglomeration of the fibres. Botev et al. [25] reported a weak matrix-fibre interaction between
polypropylene and basalt fibre. Their TEM pictures showed that the fibre surface was not covered
with the polymer, and well defined holes of pulled-out fibres were observed. Bourmaud et al.
[26] evaluated the mechanical properties of PP/reed fibre and PLLA/reed fibre composites. They
also studied the influence of chemical modification of the matrix on the composites’ mechanical
properties by using maleic unhydride grafted polypropylene (PP-g-MA) and maleic anhydride
grafted polylactic acid (PLA-g-MA). The materials were prepared using a twin screw extruder
followed by injection moulding. Their SEM results showed weak interfacial bonding in the
unmodified polymer composites, while the maleic anhydride (MA) modified composites showed

improved fibre-matrix interaction.
Pimenta et al. [27] studied the mechanical properties of PP and maleic anhydride modified

polypropylene (MAPP) composites with sisal fibre treated with sodium hydroxide (NaOH).

Examination of the SEM results showed no major signs of fibre pull-out, which clearly indicated
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a strong adhesion between the reinforcement and the matrix, showing that the MAPP coupling
was effective. Untreated and water-treated fibres had diameters of approximately 100-200 pm,
and the NaOH treated fibres had diameters around 10-20 pum. This decrease in fibre diameter was
reported to be caused by the partial elimination of the lignin during NaOH treatment. Ichazo et al.
[28] investigated the effect of different kinds of coupling agents and compatibilisers on the
mechanical, morphological, and thermal properties of wood fibre (WF)-reinforced
polypropylene, as well as its water absorption. They found that the functionalised PP and the use
of silane improved the adhesion and dispersion of the particles. Alkali treatment was reported to
only improve the dispersion of the WF particles, but not its adhesion to the polymer matrix. This
was explained to be due to the better availability of OH groups in the particles’ surfaces, which in
turn favoured the water absorption and hence the composite swelling. Bledzki er al. [29]
investigated the effect of fibre loading for abaca fibre reinforced composites with PP, and
compared them with jute and flax reinforced PP composites, in terms of their mechanical
properties, structural and odour emission properties. The samples were prepared by first mixing
with an extruder, followed by injection moulding. Their SEM results showed good abaca fibre/PP
adhesion, even though there were some debonding and fibre pull-outs of the untreated fibres. The
interfacial interaction was improved further when the coupling agent MAPP was introduced.
Therefore the debonding and pull-outs of fibres were reduced, which was an indication of better

morphology.

2.3.2 Mechanical properties

Wambua et al. [30] evaluated several different natural fibre—polypropylene composites to
determine if they had the ability to replace glass fibre-reinforced materials. Polypropylene with a
very high melt flow index was used to help in fibre-matrix adhesion and to ensure proper wetting
of the fibres. Samples were prepared with 40% fibre content of kenaf, coir, sisal, hemp, and jute.
Tensile and impact tests were performed to compare the properties of these composites to those
made with glass fibre. The tensile strengths all compared well with that of glass, except for the
coir, but the only fibre giving comparable flexural strength was hemp. They showed with kenaf
fibres that increasing the fibre weight fraction increased the ultimate strength, tensile modulus,

and impact strength. However, the composites showed low impact strengths compared to glass
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mat composites. This study demonstrated that natural fibre composites have a potential to replace

glass in many applications that do not require very high load bearing capabilities.

Joseph et al. [31] studied the water absorption characteristics of sisal fibre/PP composites. Their
work concentrated on the dependence of fibre loading and the influence of chemical treatment.
They also investigated the effect of temperature on the water absorption phenomena. They
reported that at 28 °C the tensile strength of untreated sisal/PP composites with different fibre
loadings decreased with increase in immersion time in water. The treated composites showed
better tensile strength than the untreated composites, although both treated and untreated
composites showed a decrease in tensile strength when they were immersed in boiling water for 7
h. Joseph and co-workers [15] also carried out a detailed investigation on sisal fibre reinforced
polypropylene composites with special reference to the effect of fibre length, processing
conditions, fibre loading and interfacial adhesion. A fibre length of 2 mm was found to be best
for a good balance of properties in the case of melt mixed composites. Composites containing
longitudinally oriented fibres showed better mechanical properties than those of transverse and
random orientations. When the tensile properties of melt-mixed and solution-mixed composites
were compared, the melt-mixed composites showed better properties than the solution-mixed

composites.

Bourmaud ef al. [26] investigated the tensile properties of their composites using
nanoindentation. They reported an increase in tensile modulus of PP/reed fibre composites with
increasing fibre and compatibilizer loading, and an increase in tensile modulus when mixing
natural fibres into a PP matrix. These improvements were attributed to better dispersion of the
fibre bundles in the PP matrix. The introduction of compatibiliser into the composites was
reported to have improved the fibre/matrix interfacial interactions, resulting in a better
morphology. Thus, because of the improved morphology, the mechanical properties were also
improved. Karnani et al. [32] studied the mechanical properties of injection moulded samples of
various MA modified and unmodified PP with silane treated kenaf fibre composites. A
comparison was made between the mechanical properties of kenaf and sisal fibre reinforced
composites. The addition of 20% untreated kenaf fibre into the polymer matrix gave rise to a

significant increase in tensile modulus and stiffness of the composites without compatibilizer.
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The compatibilized PP/kenaf composites were reported to exhibit greater tensile strength and
elongation at break than the uncompatibilised composites or the neat PP. This was attributed to
the increase in toughness of the composites after addition of MAPP. When compared with the
sisal fibre reinforced PP composites, the kenaf fibre reinforced PP composites showed better
mechanical properties for all the systems (modified and unmodified). The tensile strengths of
kenaf reinforced composites were reported superior to that of sisal reinforced composites, but the

impact strengths were poorer. This was attributed to the differences in the origins of these fibres.

Botev et al. [25] studied the suitability of untreated basalt fibres as reinforcing agents for
polypropylene. The samples were prepared by melt mixing of the components, followed by
pressing to make films. They reported that both the strain and stress at yield decreased after
incorporation of the fibre in the PP matrix. In their case the lower yield stress was explained on
the basis of poor adhesion between the polar basalt fibres and the non-polar PP. They further
reported that a lack of interfacial bonds made efficient load transfer from the matrix to the fibres
impossible. The fibres disturbed the continuity of the matrix instead of reinforcing it. The
mechanical properties were improved after the incorporation of a maleic anhydride grafted

polypropylene (PP-g-MA) coupling agent.

2.3.3 Thermal properties

2.3.3.1 Melting and crystalisation

Joseph et al. [33] studied the transcrystallisation and thermal behaviour of both chemically
treated and untreated sisal fibre reinforced isotactic polypropylene. They reported that the
addition of untreated sisal fibre to the PP matrix resulted in an increase in the crystallinity,
crystallisation temperature (T.), and enthalpy of crystallization as the fiber content increased.
This behaviour was attributed to the nucleating ability of sisal fibre for the crystallisation of PP.
The sisal fiber had a maginal effect on the melting temperature (T,,), and no correlation with fibre
content was established. They further reported that the different treatments (permanganate
(KMnOy), MAPP, toluene-2,4-diisocyanate (TDI)) favoured both Ty, and the T, of the composites

as they both increased. This was attributed to the compatibility between the fibre and the matrix
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resulting in a better interaction after the chemical treatments. Rosa et al. [34] reported the same
behaviour when studying the influence of rice-husk on the thermal and viscoelastic properties of
PP composites, with and without coupling agent. The crystallization temperature (T.) shifted to
higher temperatures as the rice-husk content was increased (10, 20, 30 and 40 wt%). This
increase in T, was considered to be due to the nucleation by rice-husk, and was further explained
as the fibres acting as sites for heterogeneous nucleation, thus inducing the crystallisation of the
matrix. The presence of rice-husk had no effect on the melting temperature of PP. The addition of

MAPP apparently had no effect on the thermal behaviour of PP and the composites.

Amash et al. [35] studied the morphology, thermal and viscoelastic behaviour of isotactic PP
reinforced with two types of cellulose fillers (short- and micro-fibres). MAPP at low wt% was
introduced as an interface modifier. The DSC results clearly showed that the addition of small
amounts of cellulose fibres (both short and micro) into PP resulted in an increase in T, of the
polymer matrix. For the PP-microfibre composites this increase was significant. This was
explained by the assumption that the cellulose fibres acted as efficient nucleating agents for the
crystallization of PP. The addition of cellulose fibres into PP caused only a marginal effect on the
melting temperature, and no correlation with the fibre content could be established. Ichazo et al.
[28] reported that when treated and untreated WFs were added to PP, the crystallisation
temperature (T.) increased. Addition of maleic anhydride grafted PP into the PP/WF composites
increased the T, even further. The melting temperature of the PP did not change, neither with the

addition of WF nor with the treatments.

2.3.3.2 Thermal stability

Joseph et al. [33] reported the TGA results of untreated and treated PP/sisal composites. Sisal
fibre was found to have three degradation processes (60-200 °C — dehydration as well as
degradation of lignin, and cellulose decomposition around 350 °C). The degradation of PP was
reported to be around 398 °C, and the addition of sisal fibre improved the thermal stability of PP.
It was concluded that this increase in thermal stability was due to improved fibre/matrix
interaction. Rosa and co-workers [34] studied the thermal stability of PP and PP/rice husk

composites, and they reported similar results as Joseph and co-workers. The composites showed
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two degradation steps: the first due to the husk degradation around 300 °C, and the second due to
the degradation of PP in the composites. The temperature of the maximum degradation rate of PP
in the composite was reported to be higher than that of the neat PP. They suggested that the filler
induced some kind of thermal stabilisation on the PP molecules. MAPP was reported not to have

any effect on the temperature of maximum degradation rate of PP.

Mamun et al. [36] used enzymatic (fungamix) and a combination of enzymatic and chemical
(natural digestion) methods to study the influence of abaca fibre reinforced polypropylene
composites. It was assumed in the TGA results that the total moisture content (free and bonded)
on the fibre was removed before 150 °C. The weight at 150 °C was considered as initial weight
and the starting decomposition temperatures of the fibres were defined at 2% weight loss. The
decomposition temperature of the fangamix treated fibres increased by 8 °C, and that of the
natural digestion treated fibre by 4 °C. These increases in decomposition temperatures were
reported to be due to the removal of smaller molecules from the fibre surface. Bledzki et al. [37]
observed that the thermal stability improved with increasing degree of acetylation. They reported
that the acetylated flax fibre showed the best thermal stability, which was the result of the

removal of wax, lignin and hemicellulose from the fibre surface.

Canetti ef al. [38] studied the effect of lignin, and its content, on the thermal degradation
behaviour of PP/lignin blends in oxidative and inert atmospheres. The morphology and the
supermolecular structure of the PP/lignin blends, prepared by melt mixing of the components,
were also investigated. In general, the thermal degradation temperature and the char yield
increased with an increase in the amount of lignin in the blend. The char is a carbon-based
residue that undergoes slow oxidative degradation. The increase in char yield was more
pronounced when the experiments were carried out in air, where the interactions between the PP
and the charring lignin led to the formation of a protective surface shield able to reduce the

oxygen diffusion towards the polymer bulk.
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2.3.3.3 Thermo-mechanical properties

Dynamic mechanical analysis has been used by many researchers to investigate the
morphological and viscoelastic properties of composites materials. The damping (tan 9J)
measurements give practical information on glass transitions (Ty) and other relaxations. The
storage modulus determines the materials’ stiffness. Yang et al. [39] studied the effect of
lignocellulosic filler and a MAPP compatibilising agent on the thermal properties and
viscoelastic behaviour of polypropylene bio-composites. They reported higher storage modulus
(E’) values for all the composites at all temperatures when compared to neat PP. The wood flour
(WF) composites were stiffer than the rice-husk flour (RHF) composites because of the higher
lignin and holocellulose content in WF. The increase in the E’ values was apparently caused by
the reinforcement effect of the lignocellulosic filler, which facilitated stress transfer across the
interface from the PP to the filler. The damping (tan 6) characteristics of the composites were
reported to decrease as the fibre loading was increased, while the incorporation of the natural
filler did not significantly affect the glass transition temperature. The compatibilized composites
showed more improved viscoelastic behaviour than the untreated composites because of

improved interfacial adhesion, thereby lowering the molecular mobility in the interfacial region.

Huda et al. [40] evaluated the mechanical and thermo-mechanical properties of recycled
newspaper cellulose fibre (RNCF)-reinforced PLA biocomposite materials, and they compared it
to those of similarly prepared PP composites. The composites were micro-compounded and
moulded, and had a cellulose content of 30 wt%. They found that the incorporation of the fibres
gave rise to a considerable increase in the storage modulus and a decrease in the tan 6 values for
both PP and PLA. This was due to the reinforcement imparted by the cellulose fibres that allowed
the stress transfer from the matrices to the fibre. Fung et al. [41] investigated injection moulded
sisal fibre reinforced PP composites. The weak sisal fibre/PP interface was improved by PP
maleation (MA-g-PP). A DMA evaluation of maleated and non-maleated composites was carried
out. They found that the E’ of PP increased in the presence of sisal fibre. The glass transition
temperature (T,) did not change as function of fibre loading. It was reported that the presence of

MAPP in the composites showed a shift of the tan 6 peak towards lower temperatures. This
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decrease in T, and was related to the stronger interfacial bonding between MAPP and the sisal

fibre.

Amash and Zugenmaier [35], in their analysis of cellulose filler (CF) reinforced isotactic PP,
found that the viscoelastic behaviour of PP was considerably affected by the presence of CFs. An
increase in the storage modulus (E’) and reduced damping values were observed with increasing
fibre content. This was due to reinforcement effects and interfacial adhesion between fibres and
matrix in the presence of MAPP. Mohanty et al. [42] did an extensive investigation into the
viscoelastic behaviour of PP/sisal fibre composite melts, both in steady and dynamic modes. The
variation of the linear viscoelastic properties of the composites at different angular frequencies
was also investigated. The steady state viscosity of the composites increased with the
incorporation of fibres. The composites treated with MAPP showed enhanced viscosity values
due to improved fibre-matrix adhesion. All the composites exhibited pseudoplastic characteristics
that can be represented by a power law equation. The swelling ratio of the PP decreased in the
composites, but the dynamic properties (G’, G”, #* and tan J) increased with reinforcement. An
investigation of the morphology of the extrudates revealed efficient fibre-matrix adhesion in the

treated composites.

2.4 Properties of natural fibre composites with biodegradable polymers

Biodegradable polymers can be classified into four families. The first family is agro-polymers
(e.g. polysaccharides) obtained from biomass by fractionation. The second and third families are
polyesters, obtained by fermentation from biomass or from genetically modified plants (e.g.
PHA, polyhydroxyalkanoate), and by synthesis from monomers obtained from biomass (e.g.
PLA, polylactic acid). The fourth family is polyesters that are totally synthesized by a
petrochemical process (e.g. PCL, polycaprolactone; PEA, polyesteramide; aliphatic or aromatic
copolyesters). A large number of these biodegradable polymers (biopolymers) are commercially
available. They show a range of properties, and they can compete with non-biodegradable
polymers in different industrial fields. Polylactic acid (PLA) products are mainly in packaging,
and it can be used in the production of plastic bags for household wastes, barriers for sanitary

products and diapers, planting cups, disposable cups and plates. PLA also finds uses in other less
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conventional applications, such as housing for laptop computers electronics. These days PLA
composites can also be used in automotive industry to manufacture an interior headliner (interior

ceiling) in automobiles [2,7,43-45]

Biodegradable plastics are becoming more important because environmental pollution by non-
degradable plastics has assumed dangerous proportions, especially in the developing countries.
Research efforts are currently focused on developing a new class of fully biodegradable ‘green’
composites. These are made by combining natural fibres with biodegradable matrices [2]. The
prefix ‘bio’ can only be attractive if material costs are moderate and customer acceptance can be
guaranteed. Therefore, biodegradable polymer composites or biocomposites which are in
competition with PP equivalents should be processed the same way as PP. They should also be
filled with comparable fibres, so that their properties will be evaluated comparatively.
Biomaterials should also be processed with comparable processing techniques. For this purpose,
the choice of tailor-made reinforcing fibres is of central importance [46-48]. Less work has been
done to study composites with matrices which originate from renewable raw materials. There are
many different polymers of renewable materials, for example poly(lactic acid), cellulose esters,
poly(hydroxyl butyrates), starch and lignin based plastics. The problems with these polymers
have been poor commercial availability, poor processability, low toughness, high price and low
moisture stability. The long-term properties of renewable materials are also very important,
especially if the products are not single use applications [49]. As these materials have limited
mechanical properties for several applications, and an increase in tensile strength can be achieved
by compounding them with fibres, provided that the fibres show a higher tensile strength and

Young’s modulus and a lower elongation than the matrix [17].

Poly(a-hydroxy acid) such as poly(glycolic acid), PGA, or poly(lactic acid), PLA, are crystalline
polymers with a relatively high melting point [2]. Recently PLA has been highlighted because of
its availability from renewable resources like corn. PLA is a biodegradable thermoplastic
polymer with good mechanical properties. It is produced on a large scale from the fermentation
of corn starch to lactic acid, and subsequent chemical polymerization. PLA can also be processed
in the same way as polyolefins [50]. Possible applications of PLA include food packaging for

meat and soft drinks, films for the agro-industry and non-wovens in hygienic products [51]. PLA
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is a crystalline polymer with a relatively high melting point, and it is a hydrophobic polymer
because of the incorporation of the CHj side groups. A viable method to improve the mechanical
properties and reduce the overall cost of biodegradable plastics is to use natural fibres as

reinforcements.

2.4.1 Morphology

Avella et al. [50] studied the interfacial adhesion of PLA/kenaf fibre composites with particular
attention to the effect of compatibilisation on the composites. Their SEM pictures showed that
the kenaf fibres were not wholly embedded into the PLA matrix in the uncompatibilised samples.
The fibres were also strongly damaged and some de-bonding phenomena was observed for the
uncompatibilised samples. This was apparently due to the poor fibre/matrix adhesion. An
improvement in the interfacial adhesion was observed for the compatibilised samples. The fibres
were welded into the PLA and the absence of voids indicated that no de-bonding phenomena
occurred. The reactive compatibilisation allowed a significant improvement in fibre/matrix

interfacial adhesion.

Huda et al. [52] observed different behaviour when they investigated the mechanical and thermo-
mechanical properties of wood fibre reinforced PLA. They reported that there was good adhesion
between the wood fibre and the PLA. The coupling agent MAPP had a negative effect on the
morphology of the PLA/wood fibre composites. Graupner [53] assumed that lignin strengthens
the bond between fibre and matrix. The author examined to what extent adding powdery lignin
changes the mechanical properties of cotton fibre reinforced PLA. Kenaf/PLA composites were
used as reference materials. The SEM analysis showed that adhesion between the fibre and
matrix, as well as between the individual layers of the multilayer webs, could be improved by the
presence of lignin. The untreated cotton/PLA composites showed clear delaminations of the
individual layers of the multilayer web, but fewer delaminations were observed in the lignin-

treated cotton/PLA. No delaminations were found in the kenaf/PLA composites.
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2.4.2 Mechanical properties

Duigou et al. [54] studied the recyclability of flax/PLLA studied the recyclability of flax/PLLA,
prepared through extrusion and injection moulding, and compare them with equivalent PP
composites prepared in the same way. The Young’s modulus of the flax/PLLA composites
increased, but the stress at break was not enhanced by the reinforcement. The strain at failure
decreased with increasing fibre content, which was caused by the poor fibre/matrix interaction
and the low aspect ratio of the fibres due length reduction during the injection moulding process.
Tao et al. [55] investigated the mechanical and thermal properties of ramie and jute fibre
reinforced PLA composites prepared by using a two-roll mill followed by melt pressing. The neat
PLA had a lower tensile strength than the composites. The increase in tensile strength was
explained as being the result of stress transfer from the matrix to the strong fibre. However, when
the amount of fibre was more than 30%, the tensile strength of the composites decreased to even
lower values than that of neat PLA. This was because the dispersion of the fibre in the PLA
matrix became bad. The tensile strength of the PLA/ramie composites was higher than that of the
PLA/jute composites. Elongation at break of the PLA-based composites decreased compared to

that of pure PLA, due to the bad dispersion of fibre in the matrix.

Huda et al. [40], in their investigation of recycled newspaper cellulose fibre (RNCF) reinforced
PLA biocomposites, found that the presence of RNCF improved the tensile modulus of PLA.
This indicated better stress transfer because of good interfacial adhesion between the polymer and
the fibre. However, the tensile strength at break of the PLA was reduced by the incorporation of
RNCEF. Ochi [56] investigated the most suitable moulding conditions, as well as the mechanical
and biodegradation properties of biodegradable composites using kenaf fibres as a reinforcement
in PLA. They reported that the tensile strength of kenaf fibres decreased at 200 °C. The tensile
strength of kenaf fibres heat-treated at 180 °C for 30 min was similar to that of the non-heat-
treated fibres. At 160 °C, the tensile strength of the heat-treated kenaf fibres did not decrease,
even with longer heating times. Based on these results, the processing temperature for the
fabricating of kenaf fibre-reinforced composites should be kept below 160 °C, 60 min or 180 °C,

30 min to prevent strength reduction due to thermal degradation.
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2.4.3 Thermal properties

2.4.3.1 Melting and crystallization

Methew et al. [57] focused on the crystallisation of PLA in the presence of different cellulose-
based reinforcements for heat treated and untreated samples (PLA, PLA/microcrystalline
cellulose (MCC), PLA/cellulose fibers (CFs), and PLA/wood flour (WF)). Generally the glass
transition temperatures (T,) were higher for all fibre reinforced samples. This showed that the
polymer relaxation was delayed due to the chain restriction as a result of increased crystallinity.
The cold crystallization was reduced in the presence of fibres due to the nucleating ability of the
reinforcement. Pilla ef al. [58] investigated the effect of adding epoxy-based chain extender (CE)
on the cell morphology and mechanical properties of solid and microcellular PLA. The chain
extender clearly separated the PLA melting peaks into two. This double melting peak was
attributed to the different crystalline morphologies obtained during the different crystallisation

processes such as melt-crystallisation (from cooling) and cold crystallisation.

A study by Huda et al. [40] revealed the nucleation ability of the RNCF on PLA crystallization.
An increase in the crystallization temperature with the introduction of the fibres was observed.
The glass transition temperature and crystalline melting point of PLA did not change after
reinforcement with RNCF. The crystallisation temperature of the RNCF-reinforced PLA
composites decreased as compared to neat PLA, which signifies that the cellulose fibres hinder
the migration and diffusion of PLA molecular chains to the surface of the nucleus in the
composites. Misra et al. [59] investigated the properties and processing of recycled newspaper
fibre as a possible reinforcement for ‘green’ composites. The crystallization enthalpy (AH,),
crystallization temperature (T.), and melting enthalpy (AH,,) changed with the addition of
cellulose fibres. T, and Ty, of the composites did not change significantly up to 30% fibre
content. Though T, for PLA matrix in the composites changed with increasing the cellulose
content, AH, remained nearly unchanged. These results suggest that cellulose fibres did not

significantly affect the crystallization behaviour of PLA up to 30% cellulose content.
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Duigou et al. [60] studied the mechanisms which govern the long-term durability of flax/PLLA
composites in a marine environment. Two preparation methods were used, (injection moulding
and film stacking). The sample used was 30/70 w/w flax fibre/PLLA in 60 L seawater at different
temperatures (4, 20, 40, 60 and 80 °C). They reported that the T, of PLLA was hardly affected by
the immersion, but that the melting enthalpy increased during the immersion at 20 and 40 °C. The
increase in AHp, was reported to be due to the crystallization phenomenon, but they also indicated
that it might be an indication of degradation due to ageing. The T, of the injection moulded
samples were lower (by 3 °C) than those of the film stacked samples, whereas their melting
enthalpy were higher (by 18 J g) after the immersion at 20 °C. This suggested higher
degradation for the injection moulded samples. They concluded that the influence of ageing was
significant in the injection moulded samples. The ageing caused a decrease in the T, of the

samples, which was greater at higher water temperatures.

2.4.3.2 Thermal stability

Huda et al. [61] reported that there are three stages of degradation for wood fibre (WF) namely;
cellulose, hemicellulose, and lignin. The degradation of neat PLA started at higher temperatures
than that of WF, and the thermal stability of the PLA decreased with an increase in the WF
content. This was concluded as an indication of the weak interfacial bonding, therefore, resulting

in the weak compatibility between the fibre and the matrix.

Lee et al. [59] investigated the mechanical and thermal properties, chemical structure and
morphology of PLA bio-composites as a function of kenaf fibre loading level and of silane
coupling agent concentration. In all of their TGA curves they observed two main degradation
regions. One was due to the thermal degradation of cellulose, hemicelluloses, and lignin in the
kenaf fibre, and the other at higher temperature was attributed to the depolymerisation of the
PLA. The onset of thermal decomposition of the bio-composites was slightly lower than that of
pure PLA, indicating that introduction of the fibres reduced the thermal stability. However, the
thermal stability of the silane treated bio-composites was slightly better than that of the untreated
ones. The residual mass of the biocomposites increased when 5 pph of silane was used. Tao ef al.

[55], in their investigation of ramie/PLA and jute/PLA composites, observed that the composites
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showed a lower degradation temperature than PLA. They reported that this might be due to the
decrease of relative molecular mass of PLA as well as the effect of incorporation of the fibres.
The explanation given by the authors for the decrease of the relative molecular mass seems not to
be satisfactory, as the conditions which were used to prepare the neat polymer and the composites

were the same. The effect of fibre in the degradation PLA matrix seems to be more reasonable.

2.4.3.3 Thermo-mechanical properties

The DMA results of RNCF reinforced PLA biocomposites showed that the incorporation of the
fibres gave rise to a remarkable increase in the storage modulus, and a decrease in the tan o
values [40]. The RNCF-reinforced PLA composites also had better damping characteristics than
neat PLA. The same authors investigated the influence of a coupling agent and processing
parameters on the mechanical properties of wood-fibre/PLA composites [58]. The samples were
prepared using a single screw extruder then followed by injection moulding. The incorporation of
WF into PLA gave rise to a considerable increase in the storage modulus (E’) and a decrease in
the tan o values. The addition of MAPP into the composites apparently reduced the E’ of these
composites. The DMA results of PLA/kenaf composites showed that both the storage modulus
(E’) and loss modulus (E”) increased with fibre content [50]. The highest E’ and E”
improvements were recorded for the compatibilised composites. They also observed a
pronounced decrease of the maximum value of the tan § as a function to the fibre content and
reactive compatibilisation. The temperature relative to the maximum of tan &, which corresponds
to the glass transition temperature (Ty), was also influenced by the reactive compatibilisation
procedure. The decrease in T, and the increase in E” and E” suggested that the compatibilisation

procedure was able to promote better fibre-matrix adhesion.

Lee ef al. [59], in their investigation of PLA/kenaf composites, observed that the glass transition
shifted to higher temperatures and broadened upon the incorporation of the kenaf fibres. The E’
values of the biocomposites were significantly higher than that of pure PLA over the whole
temperature range. Treatment with 3-glycidoxypropyl trimethoxy silane (GPS) further enhanced
the storage modulus values. The silane coupling agent was reported not to significantly affect the

dynamic mechanical properties of the samples. PLA/cellulosic short-fibre biocomposites showed
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higher storage modulus values than pure PLA [43]. The glass transition temperatures, derived
from the loss modulus curves, slightly shifted to higher temperatures, which is an indication of

restricted molecular movement because of better interaction between the fibre and the matrix.

2.4.4 Biodegradability of natural fibre/polylactic acid composites

Yang et al. [60] studied the biodegradation of plastics through laboratory-controlled composting,
in order to investigate the effect of the surface area of the plastics on their biodegradability. They
found that polypropylene (film and powder) can be safely used as a negative control for the
biodegradation tests. No degradation was observed over a period of 45 days. The biodegradation
of PLLA was very slow, and the profile of the accumulated amount of CO, was sigmoidal. The
reason for this slow degradation was that PLLA must first be hydrolysed abiotically to low-
molecular-weight substances [61]. Then the substance will be mineralized into CO, by microbes.
Due to the fact that few microbes are able to directly degrade PLLA, the degradation was slow.
The powder PLLA degraded faster than the film, and the film PLLA preserved its shape all
through the biodegradation test.

Lee et al. [62] studied biocomposites with designable interfacial properties from biodegradable
polymers. PLA and PBS were used as biodegradable polymers, and the reinforcement was
bamboo fiber (BF). Lysine-diisocyanate (LDI) was used as a bio-based coupling agent. The
weight of the samples decreased almost linearly with elapsed degradation time. The degradation
of pure PLA was slower than that of all the composites, indicating that BF improved the
degradation of the polymers. All composites treated with LDI coupling agent were more difficult
to degrade than those without. The reason for this is that the improved interfacial adhesion
between the polymer matrix and BF will reduce the area exposed to enzyme hydrolysis, resulting
in a decreasing degradation rate. The composting for less than two weeks was reported [56] to
have no effect on kenaf/PLA composites as no change was observed. The weight loss of
kenaf/PLA composites rapidly increased (38 %) upon composting for four weeks. The results
were reported to indicate the enzymatic degradation of the cellulosic chains in kenaf fibres
degrades fibre strength. In addition, fibres and polymer that experienced a decrease in

polymerisation degraded into water and carbon dioxide.
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Chapter 3

Experimental

3.1 Materials

3.1.1 Sisal fibre

Agave sisalana (sisal) fibre was obtained from the National Sisal Marketing Committee in
Pietermaritzburg, South Africa. It has a diameter range of 100-300 pm, average tensile strength of

490 MPa, average modulus of 11350 MPa, and elongation at break of 5%.

3.1.2 Polylactic acid (PLA)

PLA (Polylactide) polymer 3051D was supplied by Nature-Works LLC in Europe. The density of
the PLA was 1.25 g cm™, MFI (210 °C / 2.16 kg) of 10-25 g/10 min, relative viscosity of 3.0-3.5,
crystalline melting temperature of 150-165 °C, glass transition temperature of 55-65 °C, tensile

strength at yield of 48 MPa, and tensile elongation at yield of 2.5%.

3.1.3 Polypropylene (PP)

Polypropylene TIPPLENE H 116F homopolymer was supplied by the Tiszai Chemical Group Plc
in Hungary as opaque crystalline pellets. This is a high melt flow polymer that was designed for
fibres from medium to high spin speeds, as well as offer good homogeneity, stable extrusion and
excellent processability. It has the following properties: tensile strength at yield of 34.5 MPa,
MEFI (230 °C / 2.16 kg) of 25 g/10 min, and tensile elongation at yield of 10%.
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3.2 Methods

3.2.1 Preparation of composites

Two sample preparation methods were used, in each method the sisal was cut into 5 mm long
fibres, and dried in an oven at 130 for six hours to eliminate moisture absorbed. The PLA was
also dried in an oven at 85 °C for six hours before it could be used. PP was used directly from the
bag without drying. In the first method both the PLA and PP composites were prepared using a
Brabender PLASTICORDER PL 2100 extruder at 205 °C at the sisal fibre content of 2, 4 and 6
wt%. The granulated samples were injection moulded at the same temperature of 205 °C.

In the second method the PLA and PP composites with sisal fibre content of 1-3 wt% were
extruded at 190 °C. After the extrusion PLA/sisal granulated composites were placed in the oven
at 120 °C for three hours to recrystallize. After the annealing process the PLA samples were dried
in the oven at 85 °C followed by injection moulding at 190 °C. The PP and its composites were
injection moulded immediately after they were pelletized. Table 3.1 lists the compositions of the
samples prepared. An Arburg 320C Allrounder 600-250 injection moulder was used to prepare 2

mm thick and 80 x 80 mm flat sheet samples, and the injection moulding parameters were as

follows:

Injection volume 50 cm’

Swith-over point 12 cm’

Injection pressure 600-700-740 bars (1-2-3 wt% sisal content)
Holding pressure 600 bars

Holding time 20s

Cooling time 30s

Back pressure 30 bar

Melt temperature 190 °C/205

Mould temperature 20 °C
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Table 3.1

Compositions of the investigated samples

PLA/sisal PP/sisal PLA/Sisal PP/Sisal
(205 °C) (205 °C) (190 °C) (190 °C)
100/0 100/0 100/0 100/0
98/2 98/2 99/1 99/1
96/4 96/4 98/2 98/2
94/6 94/6 97/3 97/3

3.2.2 Optical microscopy (OM)

The optical microscope is a primary tool for phase identification. It enlarges an image by sending
a ray of light through the object, the condenser lens focuses the light on the sample and the
objective lens magnifies the ray, which contains the image to the projector lens so that the image

can be viewed by the observer [1-2].

A CETI (Belgium) optical microscope was used to study the fibre dispersion in the polymers, and

a 10x magnification was used for each composition.

3.2.3 Scanning electron microscopy (SEM)

The scanning electron microscope is an instrument that produces a largely magnified image that
uses electrons instead of light to form an image. A beam of electrons is produced at the top of the
microscope by an electron gun. The electron beam follows a vertical path through the
microscope, which is held in a vacuum. The beam travels through electromagnetic fields and
lenses, which focus the beam down toward the sample. Once the beam hits the sample, electrons
and X-rays are ejected from the sample. Detectors collect these X-rays, backscattered electrons,
and secondary electrons and convert them into a signal that is sent to a monitor screen, producing

the final image [2].

A Shimadzu ZU SSX-550 Superscan scanning electron microscope was used to study the fracture

surfaces of the samples. The samples were dipped in liquid nitrogen, broken using tweezers, and
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one broken piece was mounted on an aluminium SEM sample holder with glue. The mounted
samples were sputter coated with gold, under an argon gas flow for 20 minutes. The coated
samples were left to dry at room temperature for two hours before SEM could be performed. The

SEM analyses were done at 15 kV and at magnifications of 50, 100, 250 and 300x.

3.2.4 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a technique that provides information about the chemical bonding or
molecular structure of materials; determines the amount of components in the mixture, and
whether they are organic or inorganic. It is mostly used to characterize organic materials. The
technique works on the fact that bonds and groups of bonds vibrate at characteristic frequencies.
A molecule that is exposed to infrared rays absorbs infrared energy at frequencies that are

characteristic to that molecule.

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy is a technique
used for analysis of the surfaces of materials. It is suitable for the characterization of materials
which are either too thick or too strongly absorbing to be analyzed by transmission infrared
spectroscopy. ATR is commonly used to analyze solids, gases, and liquids. When an IR beam
travels from a medium of high reflective index (e.g. diamond crystal) to a medium of low
reflective index (sample), some amount of light is reflected back to the sample, and this results in

the IR spectrum of the sample.

FTIR-microscope is in principle the same as most optical microscopes. The IR radiation from the
spectrometer is directed onto the sample through the series of mirrors and lenses. The light
emerging from the sample is channeled into a detector, and then the picture of the sample is

viewed on the screen [3-5].
A Perkin-Elmer Spectrum 100 FTIR spectroscope fitted with a PIKE Miraclery ATR, equipped

with a diamond crystal, and a Perkin Elmer Multiscope FTIR microscope was used to study the

chemical bonding and molecular structure of the composites and polymers. The IR spectra were
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recorded between 4000 and 650 cm™ at a resolution of 8 cm™. A clean, empty diamond crystal

was used for the collection of background spectrum.

3.2.5 Differential scanning calorimetry (DSC)

DSC is a technique used to study the thermal transitions of a material during heating or cooling.
A thermal transition is the process whereby changes like glass transitions, melting, or
crystallization occur when the sample or material is heated or cooled at a controlled rate. A
differential scanning calorimeter consists of two compartments, the control side which contains
an empty aliminium pan, and the sample side with contains an aluminium pan with a sample (5-
10 mg). The DSC has to be calibrated before the samples can be run. Zinc and indium are
calibration standards with known onset temperatures and enthalpies of melting. Glass transition
temperature, melting temperatures and crystallization temperatures are some of the thermal

transitions that can be observed by DSC [6-7].

A Perkin-Elmer DSC 7 differential scanning calorimeter from Waltham, Massachusetts, USA
was the DSC instrument used to characterize the samples. The instrument was computer
controlled and the calculations were performed using Pyris software. All the analyses were
performed under nitrogen flow (20 ml min ™'). The onset temperatures of melting of zinc (419.5
°C), and indium (156.7 °C) standards, together with the melting enthalpy of indium (28.4 J g™),
were used for the calibration of the DSC instrument. The PP samples (5-10 mg) were analysed
from 25 to 180 °C at a rate of 10 °C min ', while the PLA samples were analysed from 25 to 160
°C at the same rate. The samples were heated, cooled, and reheated under the same conditions
mentioned above. Three samples from each composition were analysed. Only the second heating
scan was used to determine the melting enthalpies and temperatures. The crystallization

enthalpies and temperatures were determined from the first cooling scan.

3.2.6 Thermogravimetric analysis (TGA)

TGA is a technique mainly used to characterize the thermal stability, decomposition, and

degradation of materials under controlled conditions. TGA utilizes a highly sensitive
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microbalance and a quick response furnace. The balance is located above the furnace and is
thermally isolated from the furnace. A precision hang-down wire is suspended from the balance
into the furnace. At the end of the hang-down wire is the sample pan, and its position in the
furnace should be extremely reproducible. The data is recorded as a TGA curve of mass % or
mass as a function of time or temperature. Calibration of the machine is very important as it
gives correct onset temperature positions of the materials within a five percent error [6,8]. TGA

can be calibrated using Curie point standard materials.

The TGA analyses were carried out in a Perkin-Elmer TGA7 thermogravimetric analyzer, from
Waltham, Massachusetts, U.S.A. Nitrogen was used as the purge gas at the rate of 20 mL min™".
The samples (5-10 mg) were heated from 30 to 600 °C at a rate of 10 °C min"'. The TGA
instrument was computer controlled and the calculations performed on the curves were done

using Pyris software.

3.2.7 Dynamic mechanical analysis (DMA)

DMA is a technique used to determine changes in sample properties resulting from changes in
five experimental variables: temperature, time, frequency, force, and strain. DMA applies a small
sinusoidal stress or strain to the sample and causes a sinusoidal deformation of the sample. The
resulting stress or strain response is measured. The DMA analyses samples that can be in bulk
solid, film, fibre, gel, or viscous liquid form. Interchangeable clamps are employed to allow the
measurement of many properties including modulus, damping, creep, stress relaxation, glass
transitions, and softening points. It is particularly useful for measuring transitions in polymers

that cannot be detected by other techniques like DSC [9-13].
A Perkin-Elmer Diamond DMA was used in determining the thermo-mechanical properties of all

the samples. The samples, with the dimensions 50 x 12 x 1 mm, were analysed in the bending

mode and the parameters were as follows:

43



Start temperature -60 °C

Limit temperature 170 °C
Rate 5°C min™'
L amplitude 10 um
Minimum tension 300 mN
Tension force gain 1.5
Frequency 1 Hz

Force amplitude default value1000 mN

3.2.8 Tensile testing

A tensile test is a fundamental mechanical test where a carefully prepared specimen is loaded in a
controlled manner while measuring the applied load and the elongation of the specimen over
some distance. Tensile tests are used to determine the modulus of elasticity, elastic limit,
elongation, proportional limit, and reduction in area, tensile strength, yield point, yield strength
and other tensile properties. The main product of a tensile test is a load versus elongation curve

which is then converted into a stress versus strain curve [13-14].

A Hounsfield H5KS universal tensile testing machine was used to analyse the composites, and
dumbbell shaped samples were tested. The gauge length was 35 mm, and the extension speed 5
mm min”'. At least six samples were tested for each composition, and the results are presented as

an average for tested samples. Figure 3.1 illustrates a typical sample used for tensile testing.

80 mm

Figure 3.1 Dumbbell shape sample dimensions for tensile testing
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3.2.9 Biodegradation test

The biodegradability of the samples was tested by cutting five pieces (10 x 10 x 2 mm) from each
composition. The samples were dried in the oven at 80 for 4 hours and each sample’s mass was
recorded, and they were placed in labeled vials. All the vials were filled with distilled water,
sealed, and placed in an oven at 80 °C for 10 days. After every 2 days one of the five samples for
each composition was removed and rinsed with distilled water. The rinsed samples were then
dried in an oven at 80 °C for 2 days and the mass was recorded. The SEM analyses of the
‘degraded’ samples were carried out. The biodegradation was monitored by observing the
physical change and by monitoring the differences in mass of the specimens. Equation 3.1 was
used to calculate the mass remaining after immersion in water for 10 days. Wy is the weight of the
sample before immersion, W;j is the weight of the sample after immersion, and W (%) is the

percentage weight loss after immersion.

Wioss (%0) = Wo —W; / Wy * 100 (3.1)
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Chapter 4

Results and discussion

4.1 Optical and scanning electron microscopy

To test the matrix/fibre adhesion and composite morphology, polarized optical microscopy
(POM) and scanning electron microscopy (SEM) investigations were undertaken. The POM
pictures of the PLA and PP composites with sisal fibre are shown in Figure 4.1. For the PLA
composites the fibres generally seem to be well dispersed (Figure 1(a-c)), while the fibres in the

PP composites are also dispersed, but there seems to be some agglomeration.

The SEM micrographs in Figures 4.2 show that for the PLA composites there are some fibre
breakages (Figures 4.2(c) and 4.2(d)) and a minimal number of fibre pull-outs (Figures 4.2(¢e) to
4.2(h)). It seems as if some of the fibres at the fracture surface show the matrix covering their
surfaces. The presence of matrix coverage on the fibre surfaces, and the fibre breakages indicate
good interaction between the fibre and the matrix which results in better interfacial adhesion. The
gaps between the fibre and the PLA matrix in Figures 4.2(d) and 4.2(e) clearly indicate that the
fibre was trying to pull-out but that it could not, which also indicates good fibre/matrix
interaction. Huda et al. [1] investigated the mechanical and thermo-mechanical properties of
wood fibre reinforced PLA, and compared them with wood fibre reinforced PP composites that
were processed in the same way by a micro-compounding moulding system. They reported that
there was a good adhesion between the wood fibre and the PLA, and that the MAPP coupling
agent had no effect on the morphological properties of the PLA/wood fibre composites. This is in

line with our own observations.

The SEM photos in Figures 4.3(c) to 4.3(h) seem to show surprisingly good adhesion between
the hydrophilic sisal fibre and the hydrophobic PP polymer, which does not reflect in the
properties that will be discussed later in this chapter. Most of the fibres at the fracture surface are
still attached to PP. The fibre breakages and the seemingly lack of fibre pull-outs in all the
pictures seem to indicate good matrix/fibre adhesion. The reason for this may be that, at the high
temperature used for composite preparation, the viscosity of the PP (because of its high melt flow

index) was low enough for it to penetrate the pores on the fibre surfaces.
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Figure 4.1 POM photos of (a) 98/2 w/w PLA/sisal, (b) 96/4 w/w PLA/sisal, (c) 94/6 w/w
PLA/sisal, (d) 98/2 w/w PP/sisal, (e) 96/4 w/w PP/sisal, and (f) 94/6 w/w PP/Sisal
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Figure 4.2 SEM micrographs of the fracture surfaces of PLA ((a) 100x magnification &
(b) 300x magnification), the 99/1 w/w PLA/sisal composite ((c) 100x magnification & (d)
300x magnification), the 98/2 w/w PLA/sisal composite ((¢) 100x magnification & (f) 300x

magnification), and the 97/3 w/w PLA/sisal composite ((g) 100x magnification & (h) 300x

magnification)
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Figure 4.3 SEM micrographs of the fracture surfaces of PP ((a) 100x magnification &
(b) 300x magnification), the 99/1 w/w PP/sisal composite ((¢) 100x magnification & (d) 300x
magnification), the 98/2 w/w PP/sisal composite ((¢) 100x magnification & (f) 300x
magnification), and the 97/3 w/w PP/sisal composite ((g) 100x magnification & (h) 300x

magnification)
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4.2.  Fourier transform infrared (FTIR) spectroscopy

To examine the existence and the type of interfacial bond in the composites, FTIR experiments
were performed and compared with those of the neat PP and PLA at the range from 4000 to 650
cm’'. The regions of interest for PLA and the composites are 1780 and 1680 cm™ for the C=0O
stretch, and 3600-3000 cm™ for the O-H stretch. The peaks at about 1750 and 1180 cm™, which
belong to the C=0 stretching and the C-O-C stretching of PLA, are clearly visible in all the PLA
spectrums (Figures 4.4 and 4.5). The O-H band around 3500 cm™ for the as prepared PLA and
the PLA/sisal composites (Figure 4.4) is very small and it does not increase as the fibre load was
increased. The intensity of the C=0 stretch (1750 cm™) for the as prepared samples increased a
little when compared to the C=O for the annealed samples (Figure 4.5). This may be attributed to
the fibres being degraded during the processing time as the temperature used was above 200 °C
for the injection moulding [3-4]. The O-H band for the annealed neat PLA and the PLA/sisal
composites became more pronounced and broader, and shifted to slightly lower wavenumbers, as
the fibre content was increased. This is probably due to the “free” hydroxyl groups that are now
engaged in hydrogen bonding [2]. There is a development of a small peak just below the carbonyl
peak at 1650 cm™. This is an O-H peak that originated from the unresolved hydroxyl group
bending of the absorbed water usually carried by cellulose [5-6].

Figure 4.6 shows the FTIR spectra of the PP and the PP/sisal composites that were prepared in
the same way as the as prepared samples of PLA above. The same observations can be made in
terms of the O-H band, which does not show due to the probability of fibre degradation. In this
case the matrix PP does not have a carbonyl group, so the only carbonyl should be from the sisal
fibre. The only change in this case is the appearance of weak carbonyl group (1750 cm™) band
for the sample with the highest sisal content in the spectrum of the 94/6 w/w PP/sisal sample. The
spectra in Figure 4.7 are for the PP and PP/sisal composites that were prepared at the same
temperature as that used for the annealed PLA samples. The spectra of the composites all show a
C=0 peak around 1750 cm™, and another peak at 1648 cm™ which increased in intensity as the
fibre content increased. The peak at 1648 cm™ is the same O-H peak as that observed in Figure
4.5 that originated from the unresolved hydroxyl group bending of the absorbed water [5]. The
peak around 3350 cm™ is the O-H band that is found in sisal fibre.
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Figure 4.4  FTIR spectra of PLA and its composites at 2, 4 and 6 wt% sisal content
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Figure 4.5  FTIR spectra of annealed PLA and its composites at 1-3 wt% sisal content
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Figure 4.6  FTIR spectra of PP and its composites at 2, 4 and 6 wt% sisal content
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4.3 Thermogravimetric analysis (TGA)

The TGA curves for all the samples are shown in Figures 4.8 to 4.11, and the temperatures at 20
and 70% mass loss are summarized in Table 4.1. One of the goals when incorporating sisal fibre
into the two polymers was to increase the temperature region in which PLA and PP can be useful
[7]. Sisal fibre loses moisture around 100 °C. The degradation of the sisal fibre is a two-step
degradation process as indicated by the two mass loss steps at 285 and 357 °C. The first step is
due to the thermal depolymerization of hemicellulose and the glycosidic linkages of cellulose.
The second step is due to the cellulose decomposition which produces a relatively high char
residue [8-12]. For both the unannealed and annealed PLA samples only one degradation step
was observed for the neat polymer and for the composites, and the thermal stability increased
with increasing sisal content, as can be seen in the increase in Ty values in Table 4.1. It seems as
if the surrounding polymer protected the fibre from lower-temperature degradation, and as if the
interaction between the fibre and the polymer retards the degradation process and/or restricts the

diffusion of volatile degradation products out of the sample.
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Figure 4.8 TGA curves of as prepared PLA and PLA/sisal fibre composites prepared at
205 °C
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The annealed PLA starts degrading at a higher temperature than the unannealed sample, and the

increase in degradation temperature with increasing sisal content is not so significant (Figure 4.9

and Table 4.1). Lim et al. [13] reported that annealing PLA at temperatures above the glass

transition temperature and below the melting temperature increases the crystallinity of PLA and

improves its thermal stability. My DSC results, reported and discussed in the next section, clearly

indicate a higher crystallinity for the annealed PLA, and the improved thermal stability in my

case can therefore also be linked with this higher crystallinity.

Table 4.1 TGA results of all the investigated samples

Sample Ts0e, / °C Trge, / °C
PLA (as-prepared) 344.8 348.4
Sisal 318.5 382.3
98/2 w/w PLA/sisal 351.7 358.7
96/4 w/w PLA/sisal 349.8 362.3
94/6 w/w PLA/sisal 350.9 363.9
PLA (annealed) 345.0 368.7
99/1 w/w PLA/sisal 352.2 375.1
98/2 w/w PLA/sisal 350.5 374.2
97/3 w/w PLA/sisal 349.9 372.9
PP(205 °C) 377.9 417.0
98/2 w/w PP/sisal 428.3 454.6
96/4 w/w PP/sisal 430.6 458.2
94/6 w/w PP/sisal 4353 459.5
PP(190 °C) 387.9 427.9
99/1 w/w PP/sisal 439.7 467.6
98/2 w/w PP/sisal 443.8 469.6
97/3 w/w PP/sisal 446.5 469.6
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The degradation of sisal in the composites was not observed as a separate step (Figures 4.8 and
4.9), and we assume that this was due to the small fibre contents and the good interaction
between the fibre and PLA. Huda et al. [14] investigated the morphology and mechanical
properties of wood fibre reinforced PLA in the presence of a maleic anhydride modified
polypropylene (MAPP) coupling agent. They reported that the presence of wood fibre decreased
the thermal stability of the PLA, which according to them was due to the weak interfacial
bonding between the fibre and the matrix, leading to a weak compatibility. This is different from
our findings which show that adding sisal fibre to PLA increased the degradation temperature of
PLA. Avella et al. [15] studied the interfacial adhesion in PLA/kenaf fibre composites with
particular attention to the compatibilisation effect in the composites. They reported that the
MAPP compatibilised and uncompatibilised PLA/kenaf composites showed a single degradation
step, and that neither the fibre nor the compatibiliser had any effect on the thermal degradation
temperatures of PLA. The reason given was the comparable degradation temperatures of kenaf
and PLA. Lee and co-workers [16] found that the incorporation of bamboo fibre in a PLA matrix
significantly affected the thermal degradation temperature of PLA. Their composites showed
lower thermal degradation temperatures (more than 50 °C differences) compared to neat PLA.
The reason given was the decrease in molecular weight of the PLA by the high knitting
temperature (180 °C).
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Figure 4.9 TGA curves of PLA (annealed at 120 °C) and PLA/sisal fibre composites
prepared at 190 °C
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Pure PP shows a single degradation step around 383 °C, while the composites show two
degradation steps. The small mass loss around 330 °C is the result of the degradation of sisal
fibre, while the major step around 440 °C is the result of the degradation of PP. The degradation
temperatures of the composites significantly increase with an increase in the fibre content
(Figures 4.10 and 4.11). Salemane et al. [17] reported the same behaviour when PP was filled
with wood flour (WF) at different WF particle sizes (<38 and 300-600 um). The composites with
<38 um particle size showed a one step thermal degradation at temperatures higher than that of
the PP and the WF. The composites prepared with 300-600 pm WF particles also showed an
increase in thermal degradation temperature, but two degradation steps were observed. This was
attributed to the higher PP crystallinity in the presence of the filler. In our case the DSC results
show a decrease in crystallinity in the presence of sisal fibre for the samples processed at 205 °C.
Completely different DSC results were observed for the samples processed at 190 °C, as the
crystallinity increased with an increase in sisal fibre content. The fibre probably started degrading
at higher temperatures because of the thermal protection by the thermally more stable PP that
surrounded the fibre. The increased thermal stability of the PP is probably because the presence
of fibre might have (i) immobilised the free radicals formed during the initiation of the
degradation of the polymer chains, and (ii) the inhibition of the diffusion of volatile degradation
products because of the interaction with the fibre. The thermal degradation temperatures of the
samples prepared at 205 °C are lower than the ones for the samples prepared at 190 °C. This can
be attributed to the partial degradation of the fibres at the higher preparation temperature used
during the processing. This is confirmed by the FTIR results which show the disappearance of the
-OH peak for the samples prepared at 205 °C.
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Figure 4.10 TGA curves of PP and PP/sisal composites prepared at 205 °C
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4.4  Differential scanning calorimetry (DSC)

Figures 4.12 and 4.13 and Table 4.2 show the DSC results of the as prepared and annealed PLA,
as well as of the PLA/sisal composites prepared at 205 °C and 190 °C. The glass transition
temperature seems to decrease observably with increasing fibre content for the as prepared
composites. This is not something which is generally observed for natural fibre composites, and
an explanation is not immediately apparent. However, there are publications that claim that the
fibre, at low contents, may act as a plasticizer in the polymer matrix [18-19]. This behaviour may
also be linked with the partial degradation of the fibre at this temperature, because similar
behaviour was not observed for the samples prepared at the lower temperature (Table 4.2). The
cold crystallisation (exothermic transition around 130 °C) for the as-prepared samples did not
change much with an increase in sisal fibre content. The melting temperature (Ty,) of these
samples increased marginally with an increase in sisal fibre content (Figure 4.12 and Table 4.2).
This shows that the crystal sizes slightly increased in the presence of sisal fibre, indicating that
the fibres may have acted as nucleating agents. Only one melting peak was observed for the as-
prepared samples. This shows that only one type of crystalline structure was present in the

composites.

Table 4.2 DSC results of all the investigated PLLA and PLA/sisal composite samples

Sample (205 °C) Ty /°C Twm/°C
PLA(as prepared) 60.0 = 0.1 150.4+£0.3
98/2w/w PLA/sisal 60.1 0.4 151.1+£0.2
96/4w/w PLA/sisal 59.1+£0.2 151.0+0.1
94/6w/w PLA/sisal 55.6+0.1 1524+ 1.4
Sample (190 °C)

PLA(annealed) 63.7+0.5 153.9+0.5
99/1 w/w PLA/sisal 63.4+0.2 170.1+0.5
98/2 w/w PLA/sisal 63.1£0.2 1654 +£0.8
97/3 w/w PLA/sisal 63.2+0.3 156.0+ 1.3

Glass transition temperature(T,); Peak temperature of melting (Tr,)
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Figure 4.12 DSC heating curves of as prepared PLA and PLA/sisal fibre composites

prepared at 205 °C

The results of the annealed PLA samples are shown in Figure 4.13. The glass-transition, cold
crystallisation, and melting of the samples are clearly observed in the curves. The glass transition
of the annealed neat PLA shows a sharp transition called a hysteresis peak. This happens mostly
with annealed semicrystalline polymers. The reason for this endothermic hysteresis peak is not a
lowering of the enthalpy of the polymer due to annealing, but a change in the kinetics of
unfreezing [20]. The sharpness and the intensity of the hysteresis peak decrease in the presence of
the sisal fibre. This is the indication that the presence of fibre in some way changed the
morphology of the amorphous fractions in the polymer during the cooling process. The glass
transition of the annealed PLA samples is higher than that of the as-prepared samples, and it did
not change for the fibre composites (Table 4.2). The reason for this is that the annealing produced
more, and more perfect, crystals that acted as physical crosslinks and reduced the mobility of the

amorphous fraction in the polymer.
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Figure 4.13 DSC heating curves of PLA (annealed at 120 °C) and PLA/sisal composites

prepared at 190 °C

The exothermic transition around 110 °C is due to the cold crystallization of PLA, and it is sharp
and well resolved for the sample containing 1 wt% of sisal fibre. This peak shifts to higher
temperatures and also decreases in intensity with further increase in the sisal fibre content. The
fibres can either act as nucleation sites for the crystallization of the polymer, or restrict the
mobility of the polymer chains. These two actions may always be present when a polymer is
cooled in the presence of well dispersed short fibres. When only 1% of sisal fibre was present, the
nucleation by the short fibres was probably dominant, giving rise to a large extent of cold
crystallization and the formation of two melting peaks. This is an indication of two crystal
fractions (meta-stable and perfected crystals) [20] formed during the original cooling of the
sample and the subsequent cold crystallization. As the fibre content increased (2 wt%), the cold
crystallisation peak intensity decreased and it shifted to higher temperatures. The intensity of the
second melting peak also decreased, and both melting peaks shifted to lower temperatures. This
indicates that the immobilization effect became more dominant. At higher fibre content (3 wt%)
the cold crystallisation peak shifted to even higher temperatures and its intensity decreased

significantly, and the second melting peak completely disappeared. This shows that the

62



immobilization effect was even more dominant, but the fact that the melting temperature for this
composite was still higher than that of neat PLA shows that some fibres still acted as nucleating

agents.

Lezak et al. [21] worked with PLA mixed with different natural fillers and reported that the cold
crystallisation peak shifted to higher temperatures as the filler content increased. Further
additions of the fillers diminished the appearance of the cold crystallisation peak, but they could
not explain why that was happening. Both Lezak ef al. [21] and Masirek et al. [22] observed a
double melting peak when they have filled PLA with natural fillers. They reported that the
presence of the two melting peaks has in the past been attributed to lamellar reorganization,
which was likely the result of less stable crystals formed at relatively low temperatures. Pilla et
al. [23] investigated the effect of adding an epoxy-based chain extender (CE) on the cell
morphology and mechanical properties of solid and microcellular PLA. They reported that the
presence of CE separated the melting peak into two individual peaks. This was attributed to the
different crystalline morphology (e.g. thickness of the lamellar structure and size of the
spherulites) obtained during different crystallization processes such as melt-crystallization (from

cooling) and cold crystallization.

The melting enthalpy calculations should have been done by subtracting the enthalpy of the cold
crystallisation peak from that of the melting peaks. The cold crystallisation peaks for most of the
samples were ill-defined, and therefore it was decided not to report or discuss any changes in

enthalpies or total crystallinities.

Figures 4.14 to 4.17 illustrate the DSC heating and cooling curves, and Table 4.3 summarizes the
DSC results, for PP and the PP/sisal fibre composites prepared at 205 °C and 190 °C. Figure 4.14
shows that the Ty, and the broadness of the PP melting peak decreases with an increase in fibre
content. This decrease in Ty, is probably due to a decrease in the average crystallite size, while
the narrowing of the peaks indicating a narrower crystal size distribution. The experimental
melting enthalpies were lower than the calculated ones, indicating a lower total crystallinity for
the composites. All these observations can be explained assuming that the short fibres act as

nucleation sites for the formation of smaller, but more equally sized PP crystals. The lower total
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crystallinity of PP in the composites is probably the result of some immobilization of the PP

chains by the well-dispersed sisal fibres.
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Figure 4.14 DSC heating curves of PP and PP/sisal composites prepared at 205 °C

The crystallisation temperature (T.) values of the PP in the PP/sisal fibre composites that were
prepared at 205 °C (Figure 4.15) increased with increasing sisal fibre content. This indicates that
the fibres acted as nucleating agents, hence the PP in the composites started crystallizing at
higher temperatures. Normally, upon cooling, the polymer will crystallize at a given temperature,
and an effective nucleating agent will cause the T. of the polymer to increase, because
crystallization will start earlier during the cooling process. This behaviour can be explained by

the fibre surfaces acting as nucleation sites for the crystallization of the polymer matrix [24].
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Table 4.3

DSC results of all the investigated PP and PP/sisal composite samples

Sample (205 °C) AH,™P / J g™ AH, ™/ J ! Tm/ °C
PP 65.5+0.5 65.5 166.4 + 0.3
98/2 w/w PP/sisal 63.2+0.1 64.8 165.9+ 0.6
96/4 w/w PP/sisal 61.2+0.9 64.2 164.0+0.2
94/6 w/w PP/sisal 54.8+0.7 63.5 162.4 +0.3
AHS /) g AHS™ €/ J g™ T./°C
PP -90.8+0.6 -90.8 107.6 + 0.4
98/2 w/w PP/sisal 90.6 + 1.0 -90.0 1122+0.3
96/4 w/w PP/sisal -86.8+0.4 -89.0 113.0+0.3
94/6 w/w PP/sisal -853+1.7 -88.1 114.1 £ 0.1
Sample (190 °C) AH,™ /J g AH, ™/ J g T/ °C
PP 63.2+2.3 63.2 1659+ 1.9
99/1 w/w PP/sisal 65.7+7.5 62.6 168.0+2.8
98/2 w/w PP/sisal 70.0 + 1.8 61.9 167.7+0.8
97/3 w/w PP/sisal 71.3+5.1 61.3 1677+ 1.4
AH™? /) gt AH 1 J g™ T./°C
PP 91.7+0.8 91.7 112.1+0.6
99/1 w/w PP/sisal -9534+1.6 -90.8 120.6 £ 0.2
98/2 w/w PP/sisal 875+ 1.3 -89.9 120.3+0.9
97/3 w/w PP/sisal 89.8 + 1.7 -89.0 1202 + 0.8

Peak temperature of melting (T,,); Melting enthalpy (AH,,); Peak temperature of crystallization (T.);
Crystallization enthalpy (AH,),
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Figure 4.15 DSC cooling curves of PP and PP/sisal composites prepared at 205 °C

The DSC results of the PP/sisal composites prepared at 190 °C are totally different from those
prepared at 205 °C. In this case the melting temperatures of the composites are higher than that of
pure PP, and the experimental melting enthalpies are higher than the calculated ones. There is not
such a narrowing of the melting peaks, and there is also a much bigger difference between the
crystallization temperature of pure PP and those of the composites. The only differences between
these two sets of samples are (i) the compounding and injection moulding temperatures, and (ii)
the possibility that polypropylenes from different batches were used for the preparation of the
composites. Since the composites were prepared in a collaborator’s laboratory in Hungary, we
could not confirm whether the same PP was used for all the composite preparations. Since sisal
starts degrading at 200 °C, it is quite possible that the slightly degraded fibre interacted less
strongly with the PP in the case of the samples prepared at 205 °C, and as a result was less

effective as a nucleating agent.
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Figure 4.16 DSC heating curves of PP and PP/sisal composites prepared at 190 °C
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4.5 Dynamic mechanical analysis (DMA)

Figures 4.18 to 4.29 show how the addition of different contents of sisal fibre influenced the
storage modulus (E’), loss modulus (E’’) and damping factor (tan 6) of PLA, PP and their
respective composites. The storage modulus (E’) below the glass transition of PLA changed with
the fibre content for both the PLA systems (as prepared and annealed samples). The as prepared
PLA composites exhibit larger E’ values than the neat PLA. This is due to an increase in the
stiffness as a result of fibre reinforcement [8,25]. The E’ for the annealed PLA is even higher
than those of the as prepared samples (neat PLA and composites) due to the annealing process
which increased the crystallinity of the PLA. In this case the presence of fibre did not further
increase the modulus in this temperature range. Mathew et al. [25] studied the crystallisation of
PLA in the presence of different cellulose-based reinforcements. They reported that the heat
treatment was not expected to result in 100% crystallinity, but that the crystalline regions might

restrict the chain mobility. Therefore the introduction of fibre decreased the stiffness.

The sharp decrease in the storage modulus (around 59-63 °C for most of the samples) for both the
as prepared and annealed samples, corresponds to the a-relaxation of the amorphous regions in
PLA [25]. The glass transition temperature (T,) for as prepared samples shows no correlation
with the sisal fibre content, so no specific trend was observed. The T, for the annealed samples
seems to increase with increasing sisal fibre content. This shows that the presence of fibre
restricts the segmental motion of the polymer chains. The storage modulus started to increase
again at temperatures around 100 °C for both systems, which is the result of the cold
crystallization which is typical for PLA [26], and which was also observed in the DSC curves.
The decrease in modulus at temperatures around 140 °C indicates the softening of the sample

before the onset of melting, which was observed from 140 °C in the DSC curves.
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Figure 4.18 DMA storage modulus (E’) as function of temperature of as prepared PLA
and PLA/sisal fibre composites prepared at 205 °C
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Figure 4.19 DMA storage modulus (E’) as function of temperature of PLA (annealed at
120 °C) and PLA/sisal fibre composites prepared at 190 °C
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Figures 4.20 and 4.21 show the temperature dependence on the E’ for neat PP and its composites
for samples prepared at 205 °C and at 190 °C. In both the systems the E’ increased when sisal
fibre was introduced in the respective system. The increase in the E’ indicates an increase in the
stiffness of the polymer, which may be the result of a restriction in the segmental motion. The E’
of the samples prepared at 190 °C are much higher than those for the ones prepared at 205 °C.
There is no apparent reason for this, except that different polypropylenes may have been used in
the preparation of the respective composites. Possible reasons for this have been discussed in the
DSC section 4.4. The E’ of all the PP and composite samples show more significant decreases

starting around -5 to 0 °C. This is related to the glass transition of PP [27].
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Figure 4.20 DMA storage modulus (E’) as function of temperature of PP and PP/sisal
fibre composites prepared at 205 °C
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Figure 4.21 DMA storage modulus (E’) as function of temperature of PP and PP/sisal
fibre composites prepared at 190 °C

The loss modulus curves of the as prepared PLA and its composites show a general decrease in
glass transition temperature (T,) with increasing sisal fibre content (Figure 4.22). This shows that
the segmental motion increased in the presence of fibre. The reason for this is not immediately
apparent, but it is possible that the fibre in some way plasticized the PLA matrix, as have already
been discussed in DSC and tensile results sections 4.4 and 4.6 respectively. The T, of the
annealed PLA (Figure 4.23) samples slightly increased with the increasing fibre content, which
shows that the segmental motion of the PLA was restricted in the presence of the fibre [8,26].
This is a more common and expected observation, but the change is too small to conclude that the

fibres had a significant influence on the polymer chain mobility.
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Figure 4.22 DMA loss modulus (E”) as function of temperature of as prepared PLA and
PLA/sisal fibre composites prepared at 205 °C
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Figure 4.23 DMA loss modulus (E”) as function of temperature of PLA (annealed at 120 °C)
and PLA/sisal fibre composites prepared at 190 °C
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The loss modulus curves (Figure 4.24) for the PP samples prepared at 205 °C show a T, around 9
°C for the neat PP, and this temperature decreases for the fibre containing samples. This may
indicate that the partially degraded sisal fibres act as a plasticizer, increasing the mobility of the
PP chains. In the case of the samples prepared at 190 °C (Figure 4.25) the T, of the fibre
containing samples are observably higher than that of the pure PP. This may be characteristic of a
better interaction between the PP and the fibre, which is probably the result of a different PP used
in the preparation of these composites. As already mentioned above and in other sections, we
could not conclusively establish whether the same PP from the same batch was used for the

preparation of the composites at 205 °C and at 190 °C.
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Figure 4.24 DMA loss modulus (E”) as function of temperature of PP and PP/sisal fibre
composites prepared at 205 °C
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A larger area under the a-relaxation peak in the tan o curves of a polymer indicates that the
molecular chains exhibit a higher degree of mobility, thus better damping properties [23]. The
area under this peak (at about 67 °C) for both the as prepared and annealed PLA composites
(Figures 4.26 and 4.27) seems to be slightly larger for the fibre composites, and shows no
specific trend with increase in the fibre content. There is very little difference between the peak
temperatures of this peak for the PLA and the composite samples, and there is no increasing or
decreasing trend with increasing fibre content, which indicates that at these levels the fibre had
very little influence on the chain mobility in the amorphous phase of PLA. The broad transition
(between 75 and 120 °C for as prepared samples and between 90 and 130 °C for the annealed
samples) for all the samples relates to the cold crystallisation of PLA in this temperature region.
The high intensity transition in the as prepared samples (Figure 4.26) clearly indicates that there
is a large amorphous content in the polymer. Annealing considerably reduced the amount of
amorphous material, and the extent of cold crystallization is much smaller for these samples

(Figure 4.27).
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Figure 4.26 Damping factor (tan o) as function of temperature of as prepared PLA and
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Figure 4.27 Damping factor (tan d) as function of temperature of PLA (annealed at 120
°C) and PLA/sisal fibre composites prepared at 190 °C
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All the PP and PP/sisal composite curves show two relaxation peaks at about 15 °C and 70 °C.
The low-temperature peak is related to the B-transition of the amorphous fractions of PP, and is
taken as the glass transition. The higher temperature peak corresponds to the a-transition related
to the PP crystalline fractions [28]. There is very little difference between the peak temperatures
and intensities of the P-transition for the samples prepared at 205 °C (Figure 4.28). The a-
transition seems to disappear for the fibre containing composites, indicating that some fibre may
have been located in the interlamellar amorphous regions, giving rise to immobilization of these
polymer chain sections. For the annealed samples the composite B-transitions are observed at a
slightly higher temperature than that of the pure PP (Figure 4.29), which indicates an
immobilization effect of the fibre on the PP chains. The a-relaxation peak is observed for pure PP
and all the composite samples, indicating that the fibre was more concentrated in the pure
amorphous phase of the polymer, because it had very little influence on the interlamellar chain

mobility.
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Figure 4.28 Damping factor (tan o) as function of temperature of PP and PP/sisal fibre
composites prepared at 205 °C
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Figure 4.29 Damping factor (tan 6) as function of temperature of PP and PP/sisal fibre
composites prepared at 190 °C

4.6 Mechanical properties

In Figure 4.30 the effect of sisal fibre content on the tensile modulus of PLA is shown. The
tensile modulus of PLA remained fairly constant within experimental error (Table 4.4). Since the
tensile analyses were performed at room temperature, which is below the Tg of PLA, the polymer
already had a high modulus and the addition of sisal fibre (especially at these small contents) is

not expected to significantly change the tensile modulus of the polymer [18-19].
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Figure 4.30 Tensile modulus as function of sisal fibre content for PLA and its composites

The tensile strength of PLA decreased (Figures 4.31 and 4.32) when sisal fibre was introduced.
This means that the small fibre loadings could not impart reinforcement, and that the fibres acted
as defect centres because of poor stress transfer across the interface. The reason for this is
insufficient interfacial bonding between the reinforcing fibre and the polymer matrix, although
the SEM and FTIR results indicated interaction and intimate contact between the fibres and the
PLA matrix. Krishnaprasad et al. [29] investigated the influence of micro-fibrils from raw
bamboo on polyhydroxybutyrate (PHB) biocomposites. They reported that the tensile strength
was found to decrease at lower fibre loadings, and that the microfibrils were insufficient to
reinforce the PHB matrix, but rather acted as flaws or stress concentration points. Joseph et al.
[18] also reported that at low fibre content the fibres may act as flaws in the matrix, reducing the

tensile strength of the composite.

78



56

54
52
50
o j
S 484
T 46
2
> ] \ /
= 444
2 j
2 424
D 404
38
36
T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Sisal content / wt%

Figure 4.31 Stress at yield as function of sisal fibre content for PLA and its composites
Table 4.4 Tensile results of all the investigated samples
Sample 6y / MPa g/ % o/ MPa /% E / MPa
PLA 528+20 | 82+04 |[453+19 | 127+1.7 | 791+37
99/1 w/w PLA/sisal | 452+13 | 7.5+03 | 443+16 | 8.0+03 745 + 39
98/2 w/w PLA/sisal | 43.6+3.2 | 74+0.2 | 42.7+33 | 8.0=+0.1 736 =71
97/3 w/w PLA/sisal | 45.3+15 | 7403 | 44316 | 81+0.7 807 +20
PP 294+19 | 11.9+£0.6 | 303+2.7 | 938+72 361 £22
99/1 w/w PP/sisal | 29.4+0.5 | 11.3£03 | 258404 | 174+13 | 605+ 15
98/2 w/w PP/sisal | 28.4+0.6 | 10.7£0.8 | 25.1+2.0 | 15.7+3.4 | 615+35
97/3 w/w PP/sisal | 28.0+0.9 | 10.5+04 | 245+1.2 | 16.2+1.2 | 614+29

Modulus (E), stress at yield (o), elongation at yield (&), stress at break (o), elongation at

break ()
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The elongation at yield and at break (Figure 4.33 and 4.34) decreased with an increase in fibre
content. This is a normal observation for short fibre filled composites, because the fibres restrict
the matrix from elongating by forming stress concentration points. Mathew et al. [26], in their
studies of PLA reinforced with microcrystalline cellulose (MCC), reported a reduction in
elongation with the addition of fibres into a thermoplastic polymer matrix as a common trend
observed in these types composites. This is due to the change of the material from tough to being

stiffer after the incorporation of the cellulose fibre.
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Figure 4.32  Stress at break as function of sisal fibre content for PLA and its composites
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Figure 4.33 Elongation at yield as function of sisal fibre content for PLA and its
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Figure 4.34 Elongation at break as function of sisal fibre content for PLA and its
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It is well known that a strong effect cannot be obtained if the interfacial interaction between the
non-polar polypropylene (PP) matrix and the polar sisal fibre is not strong enough. On the other
hand, rigid fillers such as fibres are usually added into polymers to reinforce the matrix by
bearing the load [30]. The tensile properties of the PP samples filled with different contents of
sisal fibres are summarised in Table 4.4. The effect of sisal fibre loading on the tensile modulus
of the PP composites is shown in Figure 4.35. The effect of adding sisal fibre to PP produced a
significant increase in the tensile modulus, even at the lowest fibre content of 1%. The tensile
modulus of PP almost doubled from 360 to 615 MPa. This is a common phenomenon in
composites reinforced with cellulose fibres [16,19]. Since the sisal fibre is stiffer; it increases the

stiffness in the polymer matrix resulting in an increase in the composite modulus [31].
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Figure 4.35 Tensile modulus as function of sisal fibre content for PP and its composites

It is evident that incorporation of fibres in the matrix had little effect on the tensile strength at
yield of PP (Figure 4.36). An observable decrease in tensile strength at break is observed with
increasing fibre content (Figure 4.37), which can be explained on the basis of poor adhesion

between the polar sisal fibres and the non-polar PP [32]. The lack of interfacial bonds causes
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inefficient load transfer from the matrix to the fibres. In fact, the fibres disturb the continuity of

the matrix and act as defect centres, instead of reinforcing it.
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Figure 4.36 Yield stress as function of sisal fibre content for PP and its composites

Figure 4.39 shows the effect of fibre content on the elongation at break of the composites. Even
at 1% sisal fibre content there is a significant decrease in elongation at break. This can be
explained by the fact that the sisal fibres act as defect centres for crack initiation and suppress the
ability of the PP matrix to undergo a plastic deformation process. It appears that the behaviour of

the PP matrix shifted from ductile to brittle in the presence of sisal fibre
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Figure 4.39 Elongation at break as function of sisal fibre content for PP and its

composites

4.7  Biodegradability through hydrolysis

The mass loss results of PLA and PP samples after being immersed in distilled water at 80 °C for
ten days are shown in Figures 4.40 and 4.41, and the percentage mass loss is summarized in
Table 4.6. The mass loss of neat PLA and its composites initially increased fast (Figure 4.40), but
the rate of increase decreased as time progressed. A total mass loss of 46% was observed for neat
PLA after ten days. At this point the neat PLA sample was very soft and it was difficult to decant
water and rinse the sample without losing some material, therefore the experiment was
discontinued after ten days. This mass loss was due to the removal of PLA from the surface upon
biodegradation. In PLA biodegradation, moisture susceptibility is the primary driving force and
involves the following four steps: water absorption, ester cleavage forming oligomers,
solubilization of oligomer fractions, and diffusion of bacteria into soluble oligomers [26,33-34].

The mass loss of the composites followed the same trend and show mass loss values within the
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same order of magnitude as those of neat PLA. The observed mass loss is due to the removal of
the PLA matrix on the surface as a result of biodegradation [4], together with the removal of
some substances from the sisal fibre during the immersion. Chow et al. [35] studied the effect of
water absorption (at 90 °C) on the mechanical properties of sisal fibre/polypropylene (SF/PP)
composites. They reported that the mass loss of the composites was due to the removal of certain
fractions from the sisal fibre during the water immersion. They analysed the samples’
morphology before and after immersion by using SEM. The results of the tensile broken samples
before immersion showed that the fibre was intact in the PP matrix. For the samples immersed in
the hot water for 72 h, serious de-bonding between the fibre and the matrix was observed, but the
sisal fibre did not show any signs of degradation. After 216 h immersion, the interface between
the SF and PP was totally removed, a significant portion of the lignin and hemicellulose had been
leached out, and the sisal fibre showed micro-fabrillation. Lee and co-worker [16] studied the
biodegradation of PLA/bamboo fibre (BF) and they reported that the degradation of PLA was
slow but enhanced in the presence of BF. The SEM results indicated that most of the matrix was
degraded even though the degradation time was short. Shibata er al. [36] studied the
biodegradation of PLA/abaca fibre, and reported higher mass loss of the untreated fibre
composites compared to the neat polymer. They could not conclude whether the biodegradation
of the matrix polymer was promoted by the presence of abaca fibre. However, they did not
exclude the possibility that the presence of the highly hydrophilic fibre promoted the
biodegradation of the matrix, probably by an action of hydrolytic depolymerisation.

No degradation was anticipated for PP during the immersion in water at 80 °C. The neat
polypropylene (PP) showed no mass loss up to ten days of immersion (Figure 4.41). All the
PP/sisal fibre composites showed less than 1% mass loss after ten days, which is probably due to
limited degradation of the fibre on the sample surface. The fibre in the bulk would have been
protected by the surrounding PP. This mass loss of the PP composites was significantly lower
than those of the PLA and its composites. Unfortunately there was not enough material to analyse

several samples of the same composition in order to obtain statistically reliable results.
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Figure 4.40 Loss in weight of PLA and PLA composites in water at 80 °C for ten days

Table 4.5 Percentage mass loss of the PLA, PP and their composites after exposure in

water at 80 °C

Sample 2 days 4 days 6 days 8 days 10 days
PLA 9.5 32.2 37.5 45.2 46.5
99/1 w/w PLA/sisal 14.9 24.2 32.5 37.6 40.3
98/2 w/w PLA/sisal 14.5 28.9 36.1 40.4 43.2
97/3 w/w PLA/sisal 20.0 29.1 37.8 43.9 44.5
PP 0.0 0.0 0.0 0.0 0.0
99/1 w/w PP/sisal 0.0 0.0 0.2 0.6 0.4
98/2 w/w PP/sisal 0.00 0.1 0.1 0.1 0.2
97/3 w/w PP/sisal 0.0 0.1 0.1 0.2 0.2

87



1.0

—H-PP
1 —V¥—99/1 w/w PP/sisal
98/2 wiw PP/sisal
0.8 { —%—97/3 wiw PP/sisal
e 0.6
@ |
2]
o
w 0.4 \
(%]
©
= j
0.2
*
004 % ¥ n n n
T T T T T T T T T T
0 2 4 6 8 10
Time / days

Figure 4.41 Loss in weight of PP and PP composites in water at 80 °C for ten days

The SEM micrographs of the surface of the biodegraded samples immersed in water at 80 °C for
2, 8 and 10 days are displayed in Figures 4.42, 4.43 and 4.44 respectively. The neat PLA at 2
days show only some small cracks, but the cracks become larger when the sisal fibre content
increases. This shows that fibre enhance the biodegradability of PLA. Figure 4.42 (d) show the
exposed fibre after the PLA matrix has been eroded. The exposed fibre also show some
disintegrated parts in which the fibrils are formed. Figure 4.43 shows the samples that were
immersed for 8 days, and the cracks for the neat PLA are propagating with the increase in
immersion time. The composites at fibre content 2 and 3 wt% (Figure 4.43 (c) and (d)) show the
collapsed surface of the samples. This indicates that the fibre itself degrade in the process of
immersion in water at 80 °C, therefore, resulting in further biodegradation of the PLA matrix.
Figure 4.44 (a) shows visible lines and pores that were formed on the surface of neat PLA during
the increase in immersion time (10 days). In this figure the composites surface is almost
completely collapsed. More damaged fibres are exposed, showing that the fibres undergone

severe degradation.
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Figure 4.42 SEM micrographs of the biodegraded surfaces of PLA ((a) 99/1 w/w

PLA/sisal (b) 98/2 w/w PLA/sisal (c) and the 97/3 w/w PLA/sisal (d) 200x after 2 days of

immersion.
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Figure 4.43 SEM micrographs of the biodegraded surfaces of PLA ((a) 99/1 w/w

PLA/sisal (b) 98/2 w/w PLA/sisal (c) and the 97/3 w/w PLA/sisal (d) 200x after 8 days of

immersion.
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Figure 4.44 SEM micrographs of the biodegraded surfaces of PLA ((a) 99/1 w/w
PLA/sisal (b) 98/2 w/w PLA/sisal (c) and the 97/3 w/w PLA/sisal (d) 200x after 10 days of

immersion.
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Chapter S

Conclusions

The aim of this project was to compare the properties of a biodegradable polymer (PLA) and a
non-biodegradable polymer (PP) as matrices, in the presence of sisal fibre as the reinforcement.
The effect of the presence and amount of fibre on the morphology, thermal, and mechanical
properties as well as biodegradability, was studied in order to find if synthetic, non-biodegradable
polymer (PP) composites can be substituted by biodegradable (PLA) composites. The most

important factor is to find a perfect replacement with the same or very similar properties.

The morphology of the PLA/sisal fibre composites was studied, and it was found that there was a
good interaction between the fibre and the polymer matrix. Fewer fibre pull-outs or debonding
were observed, and there was also hydrogen bonding as determined by FTIR. Because of this
interaction in the PLA/sisal composites there was an increase in crystallinity with increasing fibre
content in the composites. The melting temperature of both the annealed and un-annealed
samples increased with an increase in fibre content, and it was more evident in the annealed
samples. The glass transition temperature of as prepared PLA samples decreased with an increase
in the fibre content. The glass transition temperature of annealed samples was higher than that of
the as prepared samples, and it did not change for the fibre-containing samples. The Young’s
modulus and tensile strength of PLA did not chance much in the presence of sisal fibre. The fibre
played a role in decreasing the toughness of the matrix as the elongation at break decreased in the
presence of fibre. The storage modulus of the annealed PLA did not change much in the presence
of the fibre, as the modulus was already high due to the annealing process. In the case of as
prepared PLA the storage modulus increased with an increase in fibre content. The
biodegradation of PLA was almost 50% in just ten days, and the presence of the fibre seemed to

have enhanced this biodegradation process.

Unexpected good adhesion was observed in the PP/sisal fibre composites, because only a few
fibre pull-outs were observed in the SEM pictures, but this interaction could not be confirmed by

FTIR. The presence of fibre increased the melting temperature, cystallisation temperature as well

95



as the enthalpy of melting of the PP samples prepared at 190 °C. This showed that the
crystallinity of the PP increased in the presence of sisal fibre. The opposite was observed for the
PP samples prepared at 205 °C, as the presence of fibre decreased the melting temperature, and
the enthalpy of melting. The thermal stability of both PPs increased in the presence of sisal fibre,
and it was more significant for the samples prepared at 190 °C. The storage and Young’s modulus
of the PP samples increased as a result of presence of the stiffer sisal fibres, with the Young’s
modulus almost double. The PP composites showed little (> 1%) or no biodegradation after 10

days of immersion in water at 80 °C.

Both the PLA and PP composites showed similar morphologies as indicated by the SEM results.
Better polymer-fibre interaction was observed for the PLA composites, and this was confirmed
by the FTIR results. The differences in thermal properties of the PP samples prepared at different
temperatures (190 and 205 °C) could be due to the partial degradation of fibre at higher
temperatures, although it was more probably the result of two different batches of PP used in the
preparation of the composites. If the properties of the comparable PLA and PP composites are
compared, it is clear that the PLA and PP composites melt at very similar temperatures, although
the PLA has a higher glass transition temperature than PP. If processing is at temperatures close
to or above the melting temperature of the polymer, then PLA can substitute PP in the
preparation of these composites. Although the PP composites seem to be thermally more stable
than the PLA composites, both of them are thermally stable at least up to 330 °C, which is
sufficient for most applications. Except for the elongation at yield and break, which is lower for
the PLA than for the PP composites, the PLA composites generally show better tensile properties
than the PP composites. On a balance of properties it is possible that PLA composites containing
small amounts of sisal fibre can replace equivalent PP composites in a number of applications.
The biodegradation of PLA is its biggest attribute, and therefore PP can be replaced by PLA as a
matrix in a number of applications (packaging, household, and disposable products), especially
where environmental concerns are important as almost all the properties are the same, with an

additional property of environmental friendliness of PLA.
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Figure A.7  Stress-strain curves of 98/2 w/w PP/sisal
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Figure A.8  Stress-strain curves of 97/3 w/w PP/sisal
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