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Abstract

In recent decades, scientific research giving more attention to the development of bio-
based polymer composites due to the extensive usage of petroleum based fillers as
well as polymer matrices for the generation of polymer composites. It is a well-known
fact that the petroleum derived polymer composites raise inevitable issues such as
environmental pollution, waste management and depletion of petroleum resources etc.
So it is important to develop fully or partially biodegradable polymer composites
without compromising the mechanical, physical and thermal properties which are
required for the end use applications. In this investigation, two different types of filler
materials such as sisal fibres and halloysite nanotubes were used to prepare PLA
polymer composites and their morphology, physical, mechanical, dynamic
mechanical, thermal, water absorption and biodegradable properties were studied.
This work also involves the preparation and properties of polypropylene composites
reinforced with sisal fibres and halloysite nanotubes to compare the mechanical and

thermal properties with PLA composites.

First, surface treatment was performed for sisal fibres in order to remove the
amorphous materials such as hemicellulose, lignin and pectin from the surface of the
fibres which enhances the fibre-matrix interfacial strength and mechanical properties
of the fibres and their polymer composites. Sisal fibres were subjected to different
surface treatments such as alkali, high intensity ultrasound (HIU), and the
combination of alkali and HIU and their effects on the morphology, fibre diameter,
moisture absorption, mechanical and thermal properties of untreated and surface
treated sisal fibres were studied. Fourier transform infrared spectroscopy (FTIR) and

field emission scanning electron microscopy (FE-SEM) results confirmed the removal



of amorphous materials after the combined treatments of alkali and ultrasound.
Moisture absorption and diameter of the sisal fibres were significantly reduced by 40
and 200% respectively after the combination of alkali and HIU treatment as compared
to untreated sisal fibres. TGA results revealed that the thermal stability of sisal fibres
obtained with the combination of alkali and HIU treatment significantly increased by
38.5 °C as compared to the untreated fibres. Tensile properties of single fibre showed
a reduction in the tensile strength and modulus by 25% and 26% respectively as
compared to the untreated sisal fibre owing to surface treatments. A reduction in the
tensile properties is mainly due to the removal of amorphous materials from the

surface of sisal fibres which act as binding materials for cellulose.

Second, the effect of different surface treatments on the morphology, mechanical,
thermal, water absorption and biodegradable properties of sisal fibres reinforced PLA
(SF/PLA) composites has been investigated. For this, different ratio of untreated and
surface treated sisal fibres was mixed with PLA polymer matrix by using an internal
mixer. Compounded materials from the internal mixer were subjected to compression
moulding to prepare the test specimens. FE-SEM analysis confirmed the good
dispersion of different surface treated SF in the PLA composites. The tensile strength
and modulus increased by 10 and 75.4% for 15 wt% and 30 wt% of fibre loading
respectively with the combined treatment of alkali and HIU PLA composites as
compared to the untreated fibre reinforced PLA composites. Young’s modulus of the
composites has also been predicted by using the theoretical models which fit well to
the obtained experimental values. Dynamic-mechanical analysis (DMA) revealed that
the combination of alkali and HIU treated SF/PLA composites showed an increase in
the storage modulus by 15% and 30% as compared to the untreated fibre composites

and pure PLA respectively. TGA and DSC analysis revealed that the thermal stability



and crystallinity increased significantly for the PLA composites reinforced with sisal
fibres of combined treatment of alkali and HIU. Water absorption study showed a
considerable reduction in the water absorption and coefficient of diffusion by 136%
and 130% respectively for the combination of alkali and HIU treated SF/PLA
composites as compared to untreated SF/PLA composites. The degradation of SF/PLA
composites was studied by composting the samples into the soil. A significant weight
loss of 17.87% could be observed for the addition of 30 wt% of untreated SF/PLA

composites after soil composting for 120 days.

Apart from sisal fibres, halloysite (Hal) nanotubes were also used as reinforcement
fillers to study their effectiveness in improving the mechanical and thermal properties
of PLA nanocomposites. Hal nanotubes were surface modified with 3-
aminopropyltriethoxysilane (APTES) to enhance the surface interaction of Hal
nanotubes with PLA and to achieve good dispersion of Hal nanotubes across the PLA
matrix. Nitrogen adsorption-desorption, FTIR and TGA analysis results were
confirmed the successful modification of Hal nanotubes surface with APTES. The
different wt% of unmodified and APTES modified Hal-PLA nanocomposites were
prepared by using internal mixer and compression moulding machine. The resultant
Hal-PLA nanocomposites were characterized for their morphology, thermal,
mechanical and dynamic-mechanical properties. Tensile strength increased to 62.6
MPa with the addition of 4 wt% of APTES modified Hal-PLA nanocomposites which
is 26.5% higher than pure PLA and 15% higher than unmodified (4 wt%) Hal-PLA
nanocomposites. Impact strength of 4 wt% APTES modified Hal-PLA
nanocomposites increased by 20% and 40% as compared to unmodified Hal-PLA
nanocomposites and the pure PLA respectively. TGA analysis revealed that the

thermal stability increased significantly by 17 °C with the addition of 4 wt % of



APTES modified Hal nanotubes onto PLA. Storage modulus increased by more than
10% with the addition of 4 wt% of APTES modified Hal nanotubes as compared to

pure PLA.

To compare the PLA composites with conventional polymer matrix composites,
composites of polypropylene (PP) were prepared by reinforcing with sisal fibres and
Hal nanotubes and the effect of surface treatment of sisal fibres and surface
modification of Hal nanotubes on the mechanical and thermal properties of SF/PP and
Hal-PP nanocomposites were studied. Tensile properties were increased for the
combined treated SF/PP composites as compared to the untreated and pure PP. Tensile
modulus and strength increased by more than 50% and 10% respectively as compared
to the untreated SF/PP composites. TGA and DSC results revealed that the
combination of alkali and HIU treatments increased the thermal stability and
crystallinity by 8 °C and 8% respectively as compared to untreated SF/PP composites.
DMA analysis confirmed the significant enhancement of storage modulus for the
combined treated SF/PP composites by 50% as compared to pure PP. Mechanical and
thermal properties were studied for unmodified and APTES modified Hal nanotubes
reinforced PP nanocomposites. The investigations suggest that the mechanical
properties of APTES modified Hal-PP nanocomposites were found to be superior to
the unmodified Hal-PP nanocomposites. The tensile strength and modulus increased
by 31 and 72% with the addition of 6 wt% of APTES modified Hal-PP
nanocomposites as compared to pure PP. Impact strength also increased by 44% than
pure PP with 6 wt% loading of APTES modified Hal nanotubes. Thermal analysis
revealed that the thermal stability and percentage crystallinity increased by 15 °C and

22% respectively for the Hal-PP nanocomposites with surface modification by

Vi



APTES. DMA analysis shows the improved storage modulus by 28% as compared to

pure PP.

Based on the present work, it can be said that the sisal fibres and Hal nanotubes have
potential as reinforcing materials in the generation of fully bio-based polymer
composites. However, surface treatments and/or modification were playing an
important role in order to tune the required mechanical and thermal properties of the
polymer composites. This study also proved that in comparison to the conventional
polymer matrix materials such as PP, PLA is a strong competitor with respect to its
good mechanical properties and improved thermal stability apart from the fact that
PLA is one of the best known biodegradable and biocompatible polymer matrices in
the current market to use not only in medical application, but also in various

commercial applications such as packaging, automotive and home appliances.
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CHAPTER I

Introduction

1.1 Background

Polymer composite materials are playing an important role in our day-to-day life from
aerospace industries to common household applications due to their low density, high
strength, easy processability, easy availability and more importantly low cost as
compared to metal matrix composites. However, extensive usage of petroleum based
fibres such as glass fibres, Kevlar fibres, carbon fibres, and phenolic based fibres etc.
as reinforcement fillers in the generation of polymer composites raises many issues
such as depletion of petroleum resources, waste management due to non-degradable
fillers and matrices used and environmental pollution etc. Thus, it is important to
develop fully or partially biodegradable polymer matrices as well as fillers to produce
the biodegradable polymer composites to combat the above-mentioned challenges

(Raquez et al., 2013).

Currently researchers focus on the development of bio-derived polymer matrix and
filler materials to produce biodegradable polymer composites. Poly (lactic acid) or
Polylactide (PLA) is one such polymer matrix with high potential to replace many
conventional synthetic polymer matrices. It is derived from the renewable resources
such as corn, starch and sugarcane (Raquez et al., 2013). PLA is getting wide
attention owing to its attractive mechanical properties, recyclability, biocompatibility
and biodegradability (Wu et al., 2013; Arrieta et al., 2014). However, PLA has
limitations of low thermal stability, low toughness and extreme brittleness (Pandey et

al., 2005; Lim et al., 2008). It is therefore necessary to improve the mechanical and
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thermal properties of PLA when we aim for specific applications more importantly on

a large scale (Raquez et al., 2013).

To overcome the limitations of PLA, it is necessary to incorporate different types of
filler materials into PLA matrix. Natural fibres and natural clay materials are the two
different types of fillers which are highly cost-effective and offer many benefits such
as improved mechanical and thermal properties of the composites, easy processing,
light weight, recyclability, biodegradability and biocompatibility. Over the last few
decades, natural fibres are emerging as one of the best reinforcing fillers in the
production of polymer composites due to their properties that are environmentally
favourable (Dittenber and Gangarao, 2012). Some of the important properties of
natural fibres as compared to their synthetic counterparts are ready availability with
low cost, good mechanical properties, low weight, eco-friendly, biocompatibility and

biodegradability (Azwa et al., 2013).

Natural fibres are derived from plant based materials such as banana, hemp, sisal, jute,
kenaf blast, flax, bamboo, palm sugarcane, date etc. (Sudhakara et al., 2013; Sutka et
al., 2013; Saba et al., 2016). Amongst all cellulosic fibres, sisal fibres are the well
accepted natural fibres to use them as reinforcing fillers in the generation of polymer
composites due to their higher cellulosic content (>78%), high stiffness and good
tensile strength (>600MPa). Sisal fibres are hard and stiff and are extracted from the

leaves of sisal plant (Li et al., 2000).

However, unlike many other synthetic fibres, natural fibres have limitations due to
their hydrophilic nature which causes incompatibility with hydrophobic nature of
polymer matrices to use them as reinforcing fillers. This is mainly due to the presence

of amorphous materials such as hemicellulose, lignin, pectin and other waxy materials



on the surface of natural fibres. These amorphous materials have the tendency of
absorbing moisture which leads to a significant reduction in the mechanical, thermal
and structural properties of natural fibre reinforced polymer composites (John and
Thomas, 2008). Thus, it is important to remove the amorphous materials from the
surface of natural fibres in order to achieve the targeted mechanical, thermal and
structural properties depending on the end use applications. Surface treatment is often
the used method in the removal of amorphous materials which enhances the
interfacial adhesion between the reinforcing fillers and polymer matrices which leads

to improved mechanical and thermal properties of the composites (Kabir et al., 2012).

It has already been proved that the incorporation of nanofillers onto PLA matrix
increases crystallization ability, elongation and thermal properties. The incorporation
of exfoliated graphite onto PLA matrix increased the tensile strength and thermal
stability by 12% and 14 °C respectively as compared to pure PLA (Evagelia et al.,
2011; Kim and Jeong, 2010). The clay based nanofillers as plasticizer are good
substitutes which also improved the thermal properties of PLA more than 20% as

compared to pure PLA (Liu et al., 2013).

1.2 Problem statement

In recent years, there are growing concerns of environmental pollution due to
extensive usage of synthetic polymer composites which are derived from petroleum
resources. These synthetic polymer composites are completely non-degradable which
cause a huge threat to environment. Since these polymeric materials are non-
degradable, waste management is the major issue. It is reported that more than 275
million metric tons of plastic wastage is getting generated from 192 countries in

which around 12 million metric tons entering to the ocean every year (Jambeck et al.,



2015) which cause severe environmental pollution. Another major problem by using
the petroleum based polymers is the depletion of petroleum resources. It is therefore
important to develop fully or partially biodegradable polymer composites in order to

overcome the above-said environmental issues.

1.3 Scope of the work

PLA is an important biodegradable polymer which has good tensile properties,
biodegradability, biocompatibility and derived from renewable sources such as corn,
starch etc. However, PLA has major drawbacks such as high brittleness, lower impact
strength, low thermal stability and high cost as compared to conventional polymers
which cause limitations to its usage in many technical applications. The main scope of
this work is to improve the mechanical and thermal properties of PLA with the

incorporation of different types of fillers.

Among many natural fibres, sisal fibres are gaining good attention owing to their
good tensile strength, easy availability, low density, low cost and biodegradability.
However, sisal fibres are hydrophilic in nature due to the presence of amorphous
materials on the surface of fibres which cause incompatibility between sisal fibres and
polymer matrix leading to a major issue in employing the sisal fibres as fillers in the
generation of PLA polymer composites. Amorphous materials from the surface of
sisal fibres can be removed by using different surface treatments which are effective
in removing the amorphous materials and enhance the interfacial adhesion between

sisal fibres and polymer matrices.

On the other hand, halloysite (Hal) nanotubes are naturally occurring aluminosilicates
having the formula, Al,Si,Os (OH)4.nH,O. Their tubular structure in nano dimension

with high aspect ratio makes them as unique materials to be used as fillers in the



generation of clay-polymer nanocomposites (CPN). However, similar to other
nanoparticles, dispersion of Hal nanotubes into polymer matrix is challenging (Kim
and Jeong, 2010; Raquez et al., 2013). Modification or functionalization of nanofillers
IS a way to enhance their dispersion into polymer matrix. Functionalization of Hal
nanotubes can enhance the surface properties and leads to good dispersion into PLA
matrix of the CPN. Surface modification of Hal nanotubes with different types of
silane coupling agents is the most common method to improve the surface properties
of Hal nanotubes. This method is referred as the grafting of silanes and is carried out
via condensation between hydrolysed silanes and surface hydroxyl groups of Hal
nanotubes. The modification of Hal nanotubes with silane coupling agent enhanced
the dispersion of Hal nanotubes into polymer matrix and improved the mechanical

properties and thermal stability of the resultant nanocomposites (Rooj et al., 2010).

1.4 Objectives:

®,

% To study the effect of different surface treatments such as alkali, high intensity
ultrasound (HIU) and the combination of alkali and HIU treatments on the
removal of amorphous materials from the surface of sisal fibres and
characterising the structural and morphological changes of sisal fibres. This
study also involves the investigations of crystallinity, thermal stability and
tensile properties of untreated and different surface treated sisal fibres.

% To prepare sisal fibre reinforced PLA composites and to study the effect of

alkali, HIU and the combination of alkali and HIU surface treatments on

morphology, mechanical, thermal, water absorption and biodegradability
properties of sisal fibres reinforced PLA biocomposites. This study also
involves the theoretical predications of Young’s modulus of the effect of

different surface treatments of sisal fibres reinforced with PLA biocomposites.
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s To study the effect of silane coupling agent i.e., 3-Aminopropyltriethoxy
silane (APTES) on the surface of Halloysite (Hal) nanotubes and
characterising APTES modified Hal nanotubes and their PLA nanocomposites
for their structural modifications, morphology, mechanical and thermal

properties.

X/
°

To study the effect of different surface treatments of sisal fibres and their
polypropylene (PP) composites on their morphological, mechanical, thermal

and water absorption properties.

X/

% To investigate the effect of APTES modified Hal nanotubes on the
mechanical, dynamic mechanical, thermal and water absorption properties of

PP nanocomposites reinforced with Hal nanotubes.

1.5 Outline of the thesis:

This thesis consists of nine chapters. Chapter one is the introduction which describes
the background and objectives of the present study and also summarises the outline of
the thesis. Chapter two consists of a comprehensive literature review which addresses
the relevant background of the present work. Chapter three gives the details of
materials, experimental procedures and characterisation techniques used in this
investigation. Chapter four represents the results and discussion of the effects of
different surface treatments such as alkali, HIU, and the combination of alkali and
HIU treatments on the structural, mechanical and thermal properties of sisal fibres.
Chapter five deals with the results and the detailed discussion of the effect of fibre
surface treatments and fibre loading on the morphology, mechanical, physical,
thermal, water absorption properties as well as the biodegradability of sisal fibres
reinforced PLA composites. Chapter six describes the results and discussion of the

effect of surface modification on the morphology, structural changes and thermal
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properties of APTES modified Hal nanotubes. This chapter also deals with the results
and discussion of the effect of surface modification and filler loading on the
morphological, mechanical and thermal properties of Hal nanotubes reinforced PLA
nanocomposites. Chapter seven gives the results and detailed discussion of the
morphological, mechanical, thermal and water absorption properties of untreated and
different surface treated sisal fibre reinforced PP composites. Chapter eight presents
the results and discussion of the effect of APTES modified Hal nanotubes on the
morphology, mechanical and thermal properties of PP composites reinforced with Hal
nanotubes. Chapter nine draws the conclusions of this investigation and also gives the

suggestions for the further investigation on this specialised area.



CHAPTER II

Literature Review

2.1 Polymer composites

Composites are combining and orienting of two or more different materials to achieve
superior properties which is a well-known and proven concept. There are many
examples for natural composites such as teeth, bones, bird feathers and plant leaves.
Composites can be produced with ceramics, metal or polymers which are used as
matrices and for the reinforcement phases different fibres can be used such as
ceramic, metallic or polymeric (Malhotra et al., 2012). However, a more common

classification relates to whether they are synthetic or natural (Gibson, 2010).

Polymer composites are low in strength and stiffness compared to metallic and
ceramic composites but their density is low and are easily formed. The reinforcing
phase of a composite can be either fibrous or particulate, the difference being that a
particle has almost equal dimensions in all the directions, whilst a fibre has a greater
length than its cross-sectional area and both of these reinforcements have been used to
produce composites. Fibre materials are receiving much attention in recent years due
to their high tensile strength and young’s modulus, low density and ability to give
better mechanical and thermal properties to end use applications. In the fibre
reinforced composite materials, fibres are used to carry the loads while the matrices
are used to bind the fibres together. Many fibre reinforced polymer matrix composites
offer a combination of strength and stiffness that are comparable to, or even better

than some of the traditional metallic composite materials (Tjong, 2013).



Different types of fibrous materials are used in the reinforcement phase of the
composites in order to get good mechanical properties. Generally fibres are classified
as natural and synthetic fibres. Few examples of synthetic fibres are carbon, acrylic,
phenolic, aramid and glass fibres. Synthetic fibres are strong and stiff as compared to
natural fibres (Diez-Pascual et al., 2014). However, synthetic fibres have drawbacks
such as high density, non-degradability, non-biocompatibility and also concern about
depletion of petroleum resources, waste management issues etc., so it is important to
develop biodegradable and renewable fibre materials such as natural fibres as

reinforcement fillers in the polymer composites (Mantia and Morreale, 2011).

The use of natural fibres as reinforcement fillers in the polymer composites to replace
conventional fibres like glass is the current trend. The usage of natural fibres gives
much attention to the materials engineers mainly because of the growing
environmental issues and advantages of natural fibres over their conventional
counterparts (Koronis et al., 2013a). In the last few years, research activities are
focussing on the application of natural fibres as reinforcement materials in the
polymer composites. The use of natural fibres in the generation of polymer
composites offers many advantages such as economically cheaper, their ability to
recycle and their good mechanical properties by which they compete with many

synthetic fibres (John et al. 2008).

2.2 Natural fibres

Natural fibres can be derived from plant, animal and minerals. General classification

of natural fibres is shown in Fig. 2.1. Plant or cellulosic fibres are the most commonly

used natural fibres in the generation of fibre reinforced polymer composites.

According to literature, apart from the wood based fibres, there are more than 1000



different types of natural fibres are available (Mwaikambo and Ansell, 2002). Natural
fibres can be extracted from different parts of the plant such as stem, leaves, fruits etc.
Fibres which are extracted from the stem are called as bast fibres. Few examples of
bast fibres are hemp, Ramie, Kenaf, flux, jute etc. Sisal, pineapple and abaca are the
common leaf fibres (Dittenber and Gangarao, 2012). Since the last two decades, the
production of natural fibres is being increased significantly due to awareness that non-

renewable resources are getting depleted.

Natural fibres
Animal fibres Plant fibres Mineral fibres
l—‘—l Asbestos
wool silk
Bast fibres Leaf fibres Seed fibres Wood fibres
e.g Flax, Hemp, e.g. Sisal, Banana, e.g. Cotton, e.g. Softand Hard
Jute, Ramie, Abaca, Henequen Kapok, Coir, oil wood
Kenaf, Bamboo ete. palm fruit bunch
ete. fibres etc.

Fig. 2.1 General classification of natural fibres (Abdul Khalil et al., 2012)

2.2.1 Properties of natural fibres

Natural fibres tend to be stronger and stiffer as compared to their animal counterparts
which make them useful as reinforcement materials to produce polymer composites.
Moreover naturally available fibre materials having advantages over animal fibres
such as easy processing, comparatively cheaper and are readily available. Natural
fibres reinforced polymer composites possess lower tensile strength as compared to

glass fibre composites though the modulus is of the same order of magnitude
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(Pickering et al., 2016). Table 2.1 shows the mechanical and physical properties of

different natural fibres in order to have a broader view of their properties to compare

with their synthetic counterparts.

Table 2.1 Mechanical and physical properties of few important natural fibres (Dicker

et al., 2014; Dittenber and Gangarao, 2012; Ho et al., 2012; Koronis et al., 2013b)

Fibre type Density Diameter Tensile Tensile Moisture Price
(glcm?) (nm) strength modulus content (USD/kilo)
(MPa) (GPa) (Wt%o)

Abaca 1.5 10-30 430 -980 6-20 5-10 0.345
Bamboo 0.6-1.1 25-40 140 - 800 11-32 - 0.5
Banana 1.35 12 -30 140 - 800 12 -30 8.7-12 -

Coir 1.2 10 - 460 130 - 240 4-6 8 0.25-0.5
Cotton 15-16 10 - 45 350 - 800 7-12 7.85-8.5 21-4.72
Flax 1.5 12 - 600 750 — 940 75-90 8-12 21-4.72

Hemp 1.47 25 - 250 550 - 900 38-70 6.2-12 1.55

Jute 13-14 20-200 393 - 800 13 -26 12 -13 0.925

Kenaf 15-16 26-4 350 - 930 40 - 53 - 0.378
Oil palm 0.7-15 150-500 80 — 248 05-3.2 - -

Ramie 10-15 20-80 400 -1000 245-128 7.5-17 2

Sisal 1.3-15 8-200 360 — 700 9-25 10-22 06-0.7

E-glass 2.55 15-25 345 — 1500 27 -39 - 1.6-35

Carbon 1.8 <17 4400 — 4800 225-260 - 124 — 166
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Mechanical and physical properties of natural fibres vary depending on factors such
as crop production, temperature, soil condition in which plants are growing and the
weather conditions. Fibre selection plays an important role in the achievement of
specific required properties. The location of the fibres within the plant influences the
properties of fibre materials (Dittenber and Gangarao, 2012). However, when the
specific modulus of natural fibres is considered, natural fibres show values that are
comparable to or even better than glass fibres. Savings on the material cost due to the
use of natural fibres and high fibre filling levels, coupled with the advantage of being
non-abrasive to the mixing and moulding equipment make natural fibres important
materials in the production of polymer composites. These benefits mean natural fibres
could be used in many applications which include building, automotive, household

appliances and others (Gurunathan et al., 2015; Yan et al., 2016b).

2.2.2 Composition of natural fibres

Chemical composition as well as structure of the natural fibres mainly depend on
several factors such as nature of the plant source, growing conditions of the plant,
climate, age of the plant and extraction process of the fibres (Faruk et al., 2012).
Table 2.2 shows the percentage composition of different natural fibres. A single
natural fibre filament has a diameter approximately in the range of 10 to 650 pm,
which itself is a kind of natural composite. It consists of three major components,
namely cellulose, hemicellulose and lignin in different proportions in different fibres.
From 80 to 90% of natural fibres made up of cellulose, hemicellulose, lignin and
pectin. Apart from these, natural fibres also have minerals, waxes and other water-
soluble components (Majeed et al., 2013). The inner cell wall contains rigid cellulose
component which is embedded in a soft lignin and hemicellulose matrix in the

secondary cell wall of the fibre materials (Dittenber and Gangarao, 2012).
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Table 2.2 Chemical composition of few important natural fibres (John and

Anandjiwala, 2008; Abdul Khalil et al., 2012; Dittenber and Gangarao, 2012; Dicker

etal., 2014; Yan et al., 2016b)

Cellulosic Composition (wt%b)
fibres Cellulose Hemicellulose Lignin Pectin
Hard wood 43 - 47 25-35 16 - 24 -
Soft wood 40 - 44 25-29 25-31 -
Abaca 56 — 63 20-25 7-13 0.8
Bagasse 32-55 30 20 10
Coir 32 -43 10-20 43 - 49 4
Cotton 95 2 1 6
Oil palm 50 30 17 -
Flax 6272 18.6 — 20.6 2-5 0.9
Hemp 68 — 74.4 15-22 3.7-10 0.9
Henequen 60 — 77 4-28 8-13 -
Jute 71 14 13 0.2
Kenaf 31-72 20.3-215 8-19 2
Ramie 76 17 1 2
Sisal 60 - 78 10-14 8-11 1.2

Composition and structural arrangements of plant fibre cell wall have been shown in

Fig. 2.2. The lignin material in the secondary cell wall bonds together with cellulose

and hemicellulose and it acts as a cementing material. Pectin is another component

which helps to attach the cellulose fibre with all other component together. Both
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lignin and pectin are the weak amorphous polymers as compared to cellulose (Dicker

etal., 2014).

Secondary wall $3 Lumen

Secondary wall S2

Helically .
arranged Spiral angle
crystalline

microfibell Secondary wall S1

of cellulose

Primary wall

Amorphous
region mainly
consisting of lignin
and hemicellulose

Disorderly arranged
crystalline cellulose
microfibrils networks

Fig. 2.2 Constituents and structural arrangements of plant cell wall (Rong et al., 2001)

2.2.2.1 Cellulose

Cellulose is one of the most abundant polymers on the earth and it is commercially
exploited in the form of wood. In the natural fibres, cellulose is the main structural
component and the mechanical properties of these fibres mainly depend on the
percentage of cellulose content. The crystalline cellulose is the elementary building
material which is responsible to give the strength to the plant stem and the variation in
strength is attributed to growth conditions of the plant such as botanical origin, soil
characteristics and weather conditions (Majeed et al., 2013). Cellulose is a linear,
semi-crystalline polysaccharide composed of polymer chains consisting of the
repeating units of anhydro-glucose linked via 1,4-p-D-glucosidic linkages as shown in
Fig. 2.3. The repeating units of these monomers are called as cellobiose (Zhu et al.,

2016). The molecular weight of these 1,4-p-D-glucosidic linkages depends on the
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source of cellulose. General lignocellulosic fibres have the degree of polymerisation
(number of glucose units) up to 10000 (Abdul Khalil et al., 2012). The glucose
monomers in the cellulose chain form the hydrogen bonds within the chain forming
fibrils as well as neighbouring chains. The formation of these intra and intermolecular

hydrogen binding leads to the formation of linear crystalline structure (Eichhorn et al.,

2010).
Reducing end
CH,OH group
0
0 CH,OH OH I
HO 0 HO
HO 0 H
OH HO OH
CH,OH n OH CH,0H
. )
Anhydrog! it
k nhydroglucose unt j
Cellobiose

Fig. 2.3 Haworth projection formula of cellulose (Bledzki and Gassan, 1999; Sawpan,

2009)

2.2.2.2 Hemicellulose

Hemicellulose is a heterogeneous branched polysaccharide composed of many
different glucose monomers whereas cellulose contains only 1,4-B-D-glucopyranose
repeating units. Fig. 2.4 shows the chemical structure of hemicellulose. Unlike
cellulose, hemicellulose constituents differ from one plant source to another.
Hemicellulose contains high degree of chain branching which confirms that
amorphous nature of hemicellulose. The degree of polymerisation for hemicellulose is
as low as 200 as compared to the cellulose molecule which has more than 10000

(Bledzki and Gassan, 1999).
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H H

0
HO i H
Fig. 2.4 Chemical structure of hemicellulose (Kabir et al., 2012)
2.2.2.3 Lignin

Lignin is a complex hydrocarbon polymer which contains both aliphatic and aromatic
constituents. Along with cellulose, lignin is the most abundant organic polymer on the

earth. The chemical structure of lignin is shown in Fig. 2.5.

OCH,
o]
|
O O—HEG—? — OH
OCH, CHy,
; OCH,
T
O?-G_HEG__?_O_
OCH, CH,

Fig. 2.5 Chemical structure of lignin (Bledzki and Gassan, 1999)
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Lignin gives the compression strength to the plant by binding the fibres together to
form a stiff structure of the fibre surface (Bledzki and Gassan, 1999). The chemical
structure of lignin consists of phenylpropane units derived from an enzyme-initiated
dehydrogenate polymerisation of three different primary precursors namely trans-
coniferyl, trans-sinapyl and trans-p-coumaryl as shown in Fig. 2.6. These phenolic
substructures are also called p-hydroxyphenyl monolignols which form a complex 3-
dimensional chemical structure during the biological lignification process via radical

coupling reactions (Stephanie, 2014).

Monolignols
p-coumaryl alcohol  coniferyl alcohol sinapyl alcohol
OH OH OH
Y
22 P / =
1
F ]
3 5
H;CO H;CO OCH;,
OH OH OH
Y Y V
Residues in lignin
| = | =
R; R, H;CO R, H;CO OCH;4
OH OH OH
p-hydroxyphenyl guaiacyl syringyl
R,.R,=H or lignin

Fig. 2.6 Chemical structure of three main precursors of lignin (Stephanie, 2014)
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2.2.2.4 Pectin

Pectin is a component of acidic polysaccharides with complex branched structure. The
pectin mainly consists of homopolymeric acid and partially residues of methylated
poly-a-(1-4)-D-galacturonic acid (Fig. 2.7). Pectin will become water soluble polymer
only after a partial neutralisation with alkali or ammonium hydroxide solution
(Bledzki and Gassan, 1999). Pectin acts as a binding material inside the natural fibres.
It binds the cellulose, hemicellulose and lignin along with pectin itself to form as
bundles. High concentration of pectin can be seen in the primary cell wall and the
middle lamella of natural fibres (Li et al., 2007). Most of the pectin removed during
retting process of the natural fibres. It is important to remove the pectin in order to get
technical fibres in the application of fibre reinforced polymer composites as

reinforcement material (Gurunathan et al., 2015).

0 0 0 O
i i i il
C-OCH, C-OH C-OH C-OCH;

0 0 0 0

O/
0 0

OH " OH OH OH

OH OH OH OH

Fig. 2.7 Chemical structure of pectin (Gurunathan et al., 2015)

2.2.3 Sisal fibres

Many different types of natural fibres are being exploited for the production of
biodegradable polymer composites (Herrmann et al., 1998; Satyanarayana et al.,
2009; Abdul Khalil et al., 2012; De Rosa et al., 2010; Kabir et al., 2012). More than
thousand types of natural fibres are already available (Mwaikambo and Ansell, 2002).

Among these, sisal fibres are one of the best reinforcing materials for polymer
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composites owing to their higher cellulose content (78%), good tensile strength
(>600MPa), easy availability and low cost (Li et al., 2000). Sisal fibres tend to be
hard and stiff and extracted from the sisal plant (Agave sisalana) (Fig. 2.8). Sisal
plants are mainly growing in tropical and sub-tropical countries like Brazil, Tanzania,
India, West Indies etc. A single sisal plant can produce 200-250 leaves in which 150

kilograms of fibres can be extracted in a year (Mishra et al., 2004).

Fig. 2.8 Photograph of sisal plant (http://www.flickriver.com/photos/40295335@N00/5219408347/)

The processing methods for the extraction of sisal fibres from sisal leaves include
retting followed by scrapping and mechanical methods by using decorticators. By
using mechanical extraction methods only 2-3% of good quality fibres can be
extracted. Whereas, a large quantity of fibres can be extracted by means of retting
methods. However, retting method gives poor quality of fibres with less lustrous
colour. Sisal fibres consist of 60-78% of cellulose, 10-14% of hemicellulose, 8-11%
of lignin and about 1.2% of pectin (Barkakaty, 1976). Three different types of fibres
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can be extracted from the sisal leaf namely mechanical, ribbon and xylem fibres.
Mechanical fibres are extracted easily from the periphery part of the sisal leaf during

retting process.

Mechanical fibres
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Fig. 2.9 Cross sectional view of sisal leaf and ribbon-fibre bundles (Li et al., 2000)

These mechanical fibres are the commonly used sisal fibres for commercial purpose.
Ribbon fibres are extracted from the conducting tissues in the median line of the sisal

leaf. Ribbon fibres are the lengthy fibres as compared to mechanical fibres and they
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are easily split longitudinally from the leaf during mechanical extraction process.
Xylem fibres are irregular in shape with very thin cell wall due to which they have
low strength and easily broken during processing. Xylem fibres are extracted from the
vascular bundles of the sisal leaf just opposite of the ribbon fibres as shown in Fig.
2.9 (Li et al., 2000). The sisal fibre cell wall itself is a form of composite structure
with spirally oriented cellulose in a hemicellulose and lignin matrix (Mishra et al.,
2004). The strength and stiffness of natural fibres mainly depending on the percentage
of cellulose content in the fibres. Since the sisal fibres have relatively high percentage
of cellulose content (60-78%), they demonstrate good mechanical properties (Li et al.,
2000). Table 2.2 compares the mechanical and physical properties of sisal fibres and
other natural fibres. Sisal fibres are one of the widely used natural fibres for the
generation of fibre reinforced polymer composites and Joseph et al. (1996) studied the
interfacial adhesion on the mechanical properties and fracture behaviour of short sisal
fibre reinforced polymer composites. They found that the tensile strength increased
significantly by 66%, 55%, 50% and 60% for sisal fibre reinforced LDPE, epoxy,

phenolic and polyester composites respectively.

Joseph et al. (2003) studied the thermal and crystallisation properties of short sisal
fibres reinforced polypropylene composites. They noticed that the thermal stability
and crystallinity increased by 14 °C and 23% respectively as compared to pure
polypropylene resin. The increased thermal and crystallinity were due to significant
enhancement of interfacial adhesion between the sisal fibre and the polypropylene
matrix. Dynamic mechanical properties of short sisal fibre reinforced polymer

composites were also studied extensively (Joseph et al., 2003; Nair et al., 2001).
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2.3 Major concern over the usage of natural fibres

Similar to the advantages of natural fibres as reinforcement fillers in the generation of
polymer composites they also pose many drawbacks such as poor consistency in their
performance, hydrophilic nature, and inconsistency in the physical dimensions in a
specific period. Physical properties of natural fibres vary with different harvesting
methods and the season of harvesting. Moreover, the physical properties are
surprisingly depending on the soil conditions, rain pattern and the maturity of the
plant. So the selection of fibre materials plays an important role to achieve the specific

engineering properties of the composites.

In addition to the above mentioned drawbacks, natural fibres are incompatible with
many polymeric matrices which causes the poor fibre dispersion within the polymer
matrix of the polymer composites and leads to severe reduction in the mechanical and
physical properties of the final composite materials. More importantly plant fibres are
chemically hydrophilic in nature and most of the polymeric matrices are hydrophobic
materials (similar to water and oil which never mix together). In order to improve the
compatibility and enhance the interfacial adhesion between the natural fibres and the
polymer matrices, surface treatments have to be employed on the surface of natural

fibres.

2.4 Surface treatments on natural fibres

Natural fibres are highly hydrophilic in nature due to the presence of amorphous
materials such as hemicellulose, lignin and pectin on the surface. These amorphous
materials are responsible for incompatibility between fibres and the matrix materials
which result in lowering of mechanical performance of the fibre reinforced

composites. In addition to this, amorphous materials absorb moisture due to their
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hydrophilic nature which leads to a significant reduction in the mechanical and
thermal properties (Faruk et al., 2012). Fibre surface treatments are essential in order
to improve the interfacial adhesion between the fibre and matrix. Fibre surface
treatment also helps to improve the fibre dispersion across the matrix material in the
composites. In addition, surface treatments decrease the water absorption by removing
amorphous materials from the surface of fibres which are responsible for the
absorption of moisture. Many different types of surface treatment methods are
employed in order to remove the amorphous materials from the surface of natural
fibres. Surface treatments can be classified as chemical, physical and biological

treatments (Kabir et al., 2012).

Chemical surface treatments are employed by using chemicals to treat the fibre
surface. Few examples of chemical treatments which utilise alkali (Fiore et al., 2015),
acetylation (Mokaloba and Batane, 2014; Pothan et al., 2003), silanisation (Pothan et
al., 2003), esterification, benzoyl peroxide (Kaushik et al., 2012), acrylic acid (Vilay
et al., 2008), potassium permanganate and bleaching (Rosa et al., 2009). Biological
treatments involve using naturally occurring microorganisms such as bacteria, fungi
(Li et al., 2009; Li and Pickering, 2009) and enzyme (Cao et al., 2012). These
treatments are performed in the agqueous medium and are relatively cheaper as
compared to other surface treatments. Physical surface treatments are employed by
using ionised gas or heat energy. Few examples of physical treatments are corona
(Ragoubi et al., 2012), heat (Wootthikanokkhan et al., 2013) and ultrasound (Batalha
et al., 2011). The following sections give a brief review on some of the important

fibre surface treatment methods.
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2.4.1 Alkali treatment

Alkali treatment is one of the common and widely used chemical surface treatments
for the removal of amorphous materials from the surface of natural fibres. Alkali
treatment is also called mercerisation in which different concentration of sodium
hydroxide solution is used to treat the fibre surfaces. Alkali surface treatment reduced
the fibre diameter by removing or dissolving amorphous materials such as lignin,
hemicellulose, pectin and other waxy materials which bind on the surface of natural

fibres.

A reduction on the fibre surface due to alkali treatment leads to an increase in the
fibre aspect ratio (i.e. ratio of width to length) and surface roughness. In addition,
alkali treatment also helps to expose active hydrogen molecules of cellulose which
enhance the surface adhesion of fibres with hydrophobic matrix materials in the fibre
reinforced polymer composites. Hydrophilic hydroxyl groups on the surface of natural
fibres are reduced due to alkali treatment and this enhances the moisture resistance
property. Alkali treatment also enhances the uniformity of fibre surface by dissolving
the waxy and gummy materials on the surface of natural fibres (Kabir et al., 2012).
During alkali treatment, natural fibres go through swelling reaction which leads to

relaxation of the structure of natural cellulose.

The native cellulose is called as cellulose as it occurs in the nature which is the
monoclinic crystalline lattice of cellulose-1 structure. This cellulose-I structure can be
changed to alkali-cellulose (Na-cellulose-1) after reaction with alkali solution as
shown in Scheme 1 (Oh et al., 2005). Na-cellulose-I is an intermediate phase of the
native cellulose. Na-cellulose-I is transformed to cellulose-11 after washing alkali

cellulose with distilled water (Cai et al., 2015).
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Fibre — OH + NaOH - Fibre — O~ Na‘* + H,0

Scheme 1 Chemical reaction of alkali solution with natural fibres

Since last few years, many research activities focussed on the effect of alkali
treatment on the mechanical and thermal properties of natural fibres and their polymer
composites (Ray et al., 2002; Le Troedec et al., 2008; Mokaloba and Batane, 2014;
Chikouche et al., 2015). Kabir et al. (2013) studied the effects of chemical treatments
on the tensile properties of hemp fibres. They noticed that a significant reduction in
the tensile strength by 35% due to the removal of hemicellulose, lignin and pectin
components from the surface of hemp fibres which were acting as binding materials
for the cellulose. Removal of these binding materials leads to least support to
withstand the tensile loading. Yan et al. (2016a) investigated the effect of alkali
treatment on the microstructure and mechanical properties of coir fibres and their
epoxy and cementitious composites. They noticed that the interfacial adhesion
between the fibre and the matrix enhanced significantly which was confirmed by
SEM analysis. A considerable increase in the tensile strength and modulus was also
observed i.e. 17.8% and 6.9% respectively after alkali treatment. Cai et al. (2015)
studied the influence of alkali treatment on the internal microstructure and tensile
properties of abaca fibres. They used three different concentration of NaOH solution
(5, 10 and 15 wt%) to conduct the alkali treatments. They found that the native
cellulose (cellulose-I) of abaca fibres was partially converted into cellulose-11 which
was confirmed by XRD. FTIR analysis revealed that the removal of amorphous
materials from the surface of abaca fibres after the application of alkali treatment.
They also reported that the Young’s modulus increased by 41% after subjected to an
alkali treatment using 5 wt% of NaOH. However, the Young’s modulus significantly

decreased by 24 and 29% when the concentration of NaOH was 10 and 15 wt%
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respectively. These results confirmed that higher concentration of alkali not only
removes the amorphous materials from the surface of natural fibres but also causes
severe damage of cellulose structure which leads to a significant reduction in the

mechanical properties of natural fibres.

2.4.2 High intensity ultrasound (HIU) treatment

In recent years, high intensity ultrasound (HIU) treatment is gaining more attention
owing to its effective removal of amorphous materials from the surface of natural
fibres. Moreover, HIU treatment is more effective in the separation of cellulose
nanofibers from its bundles which enhances the surface area of fibres and leads to
improve the interfacial adhesion between the fibres and the matrix in the fibre
reinforced polymer composites (Chen et al., 2011). Ultrasound refers to a sound
spectrum in the range of 20 kHz to 10 MHz generated by using transducer which
converts the electrical energy into high frequency sound waves. Ultrasound transducer
can produce high energy microscopic air bubbles in the solution and causes cavitation
(Siqun and Wang, 2009). Cavitation is the physical phenomenon which refers to the
formation, expansion and violent collapse of the microscopic air bubbles on the
surface of materials in the solution. The energy produced by the violent implosion of
cavitation is approximately equal to hydrogen bond energy (10-100 kJ/mol). Thus, the
HIU treatment can disintegrate the hydrogen bonds between the cellulose and the
amorphous materials which results in the removal of amorphous materials from the
surface of natural fibres (Chen et al., 2011). For the better understanding of the action
of HIU treatment, a schematic diagram of the mechanism of HIU treatment on the

surface of natural fibre is shown in Fig. 2.10.
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Fig. 2.10 Schematic diagram showing the mechanism of HIU treatment on natural

fibres (Li et al., 2012)

Sigun and Wang. (2009) studied the effect of HIU treatment on the isolation of
cellulose nanofibrils from the natural fibres. They optimised the time, temperature,
distance of the probe from the fibres, fibre size and fibre concentration. They reported
that HIU treatment is effective for the isolation of cellulose nanofibers from the
natural fibres. Li et al. (2012) produced the nanocellulose from microcellulose by
using HIU treatment and studied the mechanical and thermal properties of
nanocellulose and their poly (vinyl alcohol) (PVA) composites. They reported that
HIU treatment is highly effective to remove amorphous materials from the surface of
fibres. A significant increment (145%) in the storage modulus was observed with HIU

treated nanocellulose as compared to pure PVA resin.
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2.4.3 The combined treatment of alkali and HIU

HIU treatment is emerged as an effective treatment for the separation and isolation of
crystalline cellulose from the natural fibres. However, its effectiveness is limited to
microcrystalline cellulose (MCC) materials and HIU treatment alone is not an
effective treatment for the removal of amorphous materials from the surface of natural

fibres.
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Fig. 2.11 Pictorial representation of chemical and ultrasound treatments on natural

fibres (Chen et al., 2011)

Chen et al. (2011) studied the isolation of cellulose nanofibers by using HIU treatment
from chemically pre-treated wood fibres, where the wood fibres were subjected to
chemical pre-treatment before the application of HIU treatment. They have optimised
the HIU treatment in terms of varying the time, temperature and output power. They
noticed that the separation of cellulose nanofibers increased with a gradual increase in
the power output. Crystallinity of the isolated cellulose nanofibers was increased by
69% as compared to pure wood fibres. Fig. 2.11 shows the graphical representation of
stages in the surface treatments for the wood fibres. Lee et al. (2008) studied the effect

of combined treatment of alkali and ultrasound treatment on the interfacial and
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mechanical properties of henequen fibre reinforced polypropylene (PP) composites.
Henequen fibres were soaked with both water as well as alkali solution before the
application of ultrasound. They noticed that the alkali pre-treated fibre composites
showed a significant increment in the interfacial shear strength, flexural strength and
modulus by 48%, 38% and 49% respectively as compared to the untreated henequen
fibres/PP composites. Moshiul Alam et al. (2012) studied the combined effects of
alkali and ultrasound treatments on oil palm empty fruit bunch fibres and reinforced
them with poly (lactic acid), where they observed a significant improvement of tensile
strength, modulus and impact strength by 33%, 62% and 53.8% respectively for the
combination of alkali and ultrasound treated fibre composites as compared to

untreated fibre composites.

2.5 Clay based nanofillers

Last few decades, natural clay minerals such as halloysite (Hal) nanotubes, kaoline,
and montmorillonite (MMT) etc. are also used extensively owing to their easy
availability, biocompatibility and good thermal and physical properties. Clay as
nanofillers offers a variety of advantages in the polymer nanocomposites such as high
thermal stability, good barrier, thermomechanical, and fire-retardant properties. It is
worth noted that the high mechanical and thermal properties could be achieved by

introducing a very small content of clay nanofillers (Raquez et al., 2013).

It has already been proved that the incorporation of nanofillers onto PLA matrix
increases the crystallization ability, elongation and thermal properties. The
incorporation of exfoliated graphite onto PLA matrix increased the tensile strength
and thermal stability by 12% and 14 °C respectively as compared to pure PLA (Kim

and Jeong, 2010; Evagelia et al., 2011). It is reported that the introduction of a smaller

29



amount (0.2 wt%) of carbon nanotubes (CNTSs) as nanofillers into PLA enhanced the
tensile strength and modulus by 25% and 12% respectively (Park et al., 2013).
However, nanofillers such as graphene, CNTs, fullerenes and oxide nanoparticles are
toxic to the environment and therefore using them as fillers in the polymer matrix

again causes pollution (Nel, 2007).

It is reported that clay based nanofillers as plasticizer are good substitutes which also
improved the thermal properties of PLA by more than 20% as compared to pure PLA
(Liu et al., 2013). Aluminosilicate-based nanofillers are also widely used in the
polymer nanocomposites to enhance the mechanical and thermal properties.
Aluminosilicates are also called as layered silicate hanocomposites which are a new
class of hybrid materials, making them more interesting in academic and industrial
realms due to their excellent thermal barrier, thermo-mechanical and fire-resistance
properties which have been achieved at a lower loading of fillers (<5 wt%). However,
improvements in the desired properties rely on how well the dispersion of nanofillers

within the polymer matrix (Sinha Ray and Okamoto, 2003).

2.5.1 Halloysite (Hal) nanotubes

Hal nanotubes are naturally occurring aluminosilicates having the formula, Al,Si>Os
(OH)4.nH,0. Their tubular structure in nano dimension with high aspect ratio makes
them as unique materials to be used as fillers in the generation of CPN (clay polymer
nanocomposites). Hal nanotubes are chemically similar to kaolinite group which
consist of multiple layers of hollow cylinders with nanometre dimensions (Joussein et
al., 2005). Hal nanotubes consist of gibbsite like array of aluminol groups (Al-OH)
which are located inside the lumen while the outer surface covered with siloxane (Si-

O-Si) groups. These two unit layers are separated by a barrier of water molecules

30



which lead to hydrated Hal nanotubes with a basal spacing of 10 A which is larger
than that of kaolinite (~3 }5\) (Yuan et al., 2008, 2015). Hal nanotubes are naturally
formed in the earth crust over millions of years and having unique and versatile
mechanical and thermal properties (Du et al., 2010; Rooj et al., 2010). However, the
presence of a large number of hydroxyl groups on the surface of Hal nanotubes leads
to its hydrophilic nature which limits its applications to use them as fillers in the

generation of CPN (Yuan et al., 2008; Pasbakhsh et al., 2010; Jin et al., 2015).

In recent times, a sizeable number of reports being published on Hal nanotubes
reinforced CPN (Liu et al., 2014). The loading of Hal nanotubes into PLA matrix
significantly improved the mechanical properties. Tensile and flexural strength
increased by 34% and 25% respectively with the addition of 30phr of unmodified Hal
nanotubes into PLA as compared to pure PLA. Thermal stability of 30phr loaded
unmodified Hal-PLA nanocomposite slightly increased by 4.4 °C as compared to pure
PLA (Liu et al., 2013). However, similar to other nanoparticles, dispersion of Hal
nanotubes into polymer matrix is challenging (Kim and Jeong, 2010; Raquez et al.,
2013). Modification or functionalization of nanofillers is a way to enhance their
dispersion into the polymer matrix. Functionalization of Hal nanotubes can enhance
the surface properties and leads to good dispersion into PLA matrix of CPN. Surface
modification of Hal nanotubes with different types of silane coupling agents is the
most common method to improve the surface properties of Hal nanotubes. This
method is referred as the grafting of silanes and is carried out via condensation
between hydrolysed silanes and surface hydroxyl groups of Hal nanotubes. The
modification of Hal nanotubes with silane coupling agent enhanced the dispersion of
Hal nanotubes into natural rubber (NR) matrix and improved the thermal stability by

64 °C as compared to unmodified Hal nanotubes (Rooj et al., 2010). The modified Hal
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nanotubes with silane coupling agent enhanced its dispersion in Ethylene propylene
diene monomer (EPDM) matrix and increased the mechanical properties. 30phr of
silane modified Hal nanotubes into EPDM matrix increased the tensile strength,
modulus and elongation at break by 360%, 65% and 135% respectively as compared

to unmodified Hal-EPDM composites (Pasbakhsh et al., 2010).

2.6 Polymer matrix materials

Polymers are mainly classified into three classes of thermoplastics, thermosets and
elastomers. Elastomers are the rubbery materials which have both viscous and elastic
nature. Few important elastomers are natural polyisoprene, polybutadiene,
chloroprene, etc., Thermoset polymers are polymers which are interlinked by covalent
bonds and possess a three dimensional network structure. Thermoset polymer
composites cannot be remoulded and recycled. On the other hand, thermoplastic
polymers possess linear and branched molecular chains with weak intermolecular
bonding such as van der Waals force or hydrogen bonding. Thermoplastic polymer
composites can be recycled. In this work, polylactide or poly lactic acid (PLA), a bio-
derived thermoplastic polymer is compared with polypropylene (PP) which is a

petroleum based synthetic thermoplastic polymer matrix.

2.6.1 Polylactide or Poly lactic acid (PLA)

The term poly lactic acid is a misinterpretation. PLA is synthesized from ring opening
polymerisation of lactide, a dimer of lactic acid. Thus, it should be referred as
polylactide instead of poly lactic acid. PLA is an important semicrystalline
thermoplastic polyester biopolymer derived from annual renewable resources such as
corn, sugarcane etc. (Lim et al., 2008; Pandey et al., 2005). The developmental history

of PLA biopolymer dates back to 1893 when Bischoff and Walden published lactide
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formulas. Carothers and his co-workers started producing low molecular weight PLA
in 1932. In 1954, medical grade PLA was produced and marketed by DuPont de
Nemours and Ethicon, Inc. In 1994, Japan started the production of commercial PLA
fibres. PLA derived from the starch was produced by Cargill Dow LLC, USA under
the trade name of NatureWorks at a capacity of 140,000 tons/year in 2002 (Rasal et
al., 2010). More recently NatureWorks has changed the trade name of commercial

PLA as Ingeo™.

PLA draws more interest owing to its renewability, biodegradability, biocompatibility
and good mechanical properties (Raquez et al., 2013). Moreover, PLA degradation
releases non-toxic gases at a lower level (Nel, 2007). Besides, for packaging,
automotive, and electronic applications it has comparable tensile strength and
Young’s modulus with several commercial polymers such as polypropylene,
polyethylene, polystyrene etc. (Notta-cuvier et al., 2014). However, PLA has
limitations of low thermal stability, low toughness and extreme brittleness (Lim et al.,
2008; Pandey et al., 2005). It is therefore necessary to reduce the brittleness and to
improve the mechanical and thermal properties of PLA when we aim for long-term

applications more importantly on a large scale (Raquez et al., 2013).

The PLA polymer belongs to a family of aliphatic polyester which is derived from 2-
hydroxy propionic acid (i.e. lactic acid). The basic monomer for the production of
PLA is lactic acid which can be produced by either fermentation of carbohydrates or
chemical synthesis route. Lactic acid has two stereo-isomeric forms which are L
(Laevorotatory) — lactic acid and D (Dextrorotatory) — lactic acid (Fig. 2.12). Both the
forms of lactic acid can be produced from either petrochemical or agricultural by-
products (Lim et al., 2008). Lactic acid produced from petrochemical synthesis route

gives 50:50 ratios of both L-lactide and D-lactide forms.
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Fig. 2.12 The two stereo-isomeric forms of lactic acid

In contrast to the petrochemical route, lactic acid produced from agricultural by-
products exists mainly in L-lactic acid stereo-isomeric form. Currently lactic acid
which is used to produce PLA comes from agricultural by-products by using a
fermentation process (Rasal et al., 2010). Polymerisation of lactic acid can be

achieved by two main methods. Fig. 2.13 shows the different types of PLA synthesis.
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Fig. 2.13 Synthesis of PLA from L- and D-lactic acids (Lim et al., 2008)

The first method involves the direct condensation of lactic acid under high

temperature and vacuum. However, only low molecular weight PLA can be produced
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with this method mainly due to the presence of water as a by-product in this reaction
which is difficult to separate from the polymer. The second method of producing PLA
from lactic acid involves two steps. First the low molecular weight pre-polymer was

produced with the condensation polymerisation reaction of lactic acid.

The low molecular weight pre-polymer is then catalytically depolymerised to form
intermediate of lactic acid called dilactide which is the primary feedstock to produce
high molecular weight PLA. Finally the dilactide is polymerised in the solvent free
ring opening polymerisation (ROP) to produce high molecular weight PLA polymer
(Rathin Datta and Michael Henry, 2006). PLA is a semicrystalline polymer having the
glass transition temperature (T4) ranging from ~55 to 65 °C available from amorphous
glassy grades to highly crystalline grades with melting temperature from ~160 to 180
°C (Nampoothiri et al., 2010; Saeidlou et al., 2012; Raquez et al., 2013). Physical and
mechanical properties of PLA are mostly superior and are comparable to many
commodity polymer matrices such as polypropylene (PP), polystyrene (PS),
polyethylene terephthalate (PET) etc. Comparison of mechanical and physical
properties of PLA and other conventional polymer matrices are represented in Table

2.3.

Until last few years, the application of PLA was mainly focused on packaging,
diapers, planting and in other sanitary products. However, several reports suggested
that PLA is a potential bio-derived polymer matrix for a wide range of applications
such as structural, automotive etc. with the incorporation of fibrous filler. Natural
fibres as fillers for the generation of PLA polymer composites offer many advantages
such as light-weight, lower manufacturing cost, easy to handle, good thermal and
acoustic insulation properties (Dittenber and Gangarao, 2012). Porras and Maranon.

(2012) studied the mechanical properties of laminate composite material of PLA and
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woven bamboo fabric. They noticed that the tensile strength and modulus
significantly increased by 43 and 47% respectively as compared to pure PLA. Yu et
al. (2014) reported that the incorporation of short ramie fibres into PLA matrix
increased the tensile strength and modulus by 42% and 73% respectively as compared

to pure PLA.

Table 2.3 Comparison of physical and mechanical properties PLA and other

commodity polymers (Carrasco et al., 2010; NatureWorks LLC, 2013)

Properties PLA Polystyrene Polypropylene Polyethylene
(PS) (PP) terephthalate
(PET)
Density (g/cm®) 1.24 1.04 - 1.06 0.91 1.37
Clarity Transparent Transparent  Translucent Transparent
Tensile yield strength 48 - 110 34 - 46 21 - 37 47
(MPa)
Tensile modulus (GPa) 35-38 29-35 1.1-15 3.1
Tensile elongation (%) 2.5-100 3-4 72 79
Impact strength (J/m) 13 72 79
Glass transition 60 95 0 75

temperature (°C)
Melting temperature (°C) 153 163 250
Heat distortion 55-60 84 — 106 80— 140 74 — 200
temperature (°C)
Processing temperature 210 230 225 255

(’C)
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Environmental conditions such as humidity, temperature, pH, salinity, supply of
different nutrients and presence and absence of oxygen etc., have important role on
the polymer degradation directly as well as influence the microbial population to
degrade it. Degradation of PLA initiates with scission of main or side chains of the
macromolecules. Biodegradation by soil burial of PLA and natural fibre reinforced
PLA composites have been reported by several authors (Ohkita and Lee, 2006; Dong
et al., 2014; Rajesh et al., 2015). Dong et al. (2014) studied the soil biodegradation of
coir fibre reinforced PLA composites. They found that the degradation of pure PLA is
much slower than coir fibre reinforced PLA composites. Higher the fibre loading
faster the degradation of fibre reinforced polymer composites. It was found that PLA
composites reinforced with 10 wt% of coir fibres showed a significant reduction in
the weight by 34.9% as compared to pure PLA which showed a weight loss of 18%

after 18 days of open soil burial.

2.6.2 Polypropylene (PP)

PP is one of the most widely used thermoplastic polymers in the applications such as
automotive, home appliances, packaging, construction, etc. owing to its ease of
processing, low cost and high recyclability (Pérez et al., 2013). However, in recent
years, plastic waste management is a major issue due to an extensive usage of
petroleum based synthetic polymers (Azwa et al., 2013). Natural fibres are the best
alternatives as reinforcing materials into thermoplastic polymers such as PP to address
the issue of waste management owing to their environmentally friendly properties
(Abdul Khalil et al., 2014; Azwa et al., 2013; EI-Sabbagh, 2014). Kaewkuk et al.
(2013) studied the effect of interfacial modification and fibre content on the physical
properties of sisal fibre reinforced PP composites. They found that the tensile

modulus increased significantly by more than 90% with the addition of 30 wt% of
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alkali treated sisal fibres in the fibre reinforced PP composites as compared to pure
PP. Elkhaoulani et al. (2013) studied the mechanical and thermal properties of
Moroccan hemp fibres reinforced PP composites. They reported that the tensile
modulus of the hemp fibre reinforced PP composites increased by 50% as compared
to pure PP resin. Yao et al. (2013) studied the mechanical and thermal properties of
furfural modified clam shell waste reinforced PP composites. They found that the
addition of modified clam shell waste into PP composites resulted in a significant
enhancement of flexural modulus and impact strength both by 50% as compared to

pure PP resin.

2.7 Methods used for the processing of polymer composites

Selection of a suitable processing method for the generation of fibre reinforced
polymer composites is an important task in order to enhance the mechanical, physical
and thermal properties of the final product. Same processing methods were used to
produce both synthetic and natural fibre reinforced polymer composites. Currently
there are no separate processing methods developed for the natural fibre composites.
Common processing methods to generate fibre reinforced thermoplastic polymer
composites are melt mixing, injection moulding, extrusion, and compression

moulding.

2.7.1 Melt mixer

An enhancement in the mechanical properties of short fibre reinforced polymer
composites directly depends on how well the fibre materials disperse into polymer
matrix. Conventional processing methods such as single screw extruder is not useful
in order to improve the dispersion of the fibre materials in the fibre reinforced

polymer composites. Twin screw mixer such as melt mixer is an ideal equipment for
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the better achievement of fibre dispersion across the polymer matrix (Lim et al.,
2008). Melt mixer is a very common polymer mixing equipment for the mixing
especially for the generation of short fibres reinforced thermoplastic polymer
composites. Initially thermoplastic polymer was heated to its melting temperature and
then the short fibrous materials were added to the mixing chamber to disperse the
fibres into polymer matrix. Mixing time and rotor speed depend on the dispersion of
short fibres across the polymer matrix which directly affects the mechanical properties
of polymer composites (Gareth Beckermann, 2007). It is well reported in the literature
that the lower mixing time (<10 min) and lower rotor speed (< 50 rpm) cause poor
dispersion of the fibre materials across the polymer matrix which leads to a high level
of fibre agglomeration in the polymer composites. Lower mixing temperature also
causes severe damage of the fibres during melt mixing (Joseph et al., 1999). Melt
mixing method is widely used in the small scale scientific investigations due to its
good mixing and results in the lab scale production of short fibre reinforced polymer
composites. However, the major drawbacks of using the melt mixer are the limited
usage of materials per batch and the melt mixer can be used only for mixing and

further processing equipment is required in order to generate the composites.

2.7.2 Compression moulding

Compression moulding also called as hot pressing is a commonly used method for the
processing of polymer composites. Composite materials produced by using
compression moulding possess relatively good mechanical properties as compared to
other processing techniques. Larger and simpler composite materials can be produced
by using compression moulding. Composite materials are generated by using
compression moulding by placing a weighed amount of mixed fibre-matrix stack in

between two pre-heated mould cavity. The temperature and applied pressure of the
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mould cavities are fixed according to the types of matrix and filler materials used and
thickness of composite samples. The top of the mould cavity moves at a constant
speed and touches the lower mould cavity. After reaching the set compression time,
composite samples are cooled by placing them under the cooling plates with same
pressure and then the composite samples are removed from the mould (Gareth

Beckermann, 2007; Ho et al., 2012).

2.8 Factors affecting the properties of fibre reinforced composites

It is important to choose specific fibres and processing methods in order to achieve
the desired engineering properties of the fibre reinforced polymer composites. Several
factors such as fibres dispersion, orientation of the fibres inside the composites, length
and width (aspect ratio) of the fibres, volume of the fibres and key properties of the
fibres are the major areas to consider in the natural fibres which are used as
reinforcement fillers in the polymer composites for achieving specific engineering

properties.

2.8.1 Dispersion of fibres in the composites

Filler dispersion is one of the key factors which affect the mechanical properties of
the fibre reinforced polymer composites specifically in the short fibre reinforced
composites. It is well reported in the literature that a significant reduction in the
tensile and impact properties occurs due to poor dispersion of fibres across the
composites. Poor fibre dispersion causes the fibre agglomeration in the composites
which creates stress concentration points and leads to sudden mechanical failure.
Compatibility between the natural fibres (hydrophilic nature) and polymer matrices
(hydrophobic) is the major reason for the poor dispersion of the fibres. Compatibility

between natural fibres and the polymer matrices can be improved by subjecting to a
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suitable surface treatment of either natural fibres or polymer matrices. Another
important reason which causes the poor dispersion is mixing time during the
processing of composites. Higher mixing time gives better dispersion of the fibres

across the polymer matrix (Thomason, 1997).

2.8.2 Fibre orientation

Fibre orientation also called as fibre direction is an important factor to consider for
achieving specific engineering applications of the fibre reinforced composites. It is a
well-known fact that the mechanical properties are superior for the unidirectional long
fibre reinforced polymer composites as compared to short randomly orientated fibre
composites. It is very rare to achieve the fibre orientation in the short fibre reinforced
composites. Fu and Lauke (1996) studied the effect of fibre length and fibre
orientation distribution on the tensile strength of short fibre reinforced polymer
composites. They noticed that the strength of the composites increased with an

increase in the fibre orientation coefficient.

2.8.3 Aspect ratio of fibres

Aspect ratio of the fibres is defined as the ratio between length and width of the fibres.
It is an important factor which directly affects the mechanical properties of the fibre
reinforced polymer composites. Ashori and Nourbakhsh (2010) studied the chemical
composition and particle size of the oak and pine wood particle reinforced PP
composites. It was found that the pine fibre had significant impact on the
improvement of mechanical properties of pine wood fibre reinforced PP composites
as compared to oak fibre wood reinforced PP composites. It was found that the aspect
ratio of pine fibre wood was higher than the oak fibre wood which enhances the

interfacial adhesion between the fibre and matrix in the fibre reinforced composites.
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2.8.4 Fibre volume fraction

Fibre volume fraction plays an important role in improving the mechanical and
thermal properties of the fibre reinforced composites. It is well reported that the
mechanical properties of natural fibre reinforced polymer composites decreased
significantly with low volume fraction of fibres. This is because at low fibre content it
created flaws between the fibre and the matrix materials and led to mechanical failure.
At higher fibre volume fractions, short fibres cause agglomeration of the fibres across
the matrix in the composites which cause stress concentration points and leads to a
reduction in the mechanical properties. However, optimisation of fibre loading is
important in order to achieve the maximum mechanical properties of the natural fibre
reinforced polymer composites. Lépez et al. (2013) studied the effect of fibre loading
on the mechanical properties of thermoplastic starch (TPS) bio-composites reinforced
with newspaper fibre. They noticed that the tensile strength significantly increased by
150% with the addition of 15 wt% of newspaper fibres as compared to pure TPS
resin. However, with the further addition of fibre materials the tensile strength started
decreasing. In addition, cellulosic fibres have thermal stability due to the presence of
amorphous materials on the surface of fibres. Thus, increasing the fibre loading in the

fibre reinforced composites leads to lower the thermal stability.

2.9 Theoretical predictions of Young’s modulus

The mechanical and elastic properties of fibres reinforced polymer composites depend
on many different parameters such as fibre length, fibre orientation, fibre geometry,
fibre dispersion and interfacial adhesion between fibre and matrix. Young’s modulus
is an important intrinsic property of the composite materials which solely depends on

the volumetric fibre fractions of the composites, Young’s modulus of the matrix
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materials and intrinsic Young’s modulus of the fibres are used for the generation of

the composites.

In order to predict the theoretical values of the Young’s modulus of natural fibres
reinforced polymer composites the Young’s modulus for the natural fibres has to be
measured experimentally. However, it is quite difficult to measure the elastic
properties of natural fibres due to their characteristic properties such as fibre length,
orientation and fibre geometry (Kalaprasad et al., 1997; Joseph et al., 2003; Cabral,
2005; Granda et al., 2016). The mechanical properties of fibres could be predicted by
theoretical models which are based on different assumptions and experimental data.
Several researchers were also used these theoretical models to predict the Young’s
modulus of the fibres reinforced composites (Kalaprasad et al., 1997; Nayak et al.,

2013; Serrano et al., 2014).
2.9.1 Parallel and series model

Parallel or Voigt model and Series or Reuss model are the simplest and widely used
models to predict the experimental data of Young’s modulus of short fibres reinforced
composite materials (Kalaprasad et al., 1997; Cabral, 2005; Nayak et al., 2013). The
Young’s modulus of the short sisal fibre reinforced PLA composites could be

calculated by using the following egns. 2.1 and 2.2:

Parallel model

M =0, "My Vet (1= Vp) " M, (eqn. 2.1)
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Series model

M, M,
M, = m—J (eqn. 2.2)
M, V;+ M(1- 7))

Where M., M, and Ms are the Young’s modulus of the composites, matrix and the
fibres respectively and Vs is the volume fraction of the fibres. 1 is the fibre efficiency

or compatibility factor for the strength of the composite which is used to correct the

contribution of semi-aligned short fibres in the composites. Fibre efficiency factor

(Me) 1s the product of fibre orientation efficiency factor (1o) and fibre length efficiency

factor (1) (Fu and Lauke, 1996). According to Cox-Krenschel’s model, the fibre

length efficiency factor is defined by the following eqgn. 2.3 (Vilaseca et al., 2010):

BL®
_1 tanh (z_ )
= T (eqn. 2.3)

2

Where LF is the weighted fibre length and P is the coefficient of stress concentration

rate at the ends of the fibres according to the following eqn. 2.4:

1 M,
r\| 31 —vy Ll & (eqn. 2.4)
4V

Where r is the radius of the fibre, vy, is the Poisson’s ratio of the matrix which is

4[3:

assumed to be 0.36 (Espinach et al., 2013). Fibre efficiency factor (1) can be

calculated by considering the fibre orientation across the matrix in the composites. It

is assumed to be a rectangular or square distribution of discontinuous phase of short
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fibres inside the matrix phase. (Granda et al., 2016; Sanomura and Kawamura, 2003)
studied the fibre orientation of short fibre reinforced thermoplastics. According to

them, the function of orientation distribution is represented by the following egn. 2.5:

o —§ Vo (0= 0p=0) (eqn. 2.5)
b 0, (a<ap)
Where a is the average orientation angle of the fibres inside the matrix and ay is the

fibre orientation limit angle.

The Young’s modulus of the fibre reinforced polymer composites largely depends on
the angle of fibre orientation inside the composite system. The angle of fibre

orientations can be calculated by the following egn. 2.6:

Si 3— v, Si 1+v, Sin3
o= = Y% ( Ym PMG% = U{') (eqn. 2.6)

) 4 0y 4 30y
By using the eqgns 2.2, 2.3, 2.4, and 2.5, the fibre efficiency factor (ne) can be
calculated.
2.9.2 Hirsch model

The intrinsic Young’s modulus of the short sisal fibre reinforced PLA composites was
predicted by using the Hirsch’s model which is a combination of Parallel and Series

models (Espinach et al., 2013; Lopez et al., 2012).

According to this model, Young’s modulus can be calculated by using the following

eqn. 2.7:

M,, M;
M, Vi+ M;(1- V)

M, =x My Ve+ M, (1 = V) +(1~ %) (egqn. 2.7)

45



Where Mc, M, and My are the Young’s modulus of the composites, matrix and the
fibres respectively and Vs is the volume fraction of the fibres. Where x is an empirical

parameter which is related to fibre-matrix interface.
2.9.3 Bowyer and Baber model

According to Bowyer and Baber model, the tensile properties of short fibre reinforced
composites are the sum of contributions from subcritical and supercritical fibres and
the matrix. According to this model, the Young’s modulus can be calculated by using

the following egn. 2.8:
M, =MK,K,V,+M, (1 — F’}) (eqn. 2.8)

Where Kj is the fibre orientation factor which depends on the fibre orientation during
the preparation of composite. K is the fibre length factor. According to Fu and Lauke
(1996), for short fibre composites, fibre length and fibre interface factor (K;) can be

calculated by using the following egns. 2.9 and 2.10:

For fibre length L > L
K,=1—[(L. /2L)] (eqn. 2.9)
For fibre length L < L

>=(L/L,.) (eqn. 2.10)

Where, L and Lc represent the length and the critical length of the fibres respectively.
Critical length of the fibre is defined as the minimum length of the fibre required for

the stress to reach the fracture stress of the fibre. Fibres which are shorter than critical
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fibre length will not carry the maximum possible load and become inefficient

(Lacroix et al., 1992).

2.10 Summary of literature review

From the literature survey, it could be noted that there are significant findings in PLA
polymer nanocomposites especially for the medical applications. However, there is a
lack of literature for tuning the mechanical and thermal properties of PLA composites
for other applications especially for the automotive and structural applications. In
addition, a detailed study of the effects of high intensity ultrasound (HIU) and the
combination of alkali and HIU treatments on sisal fibres reinforced PLA composites
are yet to be reported. Hence, in this study; PLA and PP composites reinforced with
different fillers (sisal fibres and halloysite nanotubes) will be prepared and a detailed
study of the effects of surface modification in tuning the mechanical and thermal

properties will be attempted.
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CHAPTER 111

Experimental

3.1 Introduction

Sisal fibres and halloysite (Hal) nanotubes were used to produce polylactide and
polypropylene composites. Surface modification methods were employed for both
sisal fibres and Hal nanotubes in order to improve the surface interactions of fillers
(sisal fibres and Hal nanotubes) with matrix materials to enhance the mechanical and
thermal properties of the resultant composites. Physical, morphological, mechanical
and thermal properties were investigated for untreated and surface treated sisal fibres.
Untreated and 3-Aminopropyltriethoxysilane (APTES) modified Hal nanotubes were
subjected to SEM, FT-IR, nitrogen absorption-desorption analysis and TGA to
confirm the structural modifications of Hal nanotubes by the surface modification of
APTES. A set of physical, morphological, mechanical, thermal and biodegradable
properties were investigated for sisal fibres and Hal nanotubes reinforced polylactide
and polypropylene composites. This chapter describes in brief the materials, surface

treatment methods, composite processing and characterisation techniques.
3.2 Materials

Sisal fibres were obtained from vibrant nature, Chennai, India. PLA (trade name of
Ingeo™ 2003D) was supplied by NatureWorks LLC Inc, USA. The melt flow index
of PLA was 6 g/10 min (210 °C, 2.16 kg) with the density of 1.24 g/cm®. General
purpose injection moulding grade polypropylene (Titanpro 6331) was used with the

melt flow index of 14 g/ 10 min and the density of 0.9 g/cm®. Hal nanotubes were
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purchased from Sigma-Aldrich, Malaysia. 3-Aminopropyltriethoxysilane (APTES)
was supplied by Fisher Scientific, Malaysia. Dichloromethane was supplied by
Merck. Commercial grade NaOH, ethanol, and acetic acid were supplied from RM

Chemicals and were used for the alkali and silane treatments.

3.3 Surface treatment methods

3.3.1 Fibre surface treatment

Sisal fibres were subjected to different surface treatments such as alkali, HIU
treatment and the combination of alkali and HIU treatments. Prior to the surface
treatments, sisal fibres were washed with distilled water in order to remove dirt and
impurities on the surface of sisal fibres and then fibres were dried at 80 °C using a hot

air oven for 24 h.

3.3.1.1 Alkali treatment

The alkali solution was prepared with different concentrations of NaOH (w/v) (0%,
3%, 5%, 7%, 9% and 15%) with distilled water. At first, the clean and dried sisal
fibres were soaked in an alkali solution at room temperature for 24 h with constant
stirring. The fibres were then washed several times with distilled water containing
acetic acid to neutralise the remaining NaOH in the fibres and then dried at 100 °C for

24 h using a hot air oven.

3.3.1.2 Treatment with high intensity ultrasound (HIU)

Untreated and sisal fibres that were treated with different concentrations of alkali
were subjected to HIU for 90 min. An ultrasonic processor (Hielscher UIP1000hd,
transducer tip diameter of 24 mm) with the frequency of 20 kHz, output power of

1000 W has been employed. Optimisation studies were also carried out of ultrasound
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irradiation parameters such as for output power, frequency and time. Distilled water
was used as the medium and the weight of fibres to water solution ratio was
maintained as 1:20 (w/v). The total volume of the solution was 1000 ml and the
transducer tip was dipped approximately 50% inside the solution medium. The
temperature was maintained between 25 to 30 °C by using an ice/water bath. The
optimization of ultrasound irradiation time and the temperature were also carried out
as described in the literature (Lee et al., 2008; Moshiul Alam et al., 2012). The fibres
were then washed with distilled water and dried at 100 °C in a hot air oven for 24 h
and the resultant sisal fibres were then studied for their morphological and thermal

properties.
3.3.2 Surface modification of Halloysite (Hal) nanotubes

The functionalisation of Hal nanotubes was carried out with the silane coupling agent,
APTES. The amount of APTES was determined by using the eqn. 3.1 (MacMillan,
2009) to ensure the uniform distribution of silane onto the surface of Hal nanotubes.
Typical surface area of Hal nanotubes is 65 m%g and the specific surface area of

APTES is 355 m?/g (Arkles, 1977).

Amount of Hal (g) x surface area of Hal (m?/g)

Amount of APTES (g) = ) (eqn. 3.1)
Specific surface area of APTES (m%/g)

12 g of silane coupling agent i.e. APTES was dissolved in 500 mL of ethanol (95%)
solution and 1 mL of acetic acid was added to keep the pH between 4.5 and 5.5. This
solution was then stirred vigorously at 60 °C for 15 min. 50 g of Hal nanotubes were
added to the solution and stirred at 60 °C for 2 h. The silane modified Hal nanotubes
were then filtered and washed with ethanol and dried at room temperature for 24 h

and then dried under vacuum at 100 °C for 8 h to remove the moisture and ethanol.
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HC (|) Hal — C|)
3(Hal) - OH + H,C"~0 - S$i —~_—NH, —> Hal — O — Si—_— NH, + 3CH,CH,0H

| |
H;C \/0 Hal — O

(3-Aminopropyltriethoxy silane)

Scheme 2: Reaction of APTES with Hal nanotubes (Arkles et al., 1992; Du et al.,

2006)

In case of Hal nanotubes, the aluminol groups (AI-OH) on the surface of the inner
layer of Hal nanotubes have high degree of chemical reactivity with organic
compounds such as APTES (Scheme 2). Yuan et al. (2008) investigated the
modifications of Hal nanotubes with APTES by grafting on the inner surface of Hal
nanotubes. The external surface of Hal nanotubes consists of siloxane (Si-O-Si)
groups and few aluminols (AlI-OH) and silanols (Si-OH) at the edges and surface
defects of Hal nanotubes. They reported that the amino-propyl groups as well as the
hydroxyl groups of the hydrolysed APTES formed the covalent bonds between Al-
OH groups of the inner surface of Hal nanotubes and the siloxane (Si-O-Si) groups at
the edges or the surface defects of Hal nanotubes (Yuan et al., 2015). On the other
hand, since the modification of Hal nanotubes was carried out using the mixture of
water and ethanol solution, some of the hydrolysed APTES reacts with each other to
form oligomers which grafted by hydrogen bonding. These oligomers were further
reacted with aluminols and siloxanes to form the cross-linked network in the lumen of
Hal nanotubes (Arkles et al., 1992; Yuan et al., 2008). It is also believed that more
hydroxyl groups exist on the surface of Hal nanotubes due to surface defects. These
hydroxyl groups are the potential reactive sites for the surface modification on the
external surface of Hal nanotubes which increased the interaction of APTES with Hal

nanotubes (Yuan et al., 2008).
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3.4 Fabrication of composites
3.4.1 Sisal-PLA composites

Different ratio of untreated and different surface treated (HIU, alkali (7 wt%)) and the
combination of alkali (7 wt%) and HIU treated) sisal fibres and PLA (Table 3.1) were
mixed with an internal mixer (Brabender Plasticoder PL2000-6 equipped with co-
rotating blades and a mixing head with a volumetric capacity of 69 cm®). The rotor
speed and the blending temperature and time were set at 50 rpm, 180 °C and 15 min

respectively.

Table 3.1 Composition of untreated and treated SF/PLA composites

S.No. PLA Untreated Ultrasound  Alkali treated Alkali +
(wt  sisal fibres  treated sisal sisal fibres (wt ultrasound
%) (wt %0) fibres (wt %0) %) treated sisal
fibres (wt %)
1 100 0 0 0 0
2 90 10 0 0 0
3 85 15 0 0 0
4 80 20 0 0 0
5 75 25 0 0 0
6 70 30 0 0 0
7 90 0 10 0 0
8 85 0 15 0 0
9 80 0 20 0 0
10 75 0 25 0 0
11 70 0 30 0 0
12 90 0 0 10 0
13 85 0 0 15 0
14 80 0 0 20 0
15 75 0 0 25 0
16 70 0 0 30 0
17 90 0 0 0 10
18 85 0 0 0 15
19 80 0 0 0 20
20 75 0 0 0 25
21 70 0 0 0 30
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Before mixing all the samples were dried under vacuum at 60 °C for 4 h to remove
any moisture. Materials obtained from the internal mixer were compression moulded
to obtain the test specimens. The compounded materials were placed onto a steel
frame mould covered by aluminium plates on both sides. The materials were pressed
into sheets of 1 and 3 mm thickness at 180 °C. The moulding cycles involved 3 min of
preheating without any pressure, 20 sec of venting and 3 min of compression under
100 bar using hot and cold pressing machine (LP-S-50 Scientific Hot and Cold Press).
Then the hot moulded samples were cooled immediately between two platens of cold

press at 20 °C for 2 min.

3.4.2 Sisal-PP composites

Table 3.2 Composition of Sisal/PP composites

S. No. PP Untreated  Ultrasound  Alkali treated Alkali +
(wt  sisal fibres treated sisal  sisal fibres (wt ultrasound
%) (wt %0) fibres (wt %0) %) treated sisal

fibres (wt %0)

1 100 0 0 0 0
2 90 10 0 0 0
3 85 15 0 0 0
4 80 20 0 0 0
5 70 30 0 0 0
6 90 0 10 0 0
7 85 0 15 0 0
8 80 0 20 0 0
9 70 0 30 0 0
10 90 0 0 10 0
11 85 0 0 15 0
12 80 0 0 20 0
13 70 0 0 30 0
14 90 0 0 0 10
15 85 0 0 0 15
16 80 0 0 0 20
17 70 0 0 0 30
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Composites of PP reinforced with untreated and different surface treated (HIU treated,
alkali (7 wt%) and the combination of alkali (7 wt%) and HIU treated) sisal fibres by
using internal mixer and compression moulding at 175 °C as described in the section

3.4.1. Table 3.2 shows the composition of SF/PP composites.

3.4.3 Hal-PLA nanocomposites

PLA nanocomposites were prepared with reinforcement of different weight
percentage of unmodified and APTES modified Hal nanotubes by using internal
mixer and compression moulding machine as described in the section 3.4.1. Before
mixing, all the samples were dried under vacuum at 60 °C for 4 h to remove any
moisture. Table 3.3 shows the composition of PLA nanocomposites reinforced with

unmodified and APTES modified Hal nanotubes.

Table 3.3 Composition of Hal nanotubes (APTES modified/unmodified) PLA

nanocomposites

S. No. Sample PLA uHal mHal

(Wt%o) (Wt%) (Wt%)
1 Pure PLA 100 0 0
2 2uHal 98 2 0
3 4uHal 96 4 0
4 6uHal 94 6 0
5 8uHal 92 8 0
6 2mHal 98 0 2
7 4mHal 96 0 4
8 6mHal 94 0 6
9 8mHal 92 0 8

uHal: unmodified Hal nanotubes and mHal: APTES modified Hal nanotubes
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3.4.3 Hal-PP nanocomposites

PP nanocomposites were prepared with the incorporation of different ratio of
unmodified and APTES modified Hal nanotubes by using internal mixer and
compression moulding as described in the section 3.4.1. Table 3.4 shows the
composition of PP nanocomposites reinforced with unmodified and APTES modified

Hal nanotubes.

Table 3.4 Composition of Hal nanotubes (APTES modified/unmodified) PP

nanocomposites

S. No. Sample PP uHal mHal

(Wt%o) (Wt%) (Wt%)
1 Pure PP 100 0 0
2 2uHal 98 2 0
3 4uHal 96 4 0
4 6uHal 94 6 0
5 8uHal 92 8 0
6 2mHal 98 0 2
7 4mHal 96 0 4
8 6mHal 94 0 6
9 8mHal 92 0 8

uHal: unmodified Hal nanotubes and mHal: APTES modified Hal

nanotubes
3.5 Characterisation techniques
3.5.1 FTIR analysis

FTIR analysis was conducted in between 400 and 4000 cm™ with 0.4 cm™ resolution
by using FTIR spectrophotometer (PerkinElmer Spectrum RX1) to confirm the

surface modification of alkali, ultrasound and the combination of alkali and
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ultrasound treated sisal fibres. FTIR was used to confirm the structural modifications
of untreated and different surface treated sisal fibre reinforced PLA composites. FTIR
was conducted in between 400 and 4000 cm™ with 0.85 cm™ resolution using FTIR
(8300 Shimadzu, Japan) to confirm the structural modification of Hal nanotubes and
Hal-PLA nanocomposites. For this, fibre samples were grounded well with KBr (~2%
by weight) and pressed into a pellet with the thickness of about 1 mm. All FTIR

spectra were recorded in Transmittance units.
3.5.2 FE-SEM analysis

The surface morphology of untreated, ultrasound treated and the combination of alkali
and ultrasound treated sisal fibres and their PLA and PP composites of the tensile
fractured surfaces were investigated by using Quanta 400 FE-SEM. The FE-SEM also
used to measure the fibre diameter of the untreated and different surface treated sisal
fibres. The morphology of tensile fractured surfaces of Hal-PLA and Hal-PP
nanocomposites and the elemental analysis for the unmodified and APTES modified
Hal nanotubes was carried out by using FE-SEM with EDX using Quanta 400 FE-

SEM.
3.5.3 Nitrogen adsorption-desorption analysis

Nitrogen adsorption-desorption isotherm analysis was carried out for unmodified and
APTES modified Hal nanotubes at -196 °C by using porosimeter (ASAP2020,
Micromeritics). The specific surface area and total pore volume of both unmodified
and APTES modified Hal nanotubes were calculated by Brunauer-Emmett-Teller
(BET) method and Barrett-Joyner-Halenda (BJH) methods respectively by using

MicroActive 4.0 software. Before measurements, samples of unmodified and APTES
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modified Hal nanotubes were dried at 110 °C for 12 h and out-gassed at 100 °C under

vacuum for 8 h (Barrientos-Ramirez et al., 2011).
3.5.4 XRD analysis

The crystallinity of cellulose in sisal fibres was analysed with X’Pert Pro MRD
(PANalytical) diffractometer using CuKoa (1.2405980A) radiation Ni-filter and
scintillation counter as detector at 45 kV and at 23 mA. Experiments were carried out
in the continuous mode at a scan speed of 2° per min and with a step size of 0.02°.
The X-ray diffracto-grams were recorded from 10 to 50° (Bragg angle). The
crystallinity index and percentage of crystallinity (%C,) of cellulose were calculated
according to peak height method (eqgn. 3.2) (Segal et al., 1959; Park et al., 2013).
(Too2 — Luw)

Cl (%)= - x 100 (eqn.3.2)

Where lgo; is the peak intensity at a 260 angle close to 22° and Iy is the amorphous

counter reading at a 260 angle at around 18°.

3.5.5 Tensile properties of single sisal fibre

Tensile properties of untreated and surface treated sisal fibres were carried out
according to ASTM D3379-75 standard test method for a single filament. For this
purpose, untreated and surface treated single fibre was fixed to the rectangular
cardboard sheet with the dimensions of 50 mm x 20 mm (length x width) which has a
20 mm hole in the middle of the cardboard sheet as shown in Fig. 3.1. The single fibre
was mounted on the cardboard sheet by using polyvinyl acetate glue. The mounted
fibres were then placed in the grips of tensile testing machine (Toyoski tensile testing

machine) and a cutter was used to cut the supporting sides of the cardboard. The
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tensile test was carried out at a cross head speed of 0.5 mm/min using 10 N-cell load.
The fibres were assumed to be cylindrical and the diameter of the fibres was measured
at five different points using optical microscopy (Olympus SZX7). The obtained
average diameter was then used to calculate the tensile properties of fibres

considering twenty specimens.

¢ > PVA glue

\ = Sisal fibre
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Fig. 3.1 Schematic diagram of the method followed to determine the tensile strength

of single fibre
3.5.6 Density measurements

The density (pc) of the composites was calculated by using a pycnometer which was
carried out according to 1ISO 118-3. Distilled water was used as a reference liquid for
this test at 23 °C. The density of the composites was then calculated by using the

following egn. 3.3

W,

P.= (eqn.3.3)
(W /Pm) T (We /pp)
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Where W, W, and W; are the weights of the composites, matrix and fibres

respectively, whereas pm and pr are the density of matrix and fibres respectively.
3.5.7 Tensile properties of the composites

Dumb-bell shaped specimens were punched from the moulded sheets of pure PLA,
pure PP, untreated and different surface treated sisal fibres reinforced PLA and PP
composites after 24 h of storage. Tensile properties were also evaluated for the
unmodified and APTES modified Hal nanotubes reinforced PLA and PP composites.
Ultimate tensile strength (maximum stress), elongation at break and Young’s modulus
were measured according to ASTM D638 standard using Toyoski tensile testing
machine at a constant crosshead speed of 5 mm/min. Six specimens were tested and at

least five replicate specimens have been presented as an average of tested specimens.
3.5.8 Impact properties of the composites

Impact tests were performed for pure PLA, pure PP, untreated and different surface
treated sisal fibres reinforced PLA and PP composites after 24 h of storage. Impact
properties were also evaluated for the unmodified and APTES modified Hal
nanotubes reinforced PLA and PP composites by using CEAST lzod impact tester
(Model CE UM-636) with a 4 J hammer according to ASTM D256 standard. For this,
samples with the final dimensions of 3 x 25 x 150 mm?® were cut and the impact
strength was performed at room temperature for six notched samples taken from each

nanocomposite and the average values and the standard deviation have been reported.
3.5.9 TGA analysis

TGA was conducted using Perkin-Elmer (STA6000 TA instrument) from room

temperature to 600 °C at a heating rate of 10 °C/min under nitrogen atmosphere at a
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flow rate of 20 ml/min and the sample weight was taken as an average of 8 mg for

each sample.
3.5.10 DSC analysis

DSC analysis was carried out for pure PLA, pure PP, and untreated and different
surface treated sisal fibres reinforced PLA and PP composites. DSC test was also
carried out for unmodified and APTES modified Hal nanotubes reinforced PLA and
PP composites. For this purpose computerised DSC (Mettler Toledo DSC 1/32
equipped with STARe System) was used to determine the crystallization and melting
temperatures, heat of fusion and degree of crystallinity of the samples. The tests were
conducted by heating the samples in a covered aluminium pan from room temperature
to 120 °C at 10 °C/min followed by cooling to 30 °C at a cooling rate of 10 °C/min to
remove the thermal history. Second heating was carried out at a rate of 10 °C/min up
to 120 °C to obtain heat flow vs. temperature thermogram. All the analysis was
carried out using 5 to 10 mg of samples in an atmosphere of nitrogen (20 ml/min).
First heating scan was omitted from the data analysis. The crystallinity of PLA and PP
in the composites was calculated by using the following eqgn. 3.4
Crystallinity (%) = Ay ~ A 100 (eqn. 3.4)

8]

m

Where AH;,, and AH, are the endothermic enthalpy of samples and that of 100%
crystallized PLA and PP (heat of fusion of 100% crystallinity of PLA and PP are 93
J/g and 209 J/g respectively) (Avella et al., 1992; Arbelaiz et al., 2006; Battegazzore
et al., 2011). AHcc is the enthalpy of cold crystallization and C is the mass percentage

of pure PLA and PP composites respectively.
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3.5.11 DMA analysis

DMA was measured by using a dynamic mechanical analyser (Perkin-Elmer
DMAB8000). The samples were subjected to a cyclic tensile strain with the force
amplitude of 0.1 N at a frequency of 1.0 Hz. Storage modulus, tan delta and loss
modulus were determined from room temperature to 120 °C at a heating rate of 3

°C/min.
3.5.12 Water absorption studies

Water absorption tests were carried out according to ASTM D570-98. The composite
samples were cut into square shape with the dimensions of 20 mm x 20 mm x 3 mm.
The composite samples were first dried in an oven at 70 °C for 24 h to remove the
moisture and then the composite samples were weighed and soaked in a beaker with
distilled water. The water soaked samples were taken out at regular time intervals and
the experiments were continued over a period of 60 days. Composite samples were
dried using tissue paper after taken out from the beaker and the samples were weighed
by using a digital balance. A digital weighing scale (Mettler Toledo model: XS204-3)
with a weighing precision of 0.0001 g was used to weigh the samples. The percentage

weight of water absorbed (Wa) was calculated by using the following eqn. 3.5

Wr — W,
—f— 1 x 100 (eqn. 3.5)
W,

1

Wa(%) =

Where, W; and W; are the initial and final weights of the composite samples
respectively. Water or moisture absorption is an important property in which the
mechanical properties of fibre reinforced composite materials decrease greatly with
increasing water absorption (Chow et al.,, 2007). The diffusion properties of

composite materials could be explained by Fick’s law. The coefficient of diffusion
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(D) is defined as the rate of diffusion takes place with respect to unit area of sample
and square root of time (Dhakal et al., 2007b; Sreekala and Thomas, 2003). Diffusion
coefficient (D) behaviour of untreated and treated SF/PLA composites was calculated

by the following egn. 3.6.

[ o8]

D=m|— (eqn. 3.6)

Where k is the initial slope of a plot M (t) versus t*%; My, is the maximum weight gain

and h is the thickness of the sample.
3.5.13 Biodegradability analysis

The biodegradability of the untreated, HIU treated, alkali treated and the combination
of alkali and HIU treated SF/PLA polymer composites were conducted by natural soil
burial test for a period of 4 months (January to April 2016). This biodegradability test
was carried out according to Kim et al. (2005). For this purpose, samples were cut
into square shape with the dimensions of 20 mm x 20 mm x 3 mm. Each month, one
set of samples were dig out from the soil and washed with distilled water and then
dried at 60 °C in an oven for 24 h before subjecting the samples to morphological
studies and weight loss measurements. The weight loss was estimated with an

electronic digital balance with the precision of 0.0001.

Weight loss was calculated by using following eqgn. 3.7.

T T

. W — W
Weight loss (%) = ——— x 100 (egn. 3.7)
W,

1
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Where W; and Wk are the initial and final weight of the samples. Morphological
aspects of the exposed area of the samples were analysed by using Quanta 400 FE-

SEM.
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CHAPTER IV

Results and Discussion: Surface treatments and

characterisation of sisal fibres

4.1 Effects of alkali and HIU treatments on sisal fibres

Alkali treatment is one of the most common and efficient chemical methods used for
cleaning and/or mercerising the surface of natural fibres (Gurunathan et al., 2015). On
the surface of sisal fibres, free space exists between the cellulose and amorphous
materials, which is responsible for the absorption of moisture. Absorption of moisture
leads to the reduction in the mechanical and thermal properties of fibres. Scheme 1
(section 2.4.1) shows the alkali reaction with sisal fibres in which Na* ions from the
alkali solution replace the hydroxyl groups on the surface of fibres whereby the fibre
surface becomes hydrophobic which leads to the enhancement of moisture resistance
property of the fibre surface (Kabir et al., 2012). Alkali treatment also dissolves the
waxy and oily materials that cover the surface of fibres thereby making the surface to
become cleaner. Besides, micro-voids are eliminated due to the clean surface and the
stress transfer property of fibres is increased (John and Anandjiwala, 2009;
Mwaikambo et al., 2007). With the removal of these amorphous materials from the
surface of fibres, mechanical and thermal properties of the fibre reinforced composites
increased (Mwaikambo et al., 2007; Lu et al., 2013; Kabir et al., 2013b; Mahjoub et
al., 2014). However, improvement of these properties mainly depends on the
concentration of alkali solution. It is proved that the optimized percentage of alkali
treatment can only remove the amorphous materials partially from the surface of

natural fibres ( Mwaikambo and Ansell, 1999; Cai et al., 2015). If the concentration of
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alkali is higher than the optimum, delignification takes place and the fibres become
weakened or damaged, which leads to the reduction in the mechanical and thermal
properties of the reinforced composites (John and Anandjiwala, 2009; Kabir et al.,

2012).

On the other hand, in recent years, HIU has gained wide popularity as an effective
method for the surface modification of natural fibres especially for the separation of
fibres (Chen et al., 2011b). HIU waves can produce powerful mechanically oscillating
bubbles which lead to cavitation that consists of formation, expansion and violent
collapse of bubbles in the water and result in the generation of high pressure and
temperature locally. The energy produced by the cavitation during violent collapse is
approximately equals to hydrogen bond energy (10-100 kJ/mol). Thus, the ultrasonic
impact can gradually disintegrate the complicated multilayer structure and separates
the cellulose fibrils from the amorphous materials (Tischer et al., 2010). The effect of
HIU treatment of sisal fibres was studied without alkali pre-treatment. It was noticed
that the ultrasound treatment alone not effective in the removal of amorphous
materials from the surface of fibres and to reduce the fibre diameter. This may be due
to the strong intermolecular hydrogen bonding of hemicellulose and lignin present on
the surface of fibres with the cellulose molecule. However, alkali treatment replaces
the hydrogen bonding as shown in the scheme 1 (section 2.4.1). This is in agreement
with the results of FE-SEM, FTIR and tensile strength and modulus. Similar results
were reported by other researchers (Lee et al., 2008; Moshiul Alam et al., 2012; Beg

etal., 2015).

Application of HIU treatment for the alkali treated sisal fibres significantly improved
the aspect ratio due to well-separated fibre strands which leads to improve the

mechanical and thermal properties of the fibre reinforced polymer composites. Fig.
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4.1 shows the schematic representation of the effects of alkali and HIU treatments on
the surface of fibres. Chen et al. (2011) described the key effects of HIU for the
chemically pre-treated wood fibres. They mentioned that HIU with an output power
equals to 1000 W or more was efficiently individualised the fibres and significantly
increased the aspect ratio of fibres. Tischer et al. (2010) reported the pre-treatment of
bacterial cellulose with 0.1M NaOH solution before applying HIU treatment. They
found that the combination of alkali and HIU treatments were effective in promoting

the removal of amorphous materials from the surface of bacterial cellulose.
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Fig. 4.1 Schematic representation of the effects of alkali and HIU treatments on the

sisal fibres

A significant reduction of water absorption by 50% and an increase in the tensile
strength by 4.52% were found out with alkali and ultrasound treated banana fibres
reinforced vinyl ester composites as compared to untreated banana fibre composites
(Ghosh et al., 2014). Combined treatments of alkali and ultrasound treatments were

applied to oil palm empty fruit bunch fibres reinforced PLA composites and the
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mechanical and thermal properties were evaluated. It was noticed that the tensile
strength, modulus and impact strength increased by 33%, 62% and 53.8% respectively
for the combined treatments of alkali and ultrasound as compared to pure PLA
(Moshiul Alam et al., 2012). Fig. 4.2 shows the visual examination of untreated and
different surface treated sisal fibres. It can be seen that the untreated fibres (Fig. 4.2A)
possess higher diameter as compared to alkali and the combined treatment of alkali

and HIU (Figs. 4.2C and D). HIU treatment (Fig. 4.2B) could remove the impurities

whereby the fibres become cleaned.

8|

Fig. 4.2 Visual examination of sisal fibres: (A) Untreated (UT), (B) High intensity
ultrasound treated (ULT), (C) Alkali treated (ALKT), (D) Combination of alkali and
high intensity ultrasound treated (ALKT-ULT) sisal fibres
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Abdul Khalil et al. (2014) and Iskalieva et al. (2012) have also studied the HIU effects
on the separation of hemicellulose and lignin from the fibre surface and indicated that
the pre-treatment of fibres with high power input of ultra-sonication enhanced the
removal of amorphous materials from the surface of natural fibres along with
individualisation of fibre strands. This is in agreement with the observed results from

FE-SEM and tensile strength.
4.2 FTIR analysis

The chemical structure of untreated, ultrasound, alkali and the combination of alkali
and ultrasound treated sisal fibres was analysed through FTIR. The functional groups
of cellulose, hemicellulose, pectin and lignin present on these fibres and their
respective IR bands have been listed in Table 4.1 (Boopathi et al., 2012; Ramadevi et
al., 2012; Cai et al., 2015). FTIR spectrum is useful to investigate the shifted
functional groups within the fibre constituents after subjected to surface treatments

(Carrillo et al., 2004; Abidi et al., 2014).

Fig. 4.3 shows the FTIR spectra of untreated, ultrasound, alkali and the combination
of alkali and ultrasound treated sisal fibres. The broad peaks at 3431 cm™ and at 3434
cm™ are attributed to the hydroxyl groups of cellulose and hemicellulose. In the
untreated fibres, the band at 2916 cm™ indicates the C-H stretching of lignin which
shifted to 2893 cm™ with the treatment of ultrasound, alkali and the combination of
alkali and ultrasound on the sisal fibres and this clearly indicates the removal of lignin
(Zhou et al., 2014). In the untreated fibres, the band appearing at 1742 cm™ indicates
the C=0 groups of hemicellulose and pectin which disappeared with the alkali

treatment (Ramadevi et al., 2012). However, with ultrasound treatment the sisal fibres
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still indicates the peak at 1742 cm™, which confirms that ultrasound treatment alone is

not effective in removing hemicellulose and lignin from the surface of fibres.

Table 4.1 FTIR transmittance peaks of the constituents of sisal fibres

Wavenumbers (cm™)

Functional groups

Possible assignment

3431, 3434

2916, 2921, 2893

1742

1636

1376

1261

1053, 1060

-OH stretching vibrations

C-H stretching vibrations

C=0 stretching vibrations

-OH bending mode

C-H bending and C-O

stretching

C-O stretching

C-O stretching

Cellulose, hemicellulose
and lignin

Lignin, hemicellulose and
cellulose

Carboxyl groups of
hemicellulose and pectin
Presence of water in
hemicellulose

Hemicellulose

Acetyl groups of lignin

Lignin and cellulose

Similarly, the peak corresponding to C-O stretching of acetyl groups of lignin at 1261

cm™ no longer appears with the combined treatment of alkali and ultrasound. The

characteristic peak at 1053 cm™ represents the C-O stretching of lignin in the

untreated fibres which shifted to a higher wavelength at 1060 cm™ due to the removal

of lignin from the surface of sisal fibres with the treatments of alkali and the

combination of alkali and ultrasound (Kabir et al., 2013a; Belaadi et al., 2014; Cai et

al., 2015).
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Fig. 4.3 FTIR spectra of untreated (UT), ultrasound treated (ULT), alkali treated
(ALKT) and the combination of alkali and ultrasound treated (ALKT-ULT) sisal

fibres

From these observations it could be noted that hemicellulose, pectin and lignin from
the surface of sisal fibres could be removed when they were subjected to alkali and
the combined treatment of alkali and ultrasound. Previous studies indicated that
ultrasound treatment alone did not cause any significant effect on the removal of
hemicellulose and pectin (Chen et al., 2011). On the other hand, alkali treatment alone
found to have good impact on the removal of amorphous materials such as
hemicellulose, lignin and pectin from the surface of sisal fibres (Lu et al., 2013; Cai et

al., 2015).

In this investigation no difference was observed between the spectra of alkali treated
and the combination of alkali and ultrasound treated sisal fibres. This indicates the
importance of alkali in removing the amorphous components from the surface of

fibres. Besides, it confirms that the molecular structure of cellulose was not changed
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with any of the above treatments. Thus, alkali as well as the combination of alkali and
ultrasound treatments successfully removed the amorphous materials such as
hemicellulose, lignin and pectin from the surface of sisal fibres. Similar observations
were reported on the preparation of cellulose | nanofibers from bamboo fibres (Chen

etal., 2011).

4.3 Morphology of sisal fibres

The changes in the morphology of sisal fibres with alkali, ultrasound and their
combined treatments were studied using FE-SEM (Fig. 4.4). Fig. 4.4A clearly shows
that the surface of untreated fibres contains impurities such as waxy and gummy
materials which are attached onto the surface. Whereas, the partial removal of
impurities, waxy and gummy materials could be seen in the case of ultrasound treated
sisal fibres as compared to the untreated fibres (Fig. 4.4B). Thus, ultrasound treatment
alone is not effective to remove the hemicellulose, lignin and pectin from the surface
of sisal fibres owing to the strong hydrogen bonding between lignin and cellulose
structure. Whereas, alkali treatment helps to dissolve the oily, waxy and other
impurities which stick onto the surface of sisal fibres and results in the cleaning of

fibre surface (Fig. 4.4C).

Besides, the alkali treatment reduced the fibre diameter owing to the removal of
hydrogen bonding between the cellulose and lignin materials on the surface of fibres
and leads to their easy separation (Li et al., 2007). A reduction in the fibre diameter
enhances the aspect ratio (length/diameter) of sisal fibres which assists in the
improvement of mechanical and thermal properties of fibre reinforced polymer

composites (Vilay et al., 2008; Dong et al., 2014; Shukor et al., 2014). These
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observed results of removal of amorphous components from the fibre surface are in

agreement with FTIR results.

Fig. 4.4 FE-SEM micrographs of sisal fibres: (A) Untreated (UT) (B) Ultrasound

treated (ULT) (C) Alkali treated (ALKT) (D) the combination of alkali and ultrasound

treated (ALKT-ULT)

With the combined treatment of alkali and ultrasound, the fibre surface becomes
highly rough with loosened structure (Fig. 4.4D) as compared to the untreated,
ultrasound and alkali treated fibres. Thus, alkali treatment removed the waxy, oily and
other impurities present on the surface of fibres whereby fibres become swollen and

soft. Whereas, the application of HIU causes the removal of amorphous materials as
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well as the separation or disintegration of cellulose effectively which in turn enhances

the surface roughness of sisal fibres.

An increase in the surface roughness is very important to enhance the adhesion or
mechanical interlocking between fibre surface and polymer matrix to improve the
mechanical and thermal properties of fibre reinforced polymer composites (Cheng et
al., 2010; Chen et al., 2011a, 2011b). Other researchers also noted similar results
using different natural fibres where they have observed the removal of wax and pectin
from the fibre surface after alkali and ultrasound treatments. Besides, they observed
an irregularity in the structure on the fibre surface which increased the adhesion of
fibre and matrix of polymer composites (Mwaikambo and Ansell, 2002; Chen et al.,
2011b; Kaushik et al., 2012; Moshiul Alam et al., 2012; Zhang et al., 2013; Cai et al.,

2015).

4.4 Analysis of moisture absorption

Similar to other natural fibres, sisal fibres absorb moisture, mainly due to the presence
of amorphous materials on the surface of fibres which induce the absorption of
moisture from the atmosphere. With the absorption of moisture, the mechanical and
thermal properties of fibres are reduced. Besides, it causes poor compatibility between
the polymer matrix and fibre. Analysis of moisture content of the untreated, HIU
treated, alkali treated and the combination of alkali and HIU treated fibres have been
shown in Fig. 4.5. It is obvious that the untreated fibres show a higher moisture
content, as discussed in the earlier sections where the large gap between the cellulose
and amorphous materials such as hemicellulose, lignin and pectin on the surface of

sisal fibres absorb the moisture in the untreated fibres (Somerville et al., 2004).
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Fig. 4.5 Moisture content of untreated (UT), ultrasound treated (ULT), alkali treated
(ALKT) and the combination of alkali and ultrasound treated (ALKT-ULT) sisal

fibres

Alkali treatment replaces the hydroxyl groups of amorphous materials with Na* ions
and the fibres become O'Na" which makes the fibre surface hydrophobic and reduces
its moisture absorption (Cai et al., 2015). Whereas the combination of alkali and
ultrasound treated fibres exhibited a lower moisture content where the alkali treatment
makes the fibre surface to swollen and soft; high intensity ultrasound effectively
removed the remaining amorphous materials and increased the exposure of crystalline
cellulose to the outer surface. Higher exposure of crystalline cellulose makes the

fibres to resist moisture (Chen et al., 2011a) which leads to lower its moisture content.

These results further support the observations obtained from FTIR and FE-SEM. Fig.
4.5 illustrates the moisture content of treated and untreated sisal fibres. Untreated sisal

fibres show a moisture content of 9.5% which reduced to 7.5% when the sisal fibres
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were treated with NaOH (3 wt%). Moisture content further reduced to 7% when the
conc of NaOH increased to 7%. Whereas, for the combined alkali and ultrasound
treated fibres, the moisture content significantly dropped to 5.5% which reveals that
the combined treatments of alkali and ultrasound made significant effects on the fibre
surface. Boopathi et al. (2012) reported that the absorption of moisture significantly
reduced (30%) after alkali treatment of Borassus fibres. Moisture absorption is an
important property as it modifies the mechanical and thermal properties of fibres. A
lower moisture content of the fibres enhances the adhesion between the fibres and the
matrix which results in its wider applications as reinforcing fillers in the production of

polymer composites.

4.5 Analysis of fibre diameter

Fibre diameter analysis was carried out by taking 25 samples each of untreated, alkali
treated, HIU treated and the combination of alkali and HIU treated sisal fibres. Fig.
4.6 shows the FE-SEM images from which the diameter of sisal fibres could be
established. A reduction in the fibres diameter was observed and the obtained results
have been summarised in Table 4.2. Untreated fibres show a higher fibre diameter
(240-305 pm) as compared to HIU treatment, alkali and the combination of alkali and
HIU treated sisal fibres. In case of HIU treatment, a slight reduction in the fibre
diameter was observed which is due to the effect of ultrasonication. In case of alkali
treated fibres, a considerable reduction in the fibre diameter was observed which
clearly indicated the removal of amorphous materials as well as waxy, oily and other
impurities from the surface of fibres. It is noteworthy that the diameter of fibre
decreased constantly with an increase in the concentration of NaOH from 3 to 15
wit%. Similar observations were also noted for the simultaneous treatment of alkali

and HIU.
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Fig. 4.6 FE-SEM images of sisal fibres with the diameter for different concentration
of alkali treatment and the combination of alkali and ultrasound treatments (A)
Untreated (B) HIU treated (C) Alkali treated (D) the combination of alkali and HIU

treated

In case of the combination of alkali and HIU treated sisal fibres, the fibre diameter
reduced by about 200% (Table 4.2), implying an increased aspect ratio. These
observations show that the combined treatments of alkali and HIU affect the fibre
diameter of the sisal fibres. Kabir et al. (2013) observed the same trends in the hemp
fibres where the diameter of fibres reduced to 20% of their original diameter after
subjecting the fibres to NaOH (10 wt%) which is due to the removal of hemicellulose

and lignin from the surface of fibres. Mahjoub et al. (2014) determined the fibre
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diameter after alkali treatment and observed a reduction in the fibre diameter by 15 to

25%.
Table 4.2 Diameter of untreated and different surface treated sisal fibres
S. Fibre type Maximum Minimum Average
No. diameter (um) diameter (um) diameter (um)
1 uT 305 240.0 275.25
2 ULT 285 175 240.50
3 3ALKT 245.50 135.84 185.67
4 SALKT 206.52 136.33 155.95
5 TALKT 195.30 92.22 147.40
6 9ALKT 190 103.52 136.50
7 15ALKT 175.20 97.60 133.99
8 3ALK-ULT 228.60 187.35 195.60
9 7TALK-ULT 187 122.68 145.70
10 9ALK-ULT 125 85.50 105.00
11 15ALK-ULT 120 85 97.50
4.6 XRD analysis

XRD is an important technique to investigate the crystallinity of materials. Fig. 4.7
shows the diffraction patterns of untreated, HIU, alkali and the combination of alkali
and HIU treated sisal fibres. The X-ray spectrum of untreated and treated sisal fibres
show three main peaks at 15.3° 23.0° and 35.0°, which are assigned to (101), (002)
and (040) reflection planes of cellulose | structure. The untreated sisal fibre shows a

broad peak at 15.3° which is related to the amorphous phase of lignin and
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hemicellulose. The sharp peak with high intensity refers to the crystalline cellulose
phase of sisal fibres (Ouajai and Shanks, 2005; Mohan and Kanny, 2012). After alkali
treatment, cellulose in the sisal fibres converted into alkali cellulose. Formation of
alkali cellulose purely depends on the concentration of alkali and the treatment
conditions. Na*-cellulose | and Na*-cellulose 1l are the commonly existing types of
alkali cellulose with the alkali treatment. Na'-cellulose 1 is formed at room
temperature with the concentration of alkali between 3-5%. Whereas, Na*-cellulose 11
is formed at a higher concentration of alkali (7% and higher) and at higher
temperatures (60-100°C). Subsequent washing of Na*- cellulose leads to the formation
of Na'-cellulose 11 which is of a crystalline structure. Nishiyama et al. (2000) reported
that the alkali treatment involves rearrangement of amorphous form of cellulose
molecules into crystalline phase. Cai et al. (2015) also observed similar results in

abaca fibres using higher concentrations of alkali.

The crystalline index (C,l) of untreated, HIU, alkali and the combination of alkali and
HIU treated sisal fibres was calculated by using the Segal method and the obtained
values of C;I have been shown in Fig. 4.8. Segal method is simple and effective and is
based on the intensity measured at two points of XRD according to egn. 3.2 (Park et
al., 2010). Crystallinity index of untreated sisal fibres was 64.67% which slightly
increased to 66.21% for the HIU treated sisal fibres and this indicates the partial
removal of amorphous materials from the surface of sisal fibres. However, with the
treatment of alkali, crystallinity index of the sisal fibres increased gradually. The
crystallinity continuously increased with an increase in alkali from 3 wt% up to 7

wt%, and resulted in about 10% higher crystallinity than the untreated sisal fibres.
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Fig. 4.7 X-ray diffractogram of untreated (UT), alkali treated (ALKT) and the
combination of alkali and HIU treated (ALKT-ULT) sisal fibres (A: Untreated, B:
HIU treated, C-G: Alkali treated (3, 5, 7, 9 and 15 wt% of alkali), H-L: Combination

of alkali and HIU treated (3, 5, 7, 9 and 15 wt% of alkali)

However, a further increase in the concentration of alkali (9 wt% and above), a
decrease in the crystallinity was observed which may be due to the disintegration of
cellulose structure. Similar results have been reported in the literature (Cao et al.,
2012; Kaushik et al., 2012; Mokaloba and Batane, 2014; Chikouche et al., 2015).
Mokaloba and Batane. (2014) noticed an increase in the crystallinity index (C,I) of
sisal fibres by 8% with the treatment of 6 wt% alkali. Kaushik et al. (2012) observed
that the crystallinity index of raw sisal fibres was 71.7% and with the alkali treatment
(5 wt%) the crystallinity index increased to 74.3%; however it reduced to 62% when
the concentration of alkali finally increased to 10 wt%. These observations revealed

that crystallinity index depends on the concentration of alkali employed.
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Fig. 4.8 Percentage of crystallinity as a function of percentage of alkali concentration
for alkali treated (ALKT) and the combination of alkali and high intensity ultrasound

treated (ALKT-ULT) sisal fibres

With the combined treatment of alkali and HIU, the crystallinity index improved
further and reached the maximum of 78.74% for alkali concentration of 7 wt% and
HIU combination as compared to individual HIU and alkali treated sisal fibres which
is associated with the swelling of sisal fibres after the alkali treatment. With the
swelling and smooth surface of sisal fibres after alkali treatment, it becomes easy for
the HIU treatment to remove the amorphous materials effectively. Thus, 7 wt% alkali
and HIU treated sisal fibres shows 14% higher crystallinity as compared to the
untreated sisal fibres. However, similar to alkali treated sisal fibres, the combination
of alkali (9 and 15 wt%) and HIU treated sisal fibres resulted into a slight reduction in
the crystallinity of 70.21 and 69.43% respectively, which is due to the disintegration
of cellulose structure. These observations indicate that the fibre surface becomes more

crystalline upon the removal of amorphous materials with the combination of alkali
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and HIU treatments. These results are in agreement with the observations from FTIR

and FE-SEM results.

4.7 TGA analysis

Fig. 4.9 shows the TGA curves of alkali treated sisal fibres with untreated and HIU
treated sisal fibres respectively. Whereas, Fig. 4.10 shows the TGA curves of
combined treatment of alkali and HIU with untreated and HIU treated sisal fibres

respectively.
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Fig. 4.9 TGA curves of untreated (UT), ultrasound (ULT) and alkali treated (ALKT)

sisal fibres

It could be observed that the untreated sisal fibres show a primary weight loss in the
temperature range of 90 to 110 °C which is due to the evaporation of surface water
(De Rosa et al., 2010; Orue et al., 2016). HIU treated sisal fibres also show a similar
weight loss in the temperature range of 90 to 110 °C which clearly indicates that the
ultrasound alone could not be effective for the removal of amorphous materials from
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the surface of fibres, since the amorphous materials are responsible for the absorption
of moisture. However, this primary degradation peak reduced with an increase in the
concentration alkali from 3 wt% and completely disappeared at an optimum
concentration of alkali (7 wt%). This observation strongly supports the reduction in
the moisture after alkali treatment which is due to the removal of amorphous materials
as well as surface impurities i.e. wax and oil which lead to make the fibre surface
becomes cleaned and enhances the thermal stability of fibres. Secondary thermal
degradation peak could be noticed around 300 °C for the untreated and ultrasound
treated sisal fibres which is due to the thermal degradation of hemicellulose.
However, this secondary degradation peak could not be observed in the alkali and the
combination of alkali and ultrasound treated sisal fibres which confirms the removal

of hemicellulose. This is further supported by FTIR analysis.

Similar observations were noted for the untreated sisal fibres which show a second
degradation peak around 190 to 220 °C due to the degradation of hemicellulose which
starts degrading around 190 °C owing to the amorphous characteristics of
hemicellulose (Rosa et al., 2009; Wu et al., 2013; Hossain et al., 2014; Orue et al.,
2015). In case of alkali treated sisal fibres, a weight loss of 10% could be seen at 282
°C which is 25 °C higher than the untreated fibres. This indicates that the alkali
treatment influenced the removal of hemicellulose and pectin considerably. However,
in case of combined treatments of alkali and ultrasound, a weight loss of 10% could
be noticed at 295.5 °C, which is 38.5 °C and 25 °C higher than the untreated and alkali
treated sisal fibres respectively (Fig. 4.11). This again clearly confirms that the
thermal stability is significantly increased in the combined alkali and ultrasound

treated fibres.
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Fig. 4.10 TGA curves of untreated (UT), ultrasound treated (ULT) and the

combination of alkali and HIU treated (ALK-ULT) sisal fibres

The combined alkali and ultrasound treated sisal fibres show better thermal stability
as compared to untreated, ultrasound treated and alkali treated fibres. As discussed in
the earlier section 4.3, this may be due to the ultrasound of high intensity which may
induce the disintegration of sisal fibres to increase the overall surface area of fibres
and to enhance the surface roughness. Kabir et al. (2013b) reported that the thermal
stability of pure cellulose was much higher than lignin and hemicellulose. They
observed that the thermal stability of cellulose was 350 °C, whereas hemicellulose
degraded at 290 °C and lignin degraded at 320 °C. Hence, these observations confirm

that the thermal stability of cellulose is higher than hemicellulose and lignin.

Besides, in the combined treatment of alkali and HIU, HIU treatment effectively
exposes the crystalline cellulose to the outer surface by disintegrating the fibre which

makes these fibres to become more hydrophobic with improved thermal stability
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(Cheng et al., 2009; Chen et al., 2011b). This supports the observations made from
FE-SEM and FTIR. 50% weight loss could be observed in the temperature range from
350to0 370 °C (Fig. 4.11) which shows an increase in the thermal stability by 19 °C for

the alkali treated as compared to the untreated sisal fibres.
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Fig. 4.11 Thermal stability of untreated (UT), alkali (ALKT) and the combination of

alkali and ultrasound treated (ALKT-ULT) sisal fibres

However, thermal stability decreased slightly to 357 °C (10 °C) at 50% weight loss for
the combination of alkali and HIU treated fibres which may be due to the
disintegration of small portion of cellulose structure of sisal fibres caused by high
intensity ultrasonication. Similar observations of an increased thermal stability with
alkali treatment have been reported by several researchers (Mohan and Kanny, 2012;
Hossain et al., 2014; Zhou et al., 2014; Orue et al., 2015). It could also be observed
that the char residue obtained with the combination of alkali (9 wt%) and HIU treated

sisal fibres is 22%, whereas for the untreated sisal fibres it is 12% which is 10 wt%
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higher char residue as compared to the untreated sisal fibres. This again confirms that
the combined treatment of alkali and HIU is better in the removal of hemicellulose,
lignin and pectin from the surface of sisal fibres and causes the exposure of cellulose

to the outer surface.

4.8 Tensile properties of single sisal fibre

Fig. 4.12 shows the typical stress-strain curve obtained from the tensile tests. Similar
to other natural fibres, sisal fibres showed brittle nature under tensile test conditions
and a sudden drop in the load was observed when the fibres break. It is evident from
Fig. 4.12 that the stress-strain curves were initially linear until the fibre fracture
occurred and the failure strain was found to be approximately 1-3%. It is difficult to
analyse the results of tensile test obtained from single filament due to its very small

size and brittleness.
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Fig. 4.12 Typical stress-strain curves of single sisal fibre



The results of tensile test of single fibre depend on three main factors: the test
parameters/conditions, plant characteristics and the area measurements. The plant age,
source, mechanism of fibre extraction and the presence of defects are the few which
affect the mechanical properties of fibres (Silva et al., 2008; Belaadi et al., 2014).
Figs. 4.13 (A) and (B) show the plot of tensile strength and modulus values against
different surface treatments of sisal fibres respectively. Tensile strength and modulus
of HIU treated sisal fibres showed a slight decrease by 5.6% and 5% respectively as
compared to the untreated fibres. However, a significant reduction in the tensile
strength and modulus was observed for the alkali and the combination of alkali and

HIU treated sisal fibres.

The tensile strength and modulus reduced by 25% and 26% respectively for the
combination of alkali and HIU treated sisal fibres as compared to untreated sisal
fibres. This is mainly due to the removal of amorphous materials such as
hemicellulose, lignin and other waxy materials from the surface of fibres.
Hemicellulose and lignin are the two main components on the cell wall structure of
natural fibres which tightly bound to the cellulose. Removal of these amorphous
materials due to alkali treatment causes fibre degradation and leads to the reduction in
the mechanical properties of fibres (Mahjoub et al., 2014; Haameem et al., 2016; Orue
et al., 2016). Moreover, the application of HIU for alkali pre-treated sisal fibres
significantly damages the surface of fibres and reduces the fibre diameter which
significantly reduces the mechanical properties (Chen et al., 2011b; Iskalieva et al.,

2012). These observations are in agreement with the obtained results of FE-SEM.

86



600 -

500 -

400 -

300 -

200 -

Tensile strength (MPa)

100 -

ULT ALK ALKULT
Fibre treatments

(A)

20 -
18 -
16 -
14 -
12 -
10 -

Tensile modulus (GPa)

O N B OO ©
1

ULT ALK ALKULT

Fibre treatments

(B)

Fig. 4.13 Tensile properties of untreated (UT), ultrasound treated (ULT), alkali treated
(ALK) and the combination of alkali and ultrasound treated (ALKTULT) sisal fibres:

(A) tensile strength (B) tensile modulus




4.9 Conclusions

In this investigation, sisal fibres were subjected to different surface treatments such as
alkali, HIU and the combination of alkali and HIU treatments in order to remove the
amorphous materials such as hemicellulose, pectin and lignin from the surface of sisal
fibres by which the interfacial strength, mechanical and thermal properties of PLA
and PP matrix composites were enhanced. FTIR analysis confirmed the removal of
amorphous materials from the fibre surface with alkali and the combination of alkali
and HIU treatments. FE-SEM indicated the removal of amorphous materials by which
the fibre surface became rougher and enhanced the adhesion. The fibre diameter and
moisture absorption significantly decreased for the combination of alkali and HIU
treatment by 200% and 40% as compared to untreated sisal fibres. Crystallinity index
increased to 10 % and 14 % for alkali treatment (7 wt%) and the combined treatment
of alkali (7 wt%) and HIU respectively as compared to the untreated sisal fibres. This
again supports the removal of amorphous materials from the surface of fibres which
increased the crystalline phase. The thermal stability found to increase significantly
by 38.5 °C for the combined treatments of alkali (7 wt%) and HIU as compared to the
untreated fibres. This is in agreement with FTIR and FE-SEM analysis which
confirmed the removal of amorphous materials whereby the fibres become more
crystalline and thermally more stable. Tensile properties of single sisal fibre showed a
reduction in the tensile strength and modulus by 25% and 26% respectively for the
combined treatment of alkali and HIU as compared to the untreated sisal fibre owing

to surface treatments.
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CHAPTER V

Results and Discussion: Sisal-PLA Composites

5.1 FE-SEM analysis

FE-SEM was used to analyse the morphology and failure mechanism of sisal fibres
reinforced PLA composites. Fig. 5.1 shows the morphology of impact fractured
samples of untreated, HIU treated, alkali treated and the combination of alkali and
HIU treated (15 wt% loading) SF/PLA composites. Large voids could be noted at the
fibre-matrix interface of untreated SF/PLA composites (Fig. 5.1 A). These large voids
maybe due to fibre pull-out from the matrix phase when impact force was applied
which indicates the poor interfacial adhesion between the fibre and matrix interface in
the untreated SF/PLA composites. In addition, a large number of cracks could also be
observed on the fractured surface which is mainly due to the presence of amorphous
materials such as hemicellulose, pectin, lignin and other waxy materials on the surface
of untreated sisal fibres. These amorphous materials are responsible for the absorption
of moisture causing incompatibility between untreated sisal fibres and PLA. It is a
well-known fact that the interfacial adhesion between fibre and matrix plays an
important role on the mechanical properties of fibre reinforced composites (Asumani
et al., 2012). Treatment of sisal fibres with HIU helps to remove the amorphous
materials from the surface of fibres which reduces the incompatibility between the
fibres and matrix (Fig. 5.1 B). However, the agglomeration of fibre and a large
number of voids on the surface of HIU treated sisal fibre composites confirm that HIU
treatment alone could not be sufficient to reduce the amorphous materials from the

surface of sisal fibres. Fig. 5.1 C shows the surface morphology of alkali treated
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SF/PLA composites, where a reduction in the number of voids and air bubbles could

be noticed.

Fig. 5.1 FE-SEM images of impact fractured samples of (A) untreated (UT), (B)

ultrasound treated (ULT), (C) alkali treated (ALK) and (D) the combination of alkali

and ultrasound treated (ALKTULT) SF/PLA composites

This may be due to the mercerisation effects of alkali which dissolves the amorphous
and other impurities that stick on the surface of sisal fibres. However, in the alkali
treated composites, micro voids and cracks could be seen in the matrix phase which is
mainly due to fibre agglomeration. In the case of combination of alkali and HIU

treated sisal fibres composites (Fig. 5.1 D), the fibres are well dispersed across the
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matrix and the interfacial adhesion increases between the fibre-matrix phases. This is
mainly due to the effects of combined treatment of alkali and HIU which resulted in
good fibre separation across the PLA matrix. It could also be noticed that the FE-SEM
images of the impact fractured samples show that fibres are fractured rather than pull
out when sudden impact force was applied for the combination of alkali and HIU
treated SF/PLA composites. This confirms that the stress transfers from the matrix to
the fibres. Similar results have been reported by other authors (Silva et al., 2009; Das
and Satapathy, 2011; Li et al., 2011; Zhong et al., 2011; Asumani et al., 2012; Dong

et al., 2014; Shanmugam and Thiruchitrambalam, 2013).

Moshiul Alam et al. (2012) studied the effect of combined treatment of alkali and
ultrasound on oil palm empty fruit bunch fibres reinforced PLA composites. They
noticed that in case of untreated fibres surface, fibres seem to be pulled out due to
poor interfacial adhesion between the fibre and matrix. However, fibres were
fractured rather than pull out for the simultaneous treatment of alkali and ultrasound.
Chen et al. (2011) reported that the combined treatment of alkali and HIU is an
effective way to remove the amorphous materials and to reduce the diameter of the
fibres in which the aspect ratio of the fibres increased which leads to improving the
mechanical properties of fibre reinforced composites. Dong et al. (2014) observed
large voids on the tensile fractured surface of untreated coir fibres PLA composites
due to the presence of amorphous materials and other impurities on the surface of coir
fibres. The large voids in the untreated coir fibres composites tend to decrease the
load bearing capacity of composites and lead to lowering the mechanical strength. In
contrast, numbers of voids were reduced in the alkali treated coir fibres which
improved the interfacial bonding between the fibre and matrix. This again confirms

the removal of amorphous and other waxy materials with alkali treatment.
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5.2 FTIR analysis

FTIR spectroscopy is an important technique to study the structural changes of
composite materials. This technique was used in the investigation of structural
modification SF/PLA composites. The FTIR spectra of SF, PLA and SF/PLA

composites have been represented in Fig. 5.2.
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Fig. 5.2 FTIR spectra of sisal fibre, pure PLA and SF/PLA composites

The peaks obtained in the FTIR spectra of PLA are as follows: the peak of
asymmetric mode of the ester group (O-C) appeared at 1083 cm™; a sharp peak at
1456 cm™ could be assigned to symmetric bending vibrations of CH; and the peaks
obtained at 956 and 922 cm™ could be attributed to the rocking mode of CHs group. A
relatively smaller peak appeared at around 3500 cm™ from PLA is related to the
stretching deformation of hydroxyl group. However, the characteristic peak of PLA

(i.e. 3500 cm™) found to be different for the composites (3437 cm™) and for the sisal
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fibres (3410 cm™). This peak disappeared for the composites with the incorporation of
sisal fibres and appeared as a broad peak which is similar to sisal fibres. This indicates
that the OH groups from the fibres formed hydrogen bonds with the carbonyl groups
(C=0) of PLA. Similar results have been reported for the rice starch reinforced PLA
composites (Yew et al., 2005). There is no change in the peaks appeared at 2998 and
2944 cm™ could be assigned to asymmetric and symmetric mode of C-H stretching

respectively.

The C=0 stretching appeared approximately at 1756 cm™ is assigned for the ester
group of PLA. This ester peak has higher intensity for the composites than for PLA.
This is due to the esterification reaction which took place between OH groups of sisal
fibres and terminal carboxylic acid groups (COOH) of PLA. This agrees with the
observations reported by Semba et al. (2006). They noted that the peak intensity of
C=0 group at 1756 cm™ increased due to the reaction between dicumyl peroxide and
PLA. It is already reported that similar to any other natural fibres sisal fibres are
made-up of cellulose as a main component. It is assumed that majority of
physicochemical bonding interactions occur between the hydroxyl groups of cellulose
from the surface of sisal fibres with the carbonyl groups (C=0) of PLA matrix. The
untreated sisal fibres contain amorphous materials such as hemicellulose, pectin and
other waxy materials on the surface of fibres which allow limited hydroxyl groups to
interact with the carbonyl groups (C=0) and carboxyl groups (COOH) of PLA.
However, in case of alkali and the combination of alkali and HIU treated sisal fibers,
these amorphous materials are removed from the surface of fibres thereby exposing
more number of hydroxyl groups of cellulose for hydrogen and covalent bonding with
the carbonyl groups (C=0) and the carboxyl groups (COOH) of PLA (Sawpan et al.,

2011).
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5.3 Tensile properties

Tensile strength of untreated, HIU treated, alkali treated and the combination of alkali
and HIU treated SF/PLA composites was evaluated and is illustrated in Fig. 5.3. It
could be noted from this figure that the tensile strength decreased with an increase in
the fibre loading as compared to pure PLA except for 15 wt% of fibre loading for
which the tensile strength slightly increased to 54.24 MPa (10% higher than pure
PLA). However, as compared to the untreated sisal fibre composites, surface treated
sisal fibres composites showed a gradual increment in the tensile strength at all the
percentages of fibre loading. Combination of alkali and HIU treated SF/PLA
composites showed superior tensile properties. PLA composites with the fibre loading

of 15 wt% showed higher tensile strength among all other fibre content.
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Fig. 5.3 Tensile strength of untreated (UT), ultrasound treated (ULT), alkali treated
(ALK) and the combination of alkali and ultrasound treated (ALKTULT) sisal fibres

reinforced PLA composites
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The tensile strength of HIU treated, alkali treated and the combination of alkali and
HIU treated SF/PLA composites were 43 MPa, 47 MPa and 54.24 MPa respectively
as compared to the untreated sisal fibre composites, which were 10%, 20% and 33%
higher than the untreated fibres composites with the same weight percentage (15 wt%)
of fibre loading. This trend is almost the same at all fibre loading. An increase in the
tensile strength for the treated sisal fibres composites as compared to the untreated
sisal fibre composites indicates the removal of non-cellulosic (amorphous) materials
and other impurities from the surface of sisal fibres during surface treatment
(Arrakhiz et al.,, 2012; Dong et al., 2014). These results further support the
observations obtained from FTIR and FE-SEM. Ma and Joo. (2011) reported that the
bamboo fibres reinforced PLA composites with different surface treatments such as
Plasma, UV irradiation and direct silane treatments showed an increase in the tensile

strength by 43.7%, 60.7% and 71.1% respectively.

As compared to pure PLA, the tensile strength decreased for the SF/PLA composites
with an increase in the fibre loading from 10 to 30% irrespective of the surface
treatments. This may be due to an increase in the fibre agglomeration in the fibre-
matrix interface which leads to poor interfacial adhesion between the fibres and
matrix. Similar results have already been reported. Tisserat et al. (2013) observed that
the tensile strength of PLA composites decreased significantly by 20% with the
addition of 25 wt% of paulownia wood filler as compared to pure PLA. They also
indicated that the aspect ratio of filler materials play an important role in improving
the mechanical properties of composite materials. Lee et al. (2012) observed a
reduction in the tensile strength by 10% with the addition of 20 wt% of sisal fibres in

the PLA composites as compared to pure PLA. They also indicated that the poor
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interfacial adhesion between the fibre and matrix and the agglomeration of fibres

across the matrix resulted in reducing the tensile strength.

In contrast to the tensile strength, tensile modulus enhanced significantly with the
incorporation of sisal fibres into PLA matrix at all the fibre loading as compared to
pure PLA. It can be seen from Fig. 5.4 that the sisal fibre loading of 30 wt % on the
PLA composite increased the tensile modulus by 25%, 46%, 54% and 75.4% for the
untreated, HIU treated, alkali treated and the combination of alkali and HIU treated
sisal fibres PLA composites respectively as compared to pure PLA. These results are
in agreement with the observations of Ragoubi et al. (2012). They reported that the
tensile modulus increased by 19% and 31% for miscanthus grass fibres reinforced
PLA composites with and without fibre surface treatments respectively as compared

to pure PLA.

® Pure PLA mUT =ULT m ALK = ALKULT

1800

1200

Tensile modulus (MPa)

0 10 15 20 25 30
Fibre loading (wt%o)

Fig. 5.4 Tensile modulus of untreated (UT), HIU treated (ULT), alkali treated (ALK)

and the combination of alkali and HIU treated (ALKULT) SF/PLA composites
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A significant enhancement in the observed tensile modulus is attributed to improved
interfacial adhesion between the sisal fibres and PLA matrix which enhances the load
transfer from the matrix phase to filler phase (Ma and Whan Joo, 2011; Asumani et

al., 2012; Lee et al., 2012; Cran et al., 2014).

Arrakhiz et al. (2012) reported that the tensile modulus increased significantly by
more than 70% and 100% for the alkali and esterification treatments respectively for
the same fibre loading (20 wt%). They also observed an improved interfacial adhesion
between the alfa fibres and the PP matrix due to the effective removal of non-
cellulosic materials from the surface of fibres during the surface treatments which leds
to improve the tensile properties. The aspect ratio of the fibres playing an important
role in altering the mechanical properties of fibre reinforced polymer composites.
Tisserat et al. (2013) observed that the tensile modulus increased by 35% for smaller

filler size as compared to larger filler particles.

On the other hand, the percentage of elongation at break reduced with an increase in
the sisal fibres content in the PLA composites (Fig. 5.5). A significant reduction of
more than 50% could be seen with an addition of even 10 wt% of untreated sisal
fibres. It is further reduced with an increase in the fibre content. Addition of fibre
materials into the PLA matrix restricts the mobility of polymer chain and making it
more resistant to elongation at break as compared to pure PLA. This is in agreement
with the reports of Petinakis et al. (2009) and other researchers (Cran et al., 2014; Lee

etal., 2012; Ragoubi et al., 2012; Tisserat et al., 2013).
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Fig. 5.5 Tensile elongation at break of untreated (UT), HIU treated (ULT), alkali
treated (ALK) and the combination of alkali and HIU treated (ALKULT) sisal fibres

reinforced PLA composites

5.4 Predictions of Tensile modulus

Practically, it is very difficult to calculate the experimental values of tensile or
Young’s modulus of natural fibre reinforced polymer composites accurately due to
large variation in the matrix and fibres parameters such as aspect ratio of fibres, fibre
orientation, surface treatments of fibres etc., However, intrinsic tensile modulus of the
reinforcing fibres is the key parameter to predict the modulus or strength of the fibre
reinforced composites (Lopez et al., 2012). Mathematical models are commonly used
to estimate the theoretical values of the tensile or flexural modulus of natural fibre

reinforced polymer composites (Serrano et al., 2014).

Figs. 5.6-5.9 show the comparison of tensile modulus obtained from the experimental
values of different surface treated (untreated, HIU treated, alkali treated and the

combination of alkali and HIU treated) SF/PLA composites with the theoretical
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values calculated by using different mathematical models. It can be seen that Young’s
modulus gradually increases with an increase in the volume fraction of fibres. It is
well-known that the stiffness of the fibre reinforced composites increases with the

addition of filler materials to the polymer matrix.

The modulus mainly depends on the intrinsic rigidity of the fibres and the matrix
(Lopez et al.,, 2012; Granda et al., 2016). The fibre efficiency factor (ne) was

calculated using the eqgns 2.3, 2.4, 2.5 and 2.6 which was 0.53. This theoretically
calculated value of the fibre efficiency factor was found to fit with the experimental
values. It could be seen from Figs. 5.6-5.9 that at initial fibre loading there is a good
agreement between the experimental and theoretical values in all the models. This

may be due to low volume of fibre loading.
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Fig. 5.6 Variations of theoretical and experimental values of tensile modulus for the

untreated sisal fibre reinforced PLA composites
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It is well known that at low volume fractions of fibres, it can be assumed to be a
uniform distribution of stress and strain which results in better load transformation
across the fibres from the matrix phase in the composite which leads to improving the

mechanical properties of fibre reinforced polymer composites.
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Fig. 5.7 Variations in the theoretical and experimental values of tensile modulus for

the HIU treated SF/PLA composites

However, in case of higher fibre volume fractions, there could be large variations
between experimental and theoretical values. This may be due to more possibilities
for the fibre agglomeration across the matrix which causes an uneven distribution of
stress and strain and leads to a reduction in the mechanical properties. Kalaprasad et
al. (1997) studied the theoretical modelling of tensile properties of short sisal fibres
reinforced low density polyethylene composites. Parallel and series models were
commonly used for continuous fibre reinforced polymer composites, where the stress

transfer mechanism is different as compared to short fibre reinforced polymer
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composites. In short fibre composites, the stress transfer largely depends on the fibre
orientations inside the composite, stress concentration at the end of the fibres as well

as on the critical fibre length.

It could be seen from Figs. 5.6-5.9 that the experimental values of surface treated
SF/PLA composites do not show much variation as compared to theoretical values.
However, there is a marginal agreement between the experimental and theoretical
values for the alkali treated and the combination of alkali and HIU treated SF/PLA
composites (Figs. 5.8-5.9). Hirsch model is a combination of parallel and series
models which shows a good agreement between theoretical and experimental values
in all the cases. It is mentioned that the prediction of Hirsch model largely depends on

the value of x in egn. 2.7 (Lopez et al., 2012; Serrano et al., 2014).
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Fig. 5.8 Variations in the theoretical and experimental values of tensile modulus of

alkali treated SF/PLA composites
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The factors which control the x values are: fibre orientation, fibre length and the effect
of stress concentration of the fibres. The stress transfer factor x is approximately 0.4
which is in agreement with the semi-aligned fibre reinforced polymer composites
(Kalaprasad et al., 1997). The theoretical values of tensile modulus of modified
Bowyer and Bader model (BBM) were calculated using the eqn. 2.8. The values of K,
and K; were calculated to be 0.5 and 1 respectively by using egns. 2.9 and 2.10.
These values are in agreement with the observations of Joseph et al. (2003). It was
noticed that there is a marginal variation with the experimental and theoretical values
when BBM model was applied for predicting the Young’s modulus of SF/PLA
composites. Unlike other theoretical models, BBM model exhibits higher values as
compared to the experimental values. This may be due to variations in the fibre
orientation factor (K;) and fibre length factor (K;) for the untreated and HIU treated

SF/PLA composites.
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Fig. 5.9 Variations in the theoretical and experimental values of tensile modulus of

the combination of alkali and HIU treated SF/PLA composites
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From these observations, it is noticed that the values of Young’s modulus of
theoretical models are in reasonable correlation with the experimental values in all the
models except a little variation in the BBM model. A good agreement in the
experimental and theoretical values of Young’s modulus of untreated and different
surface treated SF/PLA composites reveals better utilization of sisal fibres and PLA

matrix for the generation of SF/PLA composites.

5.5 Impact properties

The impact property of SF/PLA composites was also investigated. Fig. 5.10 shows
the impact strength of untreated, HIU treated, alkali treated and the combination of
alkali and HIU treated SF/PLA composites. It could be observed that the impact
strength of sisal fibre reinforced composites for the entire fibre loading from 10 to 30

wt% was higher than pure PLA.
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Fig. 5.10 Impact strength of untreated (UT), ultrasound treated (ULT), alkali treated

(ALK) and the combination of alkali and HIU treated (ALKULT) SF/PLA composites
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It is notable that the impact strength of notched samples of SF/PLA composites
increased to 30.5 J/m which is 42% higher as compared to pure PLA. However, the
impact strength decreased gradually with an increase in the loading of sisal fibre. This
may be due to an increase in the brittleness of the composite with an increase in the
fibre content. Similar results have been reported (Mwaikambo et al., 2007; Li et al.,
2011; Luo et al., 2014). It is worth noted that the impact strength decreased to 12.5%,
10.5% and 4.5% for the combined treated, alkali treated and HIU treated sisal fibre
composites respectively as compared to untreated sisal fibre composites. A decrease
in the impact strength of treated sisal fibre composites was noticed. This is may be
due to the surface treatment of sisal fibres which increased the interfacial adhesion
between the fibre and matrix. Sisal fibres in the composites were fractured instead of
pull-out from the matrix when applied with sudden impact force. This is due to an
increase in the adhesion between fibre and matrix phase. Similar results were
reported by other researchers (Mwaikambo et al., 2007; Luo et al., 2014). Luo et al.
(2014) reported similar results where they noticed a decrease in the impact strength by
approximately 14% and 8% for the alkali and sizing treated corn fibre reinforced PLA
composites as compared to untreated fibre composites. Mwaikambo et al. (2007) also
reported that the impact strength decreased by more than 50% for the alkali treated

hemp fibre reinforced euphorbia composites than the untreated one.

5.6 DMA analysis

DMA measurements were carried out to evaluate the effect of different surface
treatments on the visco-elastic behaviour of SF/PLA composites. The dynamic-
mechanical properties of the fibre reinforced composites can be expressed in terms of
storage modulus (E"), loss modulus (E") and damping factor (tan 6) which depend on

time, temperature and frequency. Fig. 5.11 shows the effect of different surface
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treatments and temperature on the storage modulus (E") of SF/PLA composites as a
function of temperature. It could be seen that in all the cases the storage modulus
decreased as the temperature increased at constant frequency (1.0 Hz). Pure PLA

showed the lowest storage modulus as compared to SF/PLA composites.

The increased storage modulus for the fibre reinforced composites is due to the
restriction in the free mobility of polymer chains which leads to an increased stiffness
(Pothan et al., 2003; Li et al., 2011; Das and Satapathy, 2011; Lavoratti et al., 2015).
It is also worth noted that the surface treated SF/PLA composites showed higher

storage modulus as compared to untreated fibre composites.
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Fig. 5.11 Storage modulus (E’) of untreated (UT), HIU treated (ULT), alkali treated
(ALK) and the combination of alkali and HIU treated (ALKULT) sisal fibres

reinforced PLA composites

The storage modulus of SF/PLA composites resulted from the combination of alkali

and HIU treatment was 3.50 GPa which is 30% and 15% higher as compared to pure

105



PLA and untreated fibre composites respectively. These results show that the surface
treatment of sisal fibres increased the compatibility and interfacial adhesion between
SF and PLA matrix which leads to an increased stiffness of the resultant composites
(Ray et al., 2002; De Rosa et al., 2011). Sreenivasan et al. (2015) studied the effect of
different surface treatment on the dynamic-mechanical properties of sisal fibre
reinforced polyester composites and found that the sisal fibres treated with alkali
increased the storage modulus by more than 30% as compared to untreated fibre
composites. They also mentioned that the increased storage modulus for the treated
fibre composites is due to an enhancement in the interfacial adhesion between the

fibres and the matrix.

Loss modulus (E") is defined as the ability of a material to dissipate the absorbed
energy as heat owing to viscous motions within the material. Loss modulus could be
associated to impact strength and internal friction of the composite materials. It is
sensitive to molecular motions, transitions and relaxation processes. When the
temperature increased gradually, the material changes from rigid to more elastic state
depending on the movement of its fillers and main polymer chain (Saba et al., 2016).
Fig. 5.12 shows the loss modulus (E") of the untreated and different surface treated
SF/PLA composites as a function of temperature. It could be seen that the loss
modulus peak increased by more than 15% as compared to pure PLA with the

addition of 15 wt% of sisal fibres into PLA matrix.
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Fig. 5.12 Loss modulus (E") curves of untreated (UT), HIU treated (ULT), alkali
treated (ALK) and the combination of alkali and HIU treated (ALKULT) SF/PLA

composites

An increase in the loss modulus with the addition of sisal fibres into PLA matrix gives
the evidence that the reduction of brittleness and uniform dispersion of fibres across
the matrix material which leads to increased mechanical and thermal properties
(Pothan et al., 2003). It is worth noted that the loss modulus was 25% higher for the
combination of alkali and HIU treated fibre composites as compared to untreated
SF/PLA composites. These results confirmed the increased interfacial adhesion
between the fibres and the matrix for the combination of alkali and HIU treated

SF/PLA composites.

Tan & or damping factor is a dimensionless number and is the ratio of storage modulus
to loss modulus of the material (Saba et al., 2016). Fig. 5.13 shows the Tan & peaks of
untreated and different surface treated SF/PLA composites as a function of

temperature.

107



------ Pure PLA === PLA+UT = = PLA+ULT

= - -PLA+ALK —— -PLA+ALKULT
1.6
1.4 n};{. \
, \‘
1.2 ESAL R
1 I.\:l.' \_.'1 \
o 7 _..\; ;... \\
S 08 T LR
~ U IIHANR LR
] ] \ \

35 45 55 65 75 85 95
Temperature (°C)

Fig. 5.13 Tan 6 curves of untreated (UT), HIU treated (ULT), alkali treated (ALK)

and the combination of alkali and HIU treated (ALKULT) SF/PLA composites

It could be noticed that the peaks of tan delta reduced significantly by 50% for the
combination of alkali and HIU treated SF/PLA composites as compared to pure PLA.
A reduction in the tan § peak indicates that the combination of alkali and HIU treated
SF/PLA composites have high elasticity and good interfacial bonding between fibre
and matrix since the mobility of the polymer chains decreased. Pure PLA showed a
higher Tan & peak which clearly indicates the non-elastic and highly brittle nature
(Lee et al., 2012). It is to be noted that the peak of damping factor decreased gradually

for HIU treated, alkali treated and the combination of alkali and HIU treatments.

Similar results have been reported by other researchers (Ray et al., 2002; Sreenivasan
et al., 2015). Vilay et al. (2008) studied the effect of fibre surface treatment and fibre
loading on the properties of bagasse fibre reinforced unsaturated polyester
composites. They reported that the peak of loss modulus decreased significantly by

90% for the alkali treated bagasse fibre composites as compared to pure resin. Lee et
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al. (2012) studied the dynamic-mechanical properties of short sisal fibre reinforced
bacterial cellulose polylactide composites and noted the amplitude of damping peak
was higher for pure PLA as compared to sisal fibre reinforced composites. They
mentioned that the higher damping peak indicates the poor interfacial adhesion
between the fibres and matrix whereas the lower tan delta peak represents the good

interfacial adhesion of fibres and matrix.

DMA results also revealed that the temperature of tan & peak slightly increased with
the addition of untreated sisal fibre into PLA matrix. This is due to the restriction of
molecular mobility of PLA polymer with sisal fibres. However, in case of surface
treated sisal fibres, the temperature of tan o shifted to lower temperature as compared
to pure PLA. For the combined treatment of alkali and HIU treatments, a significant
reduction of tan § peak temperature was observed. This may be due to the increased
compatibility between the surface treated sisal fibres and PLA matrix which increased
the interfacial adhesion between the fibre and matrix. Similar results were reported by

other researchers (Liu Xiaohui, 2001; Vilay et al., 2008; Guo et al., 2009)
5.7 TGA analysis

The effect of different surface treatments on the thermal stability of SF/PLA
composites was evaluated by using TGA. Fig. 5.14 shows the TGA curves of
untreated, HIU treated, alkali treated and the combination of alkali and HIU treated
SF/PLA composites. A relatively smaller degradation could be observed in the
temperature range from 90 to 150 °C in case of SF/PLA composites due to the
presence of moisture in the sisal fibres. However, this step could not be seen in case
of pure PLA. Pure PLA shows degradation in a single stage between 280 and 390 °C

with the maximum degradation occurred at 375 °C. From Fig. 5.14 it is clearly seen
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that the degradation temperature of SF/PLA composites decreased with the addition
of fibres as compared to pure PLA. For the untreated sisal fibre composites, 10%
weight loss could be noticed at 313 °C for the untreated SF/PLA composites which is

20 °C lower than pure PLA (333 °C).
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Fig. 5.14 TGA of untreated (UT), HIU treated (ULT), alkali treated (ALK) and the

combination of alkali and HIU treated (ALKULT) SF/PLA composites

This trend was same for the ultrasound treated sisal fibre composites which is in
agreement with FE-SEM results. It is well known that any type of natural fibres will
exhibit lower thermal stability as compared to polymer matrices. Adding fibres of low
thermal stability into polymer matrix leads to a reduction in the thermal stability of
the composite materials (Ohkita and Lee, 2006; Yussuf et al., 2010; Cran et al., 2014;
Dong et al., 2014). Yussuf et al. (2010) investigated the thermal stability of pure PLA
and kenaf fibre reinforced PLA composites with 20 wt% loading of kenaf fibres. They
noticed that the composite degraded at 321 °C as compared to pure PLA which
degraded at 323 °C with a weight loss of 10%. However, the thermal stability
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considerably increased for the alkali and the combination of alkali and HIU treated

SF/PLA composites as compared to untreated SF/PLA composites.

Table 5.1 Effects of surface treatments on thermal stability of SF/PLA composites

SNo | Fibre treatments | Tioy Wtloss (°C) | Tsos Wtloss (°C) | Tooy Wt loss (°C)
1 Pure PLA 332.7 356.8 372.7
2 UT 313.7 343 360.5
3 ULT 315.2 344 362
4 ALK 321.6 348 365
5 ALKULT 324.5 349 367

10% weight loss occurred at 321 °C and at 325 °C for the alkali treated and the
combination of alkali and HIU treated SF/PLA composites respectively which are 8
°C and 12 °C higher than the untreated SF/PLA composites. It is also interesting to
note that the addition of 15 wt% of alkali and the combination of alkali and HIU
treated SF/PLA composites showed an increase in the char residue by 4% and 6%
respectively as compared to pure PLA. This is in agreement with the observations as

reported by Yussuf et al. (2010) and Mitra et al. (1998).
5.8 DSC analysis

The thermal properties of PLA and SF/PLA composites were studied by DSC analysis
and the obtained DSC thermograms have been presented in Fig. 5.15. The glass
transition temperature (Tg), the cold crystallisation temperature (T) and melting
temperature (Ty,), melting enthalpy (AHn) and percentage of crystallinity (X.) were

obtained from the DSC analysis and have been summarised in Table 5.1.

The percentage crystallinity was calculated by using the eqn. 3.4. As seen from Fig.
5.15, peaks observed around 60 °C are considered as Ty of PLA due to the thermal
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transition from glossy state to rubbery. The pure PLA exhibits higher T4 as compared
to SF/PLA composites. The T, was found to be around 117 °C and for pure PLA Ty,

was at 155.2 °C which supports that the PLA is a semi-crystalline polymer (Cran et

al., 2014).
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Fig. 5.15 DSC thermo-grams of pure PLA, untreated (UT), HIU treated (ULT), alkali
treated (ALK), and the combination of alkali and HIU treated (ALKULT) SF/PLA

composites

The Ty increased gradually with the addition of sisal fibres into SF/PLA composites.
This is mainly due to the reinforcement effect with the addition of sisal fibres which
causes the restriction of polymer chain mobility in PLA (Khalid et al., 2008). The T
significantly decreased with an increase in the sisal fibres into PLA. The percentage
crystallinity decreased by more than 50% with the addition of 15 wt% of untreated
sisal fibres as compared to pure PLA (Table 5.2). The percentage crystallinity

decreased mainly because of an increase in the amorphous region and due to the
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disruption in the crystalline structure of PLA polymer (Wootthikanokkhan et al.,
2013; Yu et al.,, 2014). However, it was found that the percentage crystallinity
increased significantly for the sisal fibre composites with surface treatments. The
percentage crystallinity drastically increased by 75% for the combination of alkali and
HIU treated SF/PLA composites as compared to untreated SF/PLA composites (Table

5.2).

Table 5.2 Thermal properties of pure PLA and SF/PLA composites

Samples T4°C) T (°C)  Tm(°C) AH, (J/g) Xc (%)
Pure PLA 63.05 114.25 148.2 14.22 15.5
15UT+PLA 63.52 113.6 149.5 11.54 6.86
15ULT+PLA 64.2 111.8 149.6 10.72 7.67
15ALK+PLA 64.7 110.5 150.5 12.5 9.51
15ALKULT+PLA 66.3 108.6 151.85 16.35 11.97

This may be due to an increase in the cellulose content of sisal fibres in the treated
SF/PLA composites after the combined treatment of alkali and HIU. It is also believed
that the increased interfacial adhesion between the surface treated sisal fibres and
PLA matrix leads to increase the percentage crystallinity (Dong et al., 2014). This

supports TGA, water absorption and DMA analyses.
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5.9 Water absorption studies

The water absorption properties have been investigated for the untreated and different
surface treated SF/PLA composites. Figs. 5.16 and 5.17 show the effect of fibre
loading and different surface treatments of sisal fibres on the percentage of water
absorption for SF/PLA composites respectively. As seen in the Figs. 5.16 and 5.17,
the water absorption graphs show linear curves for all the composites during the
initial period of water immersion followed by saturation. According to Mishra et al.
(2014) the water absorption graphs with linear curves obeyed Fick’s law of diffusion.
The water absorption purely depends on its rate of diffusion into the composite

materials (Yew et al., 2005).
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Fig. 5.16 Effect of fibre loading on the water absorption of untreated SF/PLA

composites

The percentage of water absorption of pure PLA was 0.78% which is the lowest as
compared to SF/PLA composites which confirms the hydrophobic nature of PLA
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matrix. The percentage of water absorption gradually increased with an increase in the
fibre loading (Fig. 5.16) which is in agreement with the results as reported by other
researchers (Badia et al., 2014; Rajesh et al., 2015). The percentages of water
absorption, initial slope versus ti;; and diffusion coefficient have been calculated by
using eqns. 3.5 and 3.6 and the obtained results have been summarised in Table 5.3.
The composites with 30 wt% sisal fibre loading show the highest water absorption
(10.62%) as compared to pure PLA. The presence of sisal fibres in the composites
increases the water absorption which is due to the presence of amorphous materials on
the surface of sisal fibres with a large number of hydroxyl groups. These hydroxyl
groups attract the water molecules through hydrogen bonding (Alamri and Low,
2013). Dhakal et al. (2007b) reported that the composites show an increase in the
trend of water absorption with an increase in the fibre loading. They observed an
increase in the water absorption to 10.97% for 5 layers of hemp fibre mat reinforced
unsaturated polyester composites as compared to pure unsaturated polyester resin

which showed 0.87% of water absorption.

Similar observations have been reported (Yew et al., 2005; Badia et al., 2014; Rajesh
et al., 2015). Alamri and Low (2013) studied the water absorption behaviour of
recycled cellulose fibre reinforced with epoxy composites. They noticed that the water
absorption significantly increased by more than 15% with the addition of 46 wt%
fibre loading into epoxy matrix. These results proved that the addition of natural
fibres into the hydrophobic nature of the polymer matrices resulting into higher water
absorption and leads to decrease the mechanical and physical properties. Espert et al.
(2004) reported that the addition of 30 wt% of cellulose fibres into PPEVA polymer
increased the water absorption by 6% as compared to pure PPEVA polymer. The

effect of different surface treatments on the water absorption has been studied and the
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obtained results have been presented in Fig. 5.17. It was found that the surface
treatment has a good impact on reducing the water absorption significantly for sisal
fibres composites. The combined treatment of alkali and HIU on the composites
showed the lowest water absorption by 2.24% which is 45% and 80% lower than the
alkali and HIU treated SF/PLA composites. A significant reduction in the water
absorption in the treated sisal fibre composites confirms the removal of amorphous

materials from the surface of sisal fibres.
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Fig. 5.17 Effect of high intensity ultrasound (ULT), alkali (ALK) and the combination
of alkali and HIU (ALKULT) surface treatments on the water absorption of SF/PLA

composites

Mohan and Kanny (2012) reported that after the surface treatment with alkali and the
combination of alkali and clay treatments, the water absorption reduced to 11.5% and
10.3% respectively as compared to pure PP which was 12.5%. Ghosh et al. (2013)

studied the effect of air bubbling through alkali solution and sonication on the water
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absorption of banana fibre-vinyl ester composites. They reported that the combined
treatment of air bubbling through alkali solution and sonication decreased the water
absorption by 100% as compared to banana fibre composites treated only with an

alkali solution.

These results proved that the surface treatments of natural fibres have considerable
effects on the reduction of water absorption. The rate of diffusion of water in the
composite materials was studied using Fick’s steady state flow and the coefficient of
diffusion (D) was calculated and the results have been summarised in Table 5.3. The
coefficient of diffusion increased with an increase in the fibre loading in the
composites which may be due to the following. First, similar to any other natural
fibres, sisal fibres are highly hydrophilic in nature which favours the diffusion of
water molecules into the composites. Second, due to an increase in the fibre loading in
the composites, fibres become agglomerated within the composites which lead to the
formation of voids and air bubbles. These voids and air bubbles allow rapid

penetration of water molecules into the composites.

Generally polymer matrices are hydrophobic in nature and the natural fibres are
hydrophilic which cause the incompatibility between polymer matrix and the natural
fibres. This incompatibility caused poor interfacial adhesion between fibre and matrix
phase which leads to an increase in the diffusion of water (Espert et al., 2004; Paul et
al., 2015). The coefficient of diffusion decreased drastically for the treated SF/PLA
composites (Table 5.3). The coefficient of diffusion was 0.6873 for 15 wit% of fibre
loading with the combination of alkali and HIU treated sisal fibre composite which is
130% lower than the untreated fibre composite with the same fibre loading. This

confirms the removal of amorphous materials from the surface of fibres which
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significantly enhanced the interfacial adhesion between matrix and fibres. This

observation is in agreement with the results obtained from FTIR and DMA.

Table 5.3 Water absorption properties of SF/PLA composites

S. No. Samples Fibre Type of surface Maximum Initial slope of  Diffusion
loading treatment water plot (k) M(t)  coefficient,
(Wt %) absorption  versus t*2 D, x10°
(%) (mm?/sec)
1 Pure PLA 0 - 0.78 0.01 0.13
2 10UT 10 Untreated 3.08 0.07 1.02
3 15UT 15 Untreated 5.30 0.15 1.56
4 20UT 20 Untreated 7.40 0.26 2.33
5 25UT 25 Untreated 8.84 0.37 3.20
6 30UT 30 Untreated 10.62 0.48 3.74
7 15ULT 15 HIU treated 4.05 0.09 0.87
8 15ALK 15 Alkali treated 3.24 0.06 0.68
9 15ALKULT 15 Alkali + HIU 2.24 0.04 0.58
treated

5.10 Biodegradability analysis

Soil burial test was performed to evaluate the effect of different surface treatments
and fibre loading on the biodegradability of SF/PLA composites. Samples of
untreated and different surface treated SF/PLA composites were buried in open soil
and the degradation experiments were carried out as described in the section 3.6. The
percentage of weight loss was calculated for pure PLA and sisal fibre (untreated and
surface treated) reinforced composites after the removal of composite samples from
the soil. Fig. 5.18 shows the percentage of weight loss with the function of fibre
loading and different surface treatments. The biodegradation results revealed that the

percentage weight loss for all the fibre reinforced composites was gradually increased
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with increased fibre loading as well as number of days of soil burial. From Fig. 5.18,
it could be seen that pure PLA shows the least degradation of 2.59% after 120 days of
soil burial. However, the percentage of degradation increased with an increase in the
fibre loading into PLA matrix. It is worth noted that the percentage weight loss
increased with an increase in the fibre volume of the composites. After 180 days of
soil burial, the percentage weight loss increased significantly by more than 180%,
400% and 550% with the addition of sisal fibres of 15, 20 and 30 wt% respectively as
compared to pure PLA. An increase in the weight loss is mainly due to the exposure

of cellulosic fibres to microbial degradation during soil burial.
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Fig. 5.18 Biodegradation of untreated (UT), HIU treated (ULT), alkali treated (ALK)
and the combination of alkali and HIU treated (ALKULT) sisal fibre reinforced PLA

composites with different weight percentage of fibre loading

Besides, it may be due to the hydrophilic nature of untreated sisal fibres which has the

tendency to absorb more water into the composite materials leading to faster
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degradation (Yussuf et al., 2010; Dong et al., 2014). On the other hand, different
surface treated SF/PLA composites showed slower degradation as compared to
untreated fibre composites (Fig. 5.18). For instance, 30 wt% of sisal fibre composites
that were treated with the combination of alkali and HIU treatment showed 10%
slower degradation than the untreated fibre composites. Fibre surface treatments make
the fibres more hydrophobic and enhance the fibre-matrix interfacial adhesion which
leads to slower degradation. Moreover, surface treatments remove the amorphous
materials from the surface of fibres which significantly reduced the water absorption
of the composites and leads to slower degradation as compared to untreated SF/PLA
composites (Rajesh et al., 2015). In order to analyse and compare the morphological
changes due to soil biodegradation, samples of pure PLA, untreated and surfaced
treated SF/PLA composites were collected at different degradation stages and

subjected to FE-SEM (Fig. 5.19).

As seen from Fig. 5.19 A, before soil burial, pure PLA shows a smooth and glassy
surface. After 60 and 120 days the erosion and etching out of the surface of pure PLA
clearly show gradual degradation (Figs. 5.19 B-C). In case of untreated SF/PLA
composites with exposure to soil degradation (Figs. 5.19 D-F), it can be clearly seen
that the fibres degrade rapidly as compared to PLA matrix. This is obvious as the
cellulosic fibres are more prone to exposure and hence faster degradation than the
matrix phase. Moreover, the untreated sisal fibres contain amorphous materials on the
surface of fibres which undergo rapid degradation than the crystalline cellulose
materials inside the fibre lumen (Alvarez et al., 2006; Zhao et al., 2008). In case of the
combination of alkali and HIU treated SF/PLA composites (Fig. 5.19 G-l), the
degradation was slower by 10% as compared to untreated fibre composites. This is

mainly due to an improved compatibility between the treated sisal fibres and PLA
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matrix that leads to an increased interfacial adhesion, due to which the degradation

became slower as compared to untreated SF/PLA composites (Rajesh et al., 2015).

Fig. 5.19 FE-SEM images of outer surface of the soil buried samples (A) Pure PLA
before soil burial, (B) Pure PLA after 60 days, (C) Pure PLA after 120 days, (D) 15
wit% untreated sisal fibre (UT) + PLA composites before soil burial, (E) 15UT+PLA
after 60 days, (F) 15UT+PLA after 120 days, (G) 15 wt% of alkali and HIU treated
sisal fibre (ALKULT) + PLA composites before soil burial, (H) 15ALKULT+PLA

after 60 days, (1) 15ALKULT+PLA after 120 days
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5.11 Conclusions

In this investigation, untreated and different surface treated sisal fibres reinforced
PLA composites were successfully prepared by melt mixing and compression
moulding techniques and the effect of fibre surface treatments on the morphology,
mechanical, dynamic mechanical, thermal, water absorption and biodegradable
properties were investigated. FE-SEM analysis indicated the well dispersion of fibres
across the matrix after the combined treatment of alkali and HIU. FTIR studies
confirm the surface treatments of sisal fibres and their addition into PLA matrix.
Tensile strength, modulus and the impact strength increased by 10%, 75.4% and 42%
respectively with the loading of surface treated sisal fibres as compared to the
untreated fibres. The theoretical models were used to predict the effect of untreated
and different surface treated short SF/PLA composites on Young’s modulus and to fit
the obtained experimental values. All the models except Bowyer and Bader model
(BBM) show a reasonably good agreement with the experimental values particularly
at lower fractions of fibres. The results of theoretical models revealed that the surface
treatments of fibres influence the tensile properties of short SF/PLA composites.
DMA analysis revealed that the increased fibre loading into PLA matrix significantly
increased the storage modulus by 15% and 30% as compared to untreated fibre
composites and pure PLA respectively. Thermal analysis showed an improved
thermal stability by 12 °C and the crystallinity increased by 75% for the combined
treatment of alkali and HIU as compared to untreated SF/PLA composites. Water
absorption and soil biodegradation analysis were in favour of improved mechanical
properties of SF/PLA composites with the incorporation of sisal fibres which were

surface treated with the combination of alkali and HIU.
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CHAPTER VI

Results and Discussion: Hal-PLA

Nanocomposites

6.1 Nitrogen adsorption-desorption analysis

Nitrogen adsorption-desorption isotherms of unmodified and APTES modified Hal

nanotubes have been shown in Fig. 6.1 The specific surface area (Sget), Langmuir

surface area, pore volume (Vpoe) and pore width (Wpere) values of unmodified and

APTES modified Hal nanotubes have been shown in Table 6.1. Isotherms of both

unmodified and APTES modified Hal nanotubes belong to type Il with H3 hysteresis

loop according to IUPAC classification (Sing, 1982; Thommes et al., 2015). It could

be seen from Fig. 6.1 that the untreated Hal nanotubes show a minor hysteresis loop

which corresponds to the relatively large mesopores with non-uniform diameter of the

Hal nanotubes lumen.

Table 6.1 Nitrogen adsorption and desorption data of surface area (Sget), Langmuir

surface area, volume (Vpore) and width (Wyere) for unmodified (uHal) and APTES

modified Hal nanotubes (mHal)

Samples SgET Langmuir Vpore (cm3/g) Woore (A)
2
(m'/g)  surface area Adsorption  Desorption  Adsorption Desorption
(m?/g)
uHal 61.74 84.45 0.165 0.177 107.34 115.23
mHal 18.38 25.43 0.069 0.079 150.77 171.94
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In case of APTES modified Hal nanotubes, there is a noticeable absorption of

nitrogen which corresponds to the multilayer adsorption with uniform pore size. The

BET specific surface area and pore volume of the unmodified Hal nanotubes were

61.74 cm®/g and 0.165 cm®/g respectively (Table 6.1) which indicate a larger surface

area and pore volume. However, in case of APTES modified Hal nanotubes, the

surface area, Langmuir surface area, and pore volume significantly decreased to 18.38

cm®/g, 25.43 m?/gand 0.069 cm®/g respectively. This is due to the grafting of organo-

silane compounds and the associated structural shrinkage in the APTES modified Hal

nanotubes which lead to a significant decrease in the surface area (Yuan et al., 2008;

Jin et al., 2015; Freire et al., 2016).
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Fig. 6.1 Nitrogen adsorption-desorption isotherms of unmodified (uHal) and APTES

modified Hal nanotubes (mHal)

6.2 FTIR analysis

Fig. 6.2 shows the FTIR spectra of unmodified (A) and surface modified Hal

nanotubes (B) using the silane coupling agent, APTES. Table 6.2 presents the
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wavenumbers and assignments of FTIR spectra of unmodified Hal nanotubes, APTES

modified Hal nanotubes and their PLA nanocomposites.
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Fig. 6.2 FTIR spectra of unmodified (uHal) (A) and APTES modified Hal nanotubes

(mHal) (B)

In the FTIR spectra of unmodified (uHal) and silane modified Hal nanotubes (mHal),

the high intensity peaks at 3693 cm™, 3618 cm™, 3695 cm™ and 3622 cm™ are
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associated with O-H stretching of AI-OH groups. In these OH groups, each OH linked
to two Al atoms. The peaks at around 3434 cm™ and 3460 cm™ are attributed to
intercalated water and OH groups on the surface of Hal nanotubes (Joussein et al.,
2005). The bands in the region between 1000 and 1200 cm™ are related to asymmetric
stretching of siloxane groups in the Hal nanotubes (Barrientos-Ramirez et al., 2011).
The peaks at around 470 cm™ and 474 cm™ are assigned to stretching vibrations of Si-
O-Si groups (Yuan et al., 2008; Pasbakhsh et al., 2010; Albdiry and Yousif., 2014).
As compared to unmodified Hal nanotubes, APTES modified Hal nanotubes (mHal)

exhibit new FTIR bands.

The new peak at 3365 cm™ for APTES modified Hal nanotubes is associated with
asymmetric stretching of amino group. The deformation vibrations of CH, at 2935
cm™ and the deformation peak of Si-CHj3 at around 1249 cm™ have been noted. Due
to silanisation, hydrolysis and condensation take place which lead to the generation of
siloxane (-Si-O-Si-) and creates a bond between Hal nanotubes and the hydroxyl
groups (-OH) on the surface of silane (Scheme 2). Hal nanotubes surface becomes
hydrophobic due to these siloxanes (Albdiry and Yousif, 2014). Moreover, the new
peak at 1560 cm™ for APTES modified Hal nanotubes is attributed to the stretching
vibration of amino group, which also proves the modification of APTES with Hal
nanotubes. The high intensity peaks in the APTES modified Hal nanotubes from 3600
to 3700 cm™ indicate the presence of inner hydroxyl groups as well as the hydroxyl
groups located on the octahedral surfaces of Hal nanotubes. FTIR spectra of PLA with
unmodified (A) and APTES modified (B) Hal nanocomposites have been represented
in Fig. 6.3. The band at 3504 cm™ indicates the interaction of hydroxyl groups of PLA

with Si-O-Si groups of Hal nanotubes via hydrogen bonding (Liu et al., 2013).
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The hydrogen bond interaction between PLA matrix and other nanofillers was
reported by Matusik et al. (2011). The PLA shows absorption bands at 2999 cm™ and
at 2682 cm™ arising from C-H stretching vibrations of CHs; and CH groups
respectively, whereas the stretching vibrations of carbonyl groups are appearing at

1755 cm™.
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Fig. 6.3 FTIR spectra of PLA/unmodified Hal nanotubes (PLAuHal) (A) and

PLA/APTES modified Hal nanotubes (PLAmHal) (B)
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Table 6.2 FTIR bands and assignments for uHal, mHal and Hal-PLA nanocomposites

(Joussein et al., 2005; Yuan et al., 2008; Pasbakhsh et al., 2010; Carli et al., 2014)

Assignments uHal mHal PLAuHal PLAmHal
Positions (cm™)
O-H stretching of inner-surface hydroxyl 3693, 3695, 3622 3625 3625, 3693
groups 3618
O-H stretching of inner hydroxyl groups 3618 3622 - -
O-H stretching of water 3434 3460 - -
Asymmetric stretching of N-H, - 3365 - -
Symmetric stretching of C-H, - 2935 - -
Stretching vibration of C-Hs - - 2999, 2945 2999, 2948
Stretching vibration of C-H - - 2682 -
Stretching vibration of C=0 - - 1753 1755
O-H deformation of water 1635 1637 - -
Deformation (scissoring) of N-H, - 1560 - -
Bending vibration of C-H - - 1456 1458
Symmetric deformation of Si-CHjs - 1249 - -
Asymmetric stretching of siloxanes 1033, 1093, 1058, - -
1010 1000
Deformation of Al-O-Si 538 530 536 536
Deformation of Si-O-Si 470 474 478 478
Deformation of Si-O 426 424 - -
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A high intensity peak appears at 536 cm™ for APTES modified Hal-PLA
nanocomposites is related to the deformation of Al-O-Si from Hal nanotubes which
confirms the hydrogen bond interaction between APTES modified Hal nanotubes and
PLA matrix. The intensity of the peak appearing at 1755 cm™ for the carbonyl groups
is higher for the APTES modified Hal nanotubes incorporated PLA nanocomposites
as compared to unmodified Hal-PLA nanocomposites. The higher intensity of
absorption bands at 3504 and 3691 cm™ for the surface modified Hal-PLA
nanocomposites confirm the formation of more hydrogen bonds between the APTES

modified Hal nanotubes and PLA.
6.3 FE-SEM analysis

The FE-SEM image of Hal nanotubes is presented in Fig. 6.4A. Halloysite nanotubes
are natural 1D nanomaterial having a cylindrical shape with hollow and open-ended
tubular morphology. Impact fractured samples were used for the morphological
studies to investigate the dispersion and interfacial features of fillers and matrix phase
of Hal-PLA nanocomposites. The FE-SEM Image of impact fractured surface of pure
PLA is presented in Fig. 6.4B, the glossy surface of which indicates the brittle nature
of pure PLA (Liu et al., 2013).The large number of agglomeration could be seen in
the FE-SEM image (Fig. 6.4C) of PLA nanocomposites with the addition of 4 wt% of
unmodified Hal owing to the poor interfacial adhesion between Hal nanotubes and
PLA. The above poor interfacial adhesion causes stress concentration and leads to
reduced tensile and impact properties of Hal-PLA nanocomposites. The interfacial
adhesion between Hal nanotubes and PLA matrix increased with APTES modified

Hal-PLA nanocomposites (Fig. 6.4D).
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Similar results were reported by Pasbakhsh et al. (2010) where they noticed more
agglomeration in case of unmodified Hal nanotubes as compared to modified Hal
nanotubes. An increase in the mechanical and thermal properties of the CPN is
controlled by the reduction in the agglomeration which leads to an enhancement in the
compatibility between matrix and filler. According to Carli et al. (2014), the
mechanical and thermal properties of APTES modified Hal-PLA nanocomposites

were purely dependent on the reaction between the functional groups of organo-silane

modifier and the carbonyl groups of PLA matrix.

Fig. 6.4 FE-SEM images of impact fractured samples of unmodified (uHal) and
APTES modified (mHal) Hal-PLA nanocomposites: (A) Hal nanotubes (B) Pure PLA

(C) 4 wt% uHal (D) 4 wt% mHal
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6.4 FE-SEM with EDX analysis for Hal nanotubes

The FE-SEM images and the EDX results of elemental analysis of unmodified and
APTES modified Hal nanotubes are represented in Fig. 6.5 and Table 6.3. These
results revealed that Hal nanotube has a tubular structure with nanometer dimension.

Besides, they show that Hal nanotubes were successfully modified with APTES.

I Electron Image 1

(4) (B)

3um Electron Image 1

Fig. 6.5 FE-SEM images of (A) unmodified (uHal) and (B) APTES modified Hal

nanotubes (mHal)

Table 6.3 EDX results of unmodified and APTES modified Hal nanotubes

S.No. Samples Elements (wt%o)

Carbon Oxygen  Silicon  Aluminium  Nitrogen

1 uHal 8.16 60.67 15.95 15.22 0.0

2 mHal 4.66 58.59 20.40 15.48 0.87

Silane grafting can be confirmed by the presence of nitrogen content and from an

increase in the silane (APTES modified Hal nanotubes). However, according to Carli
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et al. (2014), it is impossible to quantify the silane content using the EDX method.
The quantity of amino groups in the APTES modified Hal nanotubes depends on the

type of functionality of amino groups in the silane coupling agent (Yuan et al., 2008).

6.5 Tensile and impact properties

Tensile strength of unmodified and APTES modified Hal/PLA nanocomposites was
shown in Fig. 6.6. The experimental values of tensile strength, elongation at break,
tensile modulus and impact strength have been summarised in Table 6.4. The tensile
strength increased with an increase in the loading of Hal nanotubes. Tensile strength
of Hal-PLA nanocomposites with 2 wt% of APTES modified Hal nanotubes is 55.9
MPa which is 15% higher than pure PLA. Tensile strength further increased to 62.6
MPa for 4 wt% of silane modified Hal nanotubes i.e. 26.5% higher than pure PLA.
This may be due to the presence of hydroxyl groups on the APTES modified Hal
nanotubes which results in more hydrogen bond interactions between the modified
Hal nanotubes and PLA matrix and consequently mHal are more uniformly dispersed
across the PLA matrix. Thus, mHal are more effective in improving the mechanical
properties of Hal-PLA nanocomposites. However, higher loading of Hal nanotubes

led to decreased tensile strength.

In case of 8 wt% addition of APTES modified and unmodified Hal nanotubes into
PLA show decreased tensile strength by more than 15%. This is mainly due to
aggregation of Hal nanotubes across the PLA matrix which enhances the formation of
stress concentration points lead to reduce mechanical properties (Liu et al., 2013). The
decreased tensile strength of Hal-PLA nanocomposites with higher loading of Hal
nanotubes may be due to the weakening of interfacial hydrogen bonding and also due

to more agglomeration (as shown in the morphology results of Fig. 6.4). The
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agglomeration of Hal nanotubes acts as the stress-concentration points which
decreases the tensile strength. These observations corroborate the results obtained
from FTIR and FE-SEM analyses. Thus, Hal nanotubes above 4 wt% decreased the
tensile strength by more than 15%. Similar results have been reported (Du et al.,
2006; Evagelia et al., 2011). Even a smaller loading (2 wt%) of nanosilica into PLA
matrix increased the tensile strength and modulus by 15% and 37% respectively as

compared to pure PLA (Evagelia et al., 2011).
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Fig. 6.6 Tensile strength of unmodified and APTES modified Hal-PLA

nanocomposites

Tensile modulus (Fig. 6.7) increased gradually with the loading of Hal nanotubes into
the PLA matrix. Tensile modulus increased to 1270 MPa for 8 wt% of APTES
modified Hal nanotubes into PLA, which is 20% higher than pure PLA and
approximately 5% higher than the unmodified Hal-PLA nanocomposites. Similar
observations were reported by many other researchers (Wu et al., 2013). Prashantha et

al. (2011) reported that the tensile strength and modulus increased from 22 to 35%
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and 32 to 40% respectively, with the addition of quaternary ammonium salts modified
Hal nanotubes into PP matrix as compared to pure PP. The addition of MAPTS (3-
(trimethoxysilyl) propyl methacrylate) modified Hal nanotubes into polyamide 6
(PAG) matrix resulted in a significant improvement in the tensile properties, where the
tensile strength increased by 21% with the addition of 10 wt% MAPTS modified Hal-
PAG6 nanocomposites as compared to unmodified Hal-PA6 nanocomposites (Guo et

al., 2009).
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Fig. 6.7 Tensile modulus of Hal nanotubes (unmodified (uHal) and APTES modified

Hal nanotubes (mHal)) PLA nanocomposites

Percentage of elongation at break are summarised in Table 6.4. Elongation at break
increased significantly both for the unmodified and APTES modified Hal nanotubes
(4 wt%) reinforced PLA nanocomposites as compared to pure PLA. Elongation at
break reached 15.6% with the addition of 4 wt% APTES modified Hal nanotubes

which is 50% higher than pure PLA.
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An increase in the elongation at break clearly shows that the added Hal nanotubes
(both unmodified and APTES modified) into PLA matrix act as plasticizer and
dissipate the energy during fracture. Similar results were reported by Liu et al. (2013),
where they noticed that the elongation at break increased significantly (>90%) with
the addition of 20phr of unmodified Hal nanotubes into PLA matrix as compared to
pure PLA. However, elongation at break reduced with the addition of Hal nanotubes
above 20phr which clearly shows that small quantities of Hal nanotubes act as

plasticizer of PLA.

Table 6.4 Mechanical properties of Hal nanotubes (unmodified and APTES modified)

PLA nanocomposites (data in the parentheses indicate the standard deviation)

S. Sample Hal Tensile Elongation Tensile Impact

No. loading strength at break modulus strength
(wt%)  (MPa) (%) (MPa) (J/m)
1 Pure PLA 0 49.5 9.2 (0.5) 1052 21.4
2 2uHal 2 51.8 10.5 (0.4) 1088 22.6
3 2mHal 2 55.9 13 (0.5) 1104 25.6
4 4uHal 4 54.8 12.9 (0.2) 1152 25.9
5 4mHal 4 62.6 15.6 (0.2) 1198 29.8
6 6uHal 6 54.7 9.1 (0.4) 1185 29.4
7 6mHal 6 55.4 9.5 (0.5) 1208 30.3
8 8uHal 8 52.7 9.5(0.2) 1225 23.9
9 8mHal 8 53.3 10.3 (0.2) 1270 24.8
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The impact strength of unmodified and APTES modified Hal nanotubes reinforced
PLA nanocomposites measured according to ASTM 256 and the results have been
shown in Fig. 6. 8. The impact strength for the Hal-PLA nanocomposites increased by
loading Hal nanotubes into PLA matrix and it was higher than pristine PLA. For
instance, the impact strength of 6 wt% mHNT loading was 30.3 J/m, which is 41.5%
higher than pure PLA. However, a further increase in Hal nanotubes loading (8 wt%)
to PLA led to a decrease (up to 25%) in the impact strength, which may be due to
more aggregation of Hal nanotubes as well as poor interactions between Hal

nanotubes and PLA.
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Fig. 6.8 Impact strength of Hal nanotubes (unmodified (uHal) and APTES modified

(mHal)) PLA nanocomposites

Similar results were reported by Albdiry and Yousif (2013), where they noticed that
the impact strength increased by 50% with the addition of 3 wt% APTES modified
Hal nanotubes into unsaturated polyester as compared to neat unsaturated polyester.
But, a further addition of Hal nanotubes decreased the impact strength of the CPN.

136



Liu et al. (2013) reported that the flexural and impact strength increased by 34% and
70% respectively with the addition of 30 phr of unmodified Hal nanotubes into PLA
matrix as compared to pure PLA. However, a further addition of Hal nanotubes into
the PLA matrix caused a reduction in the flexural and impact strength by 10% and
50% respectively. Lin et al. (2011) also reported similar results, where they noted that
the addition of 5 wt% Hal nanotubes into polystyrene increased the impact strength by
300%. However, a further addition of Hal nanotubes (10 wt%) decreased the impact

strength by 150%.

6.6 DMA analysis

The visco-elastic properties of unmodified and APTES modified Hal nanotubes filled
PLA polymer nanocomposites were studied by dynamic mechanical analysis. This
study is useful to evaluate the performance of materials under stress and temperature.
The dynamic mechanical properties of 4 and 8 wt % of both the unmodified and
APTES modified Hal nanotubes reinforced PLA nanocomposites as well as pure PLA
were studied in terms of storage modulus (E') and damping factor (tan ) as a function

of temperature and the obtained results have been represented in Figs. 6.9 and 6.10.

At room temperature the Hal-PLA nanocomposites exhibit higher storage modulus
(Fig. 6.9 and Table 6.5) as compared to pure PLA. The APTES modified Hal-PLA
nanocomposites show higher storage modulus than unmodified Hal nanotubes and
pure PLA. This is a clear evidence for the better dispersion of Hal nanotubes across
the PLA matrix. APTES modified Hal nanotubes fillers have good interaction with
PLA matrix and lead to the formation of stiffened interphase, which restricts the

mobility of polymer chains resulting in an increase in the storage modulus.
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Fig. 6.9 storage modulus of Hal (unmodified (uHal) and APTES modified (mHal))

PLA nanocomposites

Storage modulus increased by more than 15% with the addition of 4 wt% of APTES
modified Hal nanotubes as compared to pure PLA. Surprisingly there is only a slight
increase (<5%) in the storage modulus with the addition of APTES modified Hal-PLA
nanocomposites as compared to unmodified Hal nanotubes. A further addition of
APTES modified Hal nanotubes (8 wt%) led to a decrease in the modulus, may be due
to an increase in the aggregation of fillers. Filler aggregation in the CPN causes stress
concentration points which lead to decrease the mechanical properties (Liu et al.,
2013; Khonakdar, 2015). The elastic properties of CPN are measured by tan 8, which
is the ratio of energy dissipated (loss modulus) to energy stored (storage modulus) per
cycle. Hence, the elastic property of a material is inversely propositional to tan 6. The
glass transition temperature (Tg) is determined by the maximum peak of tan 6 with

respect to temperature (Fig. 6. 10).
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The Tg of Hal-PLA nanocomposites is higher as compared to pure PLA due to the
addition of unmodified Hal nanotubes into the PLA matrix which restricts the

mobility of polymer chains resulting into an increase in Tg (Khonakdar, 2015).
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Fig. 6.10 Comparison of Tan delta values of Hal nanotubes (unmodified (uHal) and

APTES modified (mHal)) PLA nanocomposites

However, this is not the case with APTES modified Hal-PLA nanocomposites, where
a slight reduction in the Ty was observed as compared to pure PLA (Table 6.5). This
again confirms the improvement in the elasticity of CPN with APTES modified Hal
nanotubes which is in agreement with the tensile properties. Similar results have been
reported by Rong et al. (2001), where they noticed that T4 of pure PP was 19.45 °C,
but with the addition of 1 wt% clay filler T4 reduced to 12.54 °C. Pasbakhsh et al.
(2010) and Shelley et al. (2001) were also reported similar reductions in the Ty with

the addition of surface modified clay fillers into EPDM and nylon-6 CPN.
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Table 6.5 storage modulus (at room temperature) and peak temperature of tan & (Ty)
of Hal nanotubes (unmodified (uHal) and APTES modified (mHal)) PLA

nanocomposites

S. No. Pure PLA  4uHal 4mHal 8uHal 8mHal

Storage modulus (GPa) 2.69 2.98 3.06 2.92 2.37

Tg (°C) 66.7 70.8 66.3 74.3 69.98
6.7 TGA analysis

The thermal stability of unmodified and APTES modified Hal nanotubes and their
PLA nanocomposites were studied by TGA and the results have been reported in
Figs. 6.11 and 6.12 and Table 6.6). The first mass loss for the unmodified Hal (uHal)

reinforced PLA nanocomposites is in the temperature range from 60 to 180 °C (Fig.

6.11).
=== uHal = - -mHal
100 T ‘\\. ..o
o wmd -

r\a\ "‘.9-7_
o ..
) \\
% N
© S,
E \. ..-'D-------_-
(<) S - se==-
<
[B]
x

70 T T T T T T

30.3 14478 269.07 397.01 52153 647.57 773.83
Temperature (°C)

Fig. 6.11 TGA curves of (A) unmodified (uHal) and (B) APTES modified Hal
nanotubes (mHal)
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This mass loss corresponds to the evaporation of absorbed water from the surface and
internal channels of Hal nanotubes. However, this mass loss curve has not been
observed in case of APTES modified Hal nanotubes. This proves that the
modification of Hal nanotubes with APTES leads to more water repellent property.
The second mass loss in the temperature range between 200 and 330 °C is associated
with the decomposition of hydrogen bond of Hal nanotubes by the secondary
interaction or grafting onto Al-OH and Si-O-Si on the inner or outer surface of Hal
nanotubes. These hydrogen bonds are much less thermally stable than the covalent
bonding (Yuan et al., 2008). The final mass loss peak could be seen approximately
from 330 to 550 °C which is related to the dehydroxylation of the residual structure of
Al-OH and Si-O-Si groups of the inner and outer surface of Hal nanotubes (Yuan et

al., 2008; Albdiry and Yousif, 2014; Carli et al., 2014).

It is also worth mention that APTES modified Hal nanotubes show higher mass loss
as compared to unmodified Hal nanotubes. This is due to the decomposition of
organic compounds of the APTES grafted onto Hal nanotubes. This again confirms
the successful grafting of APTES with Hal nanotubes. Similar results have been
reported by other researchers (Yuan et al., 2008; Barrientos-Ramirez et al., 2011;
Carli et al., 2014). Thermal stability of both APTES modified and unmodified Hal
nanotubes (4 and 8 wt%) filled PLA nanocomposites was studied (Fig. 6.12). The
characteristic mass loss temperatures obtained from the TGA curves have been
summarized in Table 6.6. The characteristic temperature at which 5% and 10% mass
loss occurs is essential to evaluate the thermal stability of Hal-PLA nanocomposites.
The obtained data reveal that the loading of unmodified Hal nanotubes and APTES
modified Hal nanotubes have significant impact on the thermal stability of the

resultant CPN. For pure PLA, 5% mass loss occurs at a temperature of 320 °C.
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Fig. 6.12 TGA curves of Hal nanotubes (modified and unmodified) PLA

nanocomposites

However, the same mass loss of 5% occurs when the temperature was increased to
330 °C, an increase of 10 °C by using 4 wt% unmodified Hal nanotubes filled CPN as
compared to pure PLA (Table 6.6). This temperature is further increased to 337 °C,
an increase of 17 °C for the CPN filled with 4 wt% APTES modified Hal nanotubes.
Gilman (1999) reported that the thermal barrier of Hal nanotubes in the Hal-PLA
nanocomposites protects the PLA polymer from contacting with fire which slows
down the degradation of PLA during the degradation of CPN. It is also reported that
the degradation products of polypropylene polymer may be entrapped inside the
lumens of Hal nanotubes, resulting in an effective delay in mass transfer which
remarkably improves the thermal stability of the nanocomposites (Du et al., 2006). It
is mentioned that the intercalated layered silicate nanofillers had much better effects
on the thermal stability of polymer matrix than the exfoliated layered silicate

nanofillers (Gilman, 1999; Wang and Huang, 2013).
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Table 6.6 Thermal properties of Hal nanotubes (unmodified (uHal) and APTES

modified (mHal)) PLA nanocomposites

S. No. Sample Hal nanotubes Tseo Mass  Tige MaAsS  Trax Mass

loading (wt %0) loss (°C) loss (°C) loss (°C)

1 Pure PLA 0 320 328 370
2 2uHal 2 325 333 375
3 2mHal 2 326 335 376
4 4uHal 4 330 338 377
5 4mHal 4 337 343 378
6 6uHal 6 329 337 374
7 6mHal 6 332 341 375
8 8uHal 8 328 336 373
9 8mHal 8 318 331 376

However, a further increase in Hal nanotubes (>6 wt%) decreased the thermal
stability which is similar to the results observed in the previous investigations. A
decrease in the thermal stability with a relatively higher Hal nanotubes loading due to
the fact that Hal nanotubes started degradation at above 400 °C which caused higher
weight loss. This is in agreement with the previous reported studies of

PLA/montmorillonite (Jiang et al., 2007; Chen et al., 2015).

6.8 DSC analysis

PLA is a semicrystalline polymer and its mechanical and thermal properties depend
on its crystal microstructure. Enhancement of crystallinity of PLA is an important task
for its easy processability. It is reported that the addition of Hal nanotubes into PLA
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increased the crystallinity of Hal-PLA nanocomposites. The cold crystallisation peak

of PLA (T¢) shifted to lower temperature with the addition of Hal nanotubes into

PLA (Fig. 6.13 and Table 6.7).

The T of 4 wt% loading of mHal was at 122.8 °C, which was 9.8 °C lower than 2

wt% loading of Hal nanotubes. The heterogeneous nucleating effect can be observed

with the addition of Hal nanotubes on the PLA (Kontou et al., 2011; Liu et al., 2013;

Wang and Qiu, 2011). With a small amount of Hal nanotubes, the nucleating effect of

Hal nanotubes dominates and increases the cold crystallinity temperature. In case of

higher loading of Hal nanotubes, the restriction of mobility of chains dominates in the

PLA matrix which leads to decrease the crystallinity temperature.
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Fig. 6.13 DSC curves of Hal nanotubes (unmodified (uHal) and APTES modified

(mHal)) PLA nanocomposites

Hal nanotubes play a dual role of improving the crystallinity of Hal-PLA

nanocomposites. On one hand, it acts as a nucleating agent and on the other hand, the

strong hydrogen bond interactions between Hal nanotubes and PLA chains restrict the
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mobility of PLA chains. According to the reports by Krikorian and Pochan, (2005)
and Liu et al., (2009) the exfoliated Hal/PLA nanocomposites form stable intercalated
tactoids which act as heterogeneous nucleation sites, which significantly lower the
crystallisation temperature. Addition of Hal nanotubes into PLA matrix increased the

percentage crystallinity (%Xc).

Table 6.7 DSC results of Hal nanotubes (unmodified (uHal) and APTES modified

(mHal)) PLA nanocomposites

S. No. Sample Hal nanotubes loading Ty Tee Tm Xe

(Wt%) (°C)  (©) (’C) (%)
1 Pure PLA 0 58.4 1179 153 15.25
2 2uHal 2 59.1 11538 148.6 22.9
3 2mHal 2 59.7 116.2 151.34 17.20
4 4uHal 4 59.8 111.2 150.34 23.8
5 4mHal 4 60.2 106.4 150.25 19.82
6 6uHal 6 61.1 105.5 149.5 25.2
7 6mHal 6 61.8 105.18 149.0 23.5

The crystallinity increased significantly by 65% with the addition of 6 wt% of Hal
nanotubes into Hal/PLA nanocomposites. A significant increase in the crystallinity
(by 65%) could be seen in the Hal/PLA nanocomposites with the addition of Hal
nanotubes due to nucleating effects. However, in case of APTES modified Hal/PLA
nanocomposites, percentage of crystallinity slightly reduced with an increase in the
loading of Hal nanotubes. This may be due to increased covalent bonding between

Hal nanotubes and PLA matrix which leads to restricting the mobility of PLA
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polymer chain around the Hal nanotubes and the crystal growth was retarded. Glass
transition temperature (Tg) also increased by increasing the loading of Hal nanotubes
in the Hal-PLA nanocomposites. All the Hal nanotubes filled CPN showed higher Ty
at 59.7 °C, 60.2 °C and 61.8 °C for 2, 4 and 6 wt % of APTES modified Hal nanotubes
respectively as compared to pure PLA. This supports the restriction of mobility in the
polymer chain induced by the addition of Hal nanotubes and also the effective
interfacial interaction between the Hal nanotubes and PLA matrix (Rittigstein et al.,

2007).

6.9 Conclusions

In this investigation, halloysite (Hal) nanotubes were surface modified with 3-
aminopropyltriethoxysilane (APTES) to enhance the surface interaction of Hal
nanotubes with PLA and to achieve a good dispersion of Hal nanotubes across the
PLA matrix. FTIR, Nitrogen adsorption-desorption analysis and FE-SEM with EDX
analysis confirmed not only the grafting of APTES at the edges and surface of Hal
nanotubes, but also confirmed the hydrogen bond interactions between PLA and Hal
nanotubes. Morphological studies of the PLA nanocomposites with APTES modified
Hal nanotubes using FE-SEM revealed good dispersion of nanofillers into PLA which
lead to improving the mechanical and thermal properties. Tensile strength and
modulus increased significantly by 26.5% and 20% with the addition of 4 and 8 wt%
of APTES modified Hal nanotubes respectively as compared to pure PLA. Impact
strength of 4 wt% APTES modified Hal-PLA nanocomposites was 29.8 MPa, which
is 20% higher than the unmodified Hal-PLA nanocomposites and 40% higher than the
pure PLA. DMA results showed a considerable increase (>10%) in the storage
modulus after the addition of silane treated Hal nanotubes as compared to pure PLA.

Thermal stability also increased by 17 °C as compared to pure PLA.
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CHAPTER VII

Results and Discussion: Sisal-PP Composites

7.1 FE-SEM analysis

The morphology of untreated, alkali and HIU treated short sisal fibre reinforced PP
(SF/PP) composites was studied by examining the fractured surfaces of tensile tested
samples using FE-SEM. FE-SEM micrographs of fracture surface of untreated and
treated SF/PP composites (containing 30 wt%) have been shown in Fig. 7.1. It could
be seen that the sisal fibres are in unidirectional and well dispersed throughout PP
matrix. Untreated SF/PP composites (Fig. 7.1A) exhibit fibre debonding due to the
accumulation of moisture at the interface specifically from the surface of sisal fibres.
It also indicates the number of voids between the fibre and matrix which is the
evidence of poor adhesion responsible for the reduction in the mechanical properties.
However, reduction of voids for alkali and HIU SF/PP composites confirmed the
removal of amorphous materials after the treatment (Figs. 7.1B, 7.1C and 7.1D). HIU
treated sisal fibre composites showed good dispersion across the matrix and the
reduction of voids resulting in good mechanical properties (Fig. 7.1B). Morphology
of alkali treated sisal fibre composites exhibits good dispersion as well as improved
adhesion between fibre and matrix phase (Fig. 7.1C). Fig. 7.1D shows the FE-SEM
image of combined alkali and HIU treated SF/PP composites. It could be seen that the
fibres are well separated with the combined treatment of alkali and HIU which leads
to enhancing the reactive surface area and resulting into good adhesion between fibre

and matrix.
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Fig. 7.1 FE-SEM micrographs of impact fractured SF/PP composites (A) Untreated
(UT), (B) HIU treated (ULT), (C) Alkali treated (ALKT), (D) Combined treatment of

alkali and HIU (ALKT-ULT)
7.2 Tensile properties

Tensile properties were studied to understand the effects of fibre loading and surface
treatments on the mechanical properties of SF/PP composites. Tensile properties
(tensile strength, modulus and elongation) of untreated and HIU treated, alkali treated
and the combination of alkali and HIU treated SF/PP composites have been shown in
Figs. 7.2, 7.3 and 7.4. It could be seen that the tensile strength is higher for 10 wt%
fibre loading as compared to 15, 20 and 30 wt%. This is may be due to more number
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of voids with higher filler content as well as weak interfacial adhesion between the
hydrophilic filler and the hydrophobic polymer matrix with higher percentage of filler
loading. Similar observations were found by other researchers. Paraparita et al. (2014)
found that the tensile strength decreased significantly by more than 40% for 30 wt%
of filler loading. Demir et al. (2006) observed a reduction in the tensile strength by
41% with more than 15 wt% of fibre loading in luffa fibres reinforced PP composites.
Das and Satapathy (2011) observed similar results with cenosphere fibres reinforced
PP composites. They indicated that the tensile strength decreased by the addition of
filler. However, tensile modulus increased by more than 35% with the addition of 20

wit% of fibre fillers.
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Fig. 7.2 Tensile strength of untreated and treated sisal fibre reinforced PP composites
1) Untreated (UT) 2) HIU treated (ULT) 3) Alkali treated (ALK) 4) combined

treatment of alkali and HIU (ALK-ULT)

It could be seen from the Fig. 7.2 the tensile strength of pure PP was 33.18 MPa. With

the addition 10 wt% of untreated sisal fibres into PP matrix leads to significant
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reduction of tensile strength by 67%. This is mainly due to presence of amorphous
materials on the surface of the sisal fibres which are the responsible for water
absorption and causing incompatibility with PP matrix which results of reduced
mechanical properties. However, a significant increment of tensile strength could be
observed with the addition of surface treated sisal fibres. Addition of 10 wt% of the
combination of alkali and HIU treated sisal fibres into PP matrix increased the tensile
strength by 25% as compared to untreated sisal fibre reinforced PP composites (Fig.
7.2). This is mainly due to an increase in the adhesion between treated fibres and
matrix materials owing to the removal of amorphous materials by alkali and HIU
treatments from the fibre surface whereby the fibre surface becomes clean and rough.
Removal of amorphous materials from the fibre surface also reduces the moisture
absorption which leads to an increase in the tensile strength and modulus of the fibre
reinforced composites. Similar to tensile strength, elongation at break significantly
decreased as the filler content increased (Fig. 7.3). Percentage elongation decreased
by more than 65% with the addition of 10 wt% of untreated sisal fibres. This may be
due to the restriction of molecular mobility with an increase in the filler in the matrix.
However, only 35% of elongation at break was reduced for the combined treated
alkali and HIU treated sisal fibres as compared to pure PP composites. This indicates
that after the combined treatment with alkali and HIU, fibres surface become
hydrophobic which improved the compatibility between fibre materials and
hydrophobic polymer matrix. However, with higher filler content above 10 wt%,
elongation decreased to the maximum of 80 % for 30 wt% of filler loading. This may
be due to an increase in the fibre agglomeration and voids which lead to decrease the

elongation.
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Tensile modulus of untreated, HIU treated, alkali and the combination of alkali and
HIU treated SF/PP composites is shown in Fig. 7.4. Tensile modulus significantly
increased by more than 55% for 30 wt% addition of sisal fibres with the combined
treatment of alkali and HIU as compared to pure PP. It is to be noted that the tensile

modulus increased gradually with the addition of sisal fibres from 10 wt% onwards.
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Fig. 7.3 Elongation at break of untreated and treated sisal fibre reinforced PP

composites

Combination of alkali and HIU treated SF/PP composites show a significant
increment in tensile modulus. This indicates that after the combined treatment of
alkali and HIU a good interaction occurs between the sisal fibres and PP matrix which
resulting into a good dispersion of fibre materials across the matrix and leads to an
enhancement in the material stiffness. Kaewkuk et al. (2013) reported that the tensile
modulus increased by two-fold for alkali treated SF/PP composites as compared to
untreated fibres and considerable improvement was observed in the tensile strength

for alkali treated sisal fibres. Elongation at break was reduced with increasing the
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filler content. However, it slightly increased with alkali treated fibres composites as

compared to untreated fibres.

Arrakhiz et al. (2012) and Elkhaoulani et al. (2013) studied the effects of alkali
treatments on the mechanical and thermal properties of natural fibre reinforced
polymer composites. They observed that the tensile modulus increased significantly
by 145% with the addition of 30 wt% of treated Doum fibres reinforced low density
polyethylene as compared to pure matrix. However, tensile strength significantly
decreased with an increase in the filler. Mohan and Kanny (2012) reported that after
alkali treatment tensile modulus increased by 30% with 20 wt% of filler content.
Mwaikambo et al. (2007) reported that after alkali treatment the hemp fibres
reinforced euphorbia composites showed an increase in the tensile strength and

modulus by 31 and 13% respectively as compared to the untreated fibres.
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Fig. 7.4 Tensile modulus of untreated and treated sisal fibre reinforced PP composites
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7.3 TGA analysis

The effect of different surface treatments on the thermal stability of SF/PP composites
was evaluated. Fig. 7.5 shows the TGA curves of pure PP, untreated and different
surface treated SF/PP composites. Relatively a small degradation could be observed
for the SF/PP composites in the temperature range from 90 to 150 °C are due to the
presence of moisture in sisal fibres. However, this step could not be seen in case of
pure PP. Pure PP has single stage degradation in the temperature range between 330

and 460 °C with the maximum degradation occurred at 450 °C.
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Fig. 7.5 TGA of untreated (UT), HIU treated (ULT), alkali treated (ALK) and the

combination of alkali and HIU treated (ALKULT) SF/ PP composites

As seen in the Fig. 7.5, the thermal stability reduced significantly in the temperature
range from 250 to 430 °C for the PP composites reinforced with untreated and surface
treated sisal fibres as compared to pure PP. For instance, 10% weight loss could be
noticed at 371.5 °C for the untreated SF/PP composites which is 28.5 °C higher than

pure PP. This could be due to the presence of amorphous materials such as
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hemicellulose, pectin and lignin in the untreated sisal fibres which are low in thermal
stability as compared to pure PP matrix and thus leads to faster thermal degradation.

Similar results were reported by other researchers.

Essabir et al. (2013b) studied the mechanical and thermal properties of PP based
composites reinforced with argan particle net shells and observed that the thermal
stability of argan particle reinforced PP composites was considerably reduced which
is mainly due to the presence of amorphous materials on the surface of untreated
fibres. Arrakhiz et al. (2012) studied the effect of different surface treatments (alkali,
etherification and esterification treatments) on the mechanical and thermal properties
of alfa fibre reinforced PP composites and reported a significant increment in the
thermal stability for the surface treated alfa fibre reinforced PP composites as
compared to untreated alfa fibre composites. The esterification (combination of alkali
and ethyl ether) treatment showed better in removing the amorphous materials from

the surface of alfa fibres and resulted in improving the thermal stability.

However, in case of surface treated sisal fibres (HIU (ULT), alkali (ALK) and the
combination of alkali and HIU treated (ALKULT)) reinforced PP composites showed
a marginal high thermal stability as compared to untreated SF/PP composites.
Combination of alkali and HIU treated SF/PP composites showed 10% weight loss
temperature at 372 °C which is 8 °C higher than untreated SF/PP composites. A
significant increment in the thermal stability for the combination of alkali and HIU
treated SF/PP composites proves that the amorphous materials from the surface of
sisal fibres were removed significantly thereby increased the number of cellulose

molecules on the surface of sisal fibres.

154



Kaewkuk et al. (2013) studied the effect of interfacial modification on the physical
properties of SF/PP composites and found that alkali treated SF/PP composites
showed higher thermal stability by more than 10 °C as compared to untreated SF/PP
composites. Oza et al. (2014) also studied the effect of fibre surface treatment on the
thermal stability of hemp fibres reinforced PLA composites and reported that the
alkali treated hemp fibres reinforced PLA composites showed higher thermal stability
by more than 6 °C as compared to untreated hemp fibres reinforced PLA composites.
They also indicated that the increased thermal stability for the alkali treated fibre
composites is due to the mercerisation which removed the amorphous materials from

the surface of fibres and exposed more number of cellulose molecules.
7.4 DSC analysis

Pure PP, sisal fibres with surface treated and untreated reinforced PP composites were
subjected to DSC analysis to evaluate the crystallisation and thermal properties. Figs.
7.6 and 7.7 show the DSC thermograms of melting endotherm and cooling exotherm
curves of PP and their sisal fibre composites with untreated and different surface
treatments respectively. From Fig. 7.7, only a marginal effect of crystallisation
temperature (T.) with the addition of fibres into PLA matrix could be noticed.
However, melting temperature (T,) increased with the addition of surface treated
fibre to PP matrix. The combination of alkali and HIU treated SF/PP composite
displayed a melting temperature around 166.25 °C which is 3.1 °C higher as compared
to pure PP. This observation of higher melting temperature after the addition of
surface treated sisal fibre is due to an increased interfacial adhesion between the

surface treated sisal fibres and PP matrix.
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Fig. 7.6 DSC endothermic heating curves of untreated (UT), HIU treated (ULT),
alkali treated (ALK), and the combination of alkali and HIU treated (ALKULT)

SF/PP composites

Similar results have been reported by Joseph et al. (2003) where they noted an
increase in the melting temperature by 14 °C after the addition of sisal fibres treated
with maleic anhydride into PP composites. The percentage of crystallinity (Xc) shows
that the pure PP has highest percentage of crystallinity which was 43.68%. However,
loading of small quantity (10 wt%) of untreated sisal fibres into PP matrix results of
disturbed in the crystalline structure of PP polymer which leads to significant
reduction of percentage of crystallinity to 30.35%. However, addition of surface
treated sisal fibres into PP leads to a considerable increment in the percentage of
crystallinity could be observed. The percentage of crystallinity (Xc) is correlated with
mechanical properties. In case of tensile strength, tensile strength of pure PP was

slightly more than 33 MPa. With the addition 10 wt% of untreated sisal fibres into PP
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matrix leads to significant reduction of tensile strength by 67%.
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Fig. 7.7 DSC exothermic cooling curves of untreated (UT), HIU treated (ULT), alkali
treated (ALK), and the combination of alkali and HIU treated (ALKULT) SF/PP

composites

Table 7.1 Thermal properties of PP and untreated and different surface treated SF/PP

composites
S. No. Samples T (°C) Tm (°C) X (%)
1 Pure PP 119.15 166.25 43.68
2 10UT+PP 119.45 166.34 30.35
3 10ULT+PP 120.62 167.01 32.40
4 10ALK+PP 120.37 168.08 35.63
5 10ALKULT+PP 120.85 169.35 38.13
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This is mainly due to presence of amorphous materials on the surface of the sisal
fibres which are the responsible for water absorption and causing incompatibility with
PP matrix which results of reduced mechanical properties. However, a significant
increment of tensile strength could be observed with the addition of surface treated
sisal fibres. Addition of 10 wt% of the combination of alkali and HIU treated sisal
fibres into PP matrix increased the tensile strength by 25% as compared to untreated
sisal fibre reinforced PP composites. Increased tensile strength with the addition of
combined treated sisal fibres confirms the removal of amorphous materials and
increased the compatibility between sisal fibres and PP matrix. Increased the tensile
strength for the combined treated sisal fibres also confirms the increased cellulose

content.

7.5 DMA analysis

Storage modulus (E") is defined as the maximum energy stored during one cycle of
oscillation. It also gives the material stiffness with the variation of temperature and
load bearing capacity of the composite materials (Shinoj et al., 2011). Fig. 7.8 shows
the variations in the storage modulus of pure PP and untreated and different surface
treated SF/PP composites with the fibre loading of 10 wt%. As seen in Fig. 7.8, at
lower temperature the storage modulus (E') for pure PP and their composites filled
with different surface treated sisal fibres exhibited higher values. It is worth noted that
the storage modulus increased with the addition of sisal fibres into PP polymer. For
instance, the storage modulus was 3.5 GPa for pure PP at -51 °C. However, the
storage modulus increased marginally to 4 GPa with the addition of 10 wt% of
untreated sisal fibres into PP matrix. The increased storage modulus with the

incorporation of sisal fibres is due to the reinforcement effect of the fibres that
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allowed good stress transfer at the fibre-matrix interface in the composites (Joseph et

al., 2003; Idicula et al., 2005; Vilay et al., 2008; Essabir et al., 2013a).
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Fig. 7.8 Storage modulus (E") of untreated (UT), HIU treated (ULT), alkali treated

(ALK), and the combination of alkali and HIU treated (ALKULT) SF/PP composites

In case of alkali treated and the combination of alkali and HIU treated SF/PP

composites, the storage modulus (E") significantly increased by 27.5% and 50%

respectively as compared to pure PP. These results proved that sisal fibres treated with

alkali and the combination of alkali and HIU show better compatibility with polymer

matrix and increased the interfacial adhesion as compared to untreated SF/PP

composites (Pothan et al., 2006; Li et al., 2011; Sreenivasan et al., 2015).

Table 7.2 Storage modulus of SF/PP composites

Properties Pure PP | PP+ UT | PP+ ULT | PP+ ALK | PP + ALKULT
at 30°C
Storage modulus 1.17 1.91 2.0 2.1 2.25
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A similar trend has been observed by Ray et al. (2002) and Shinoj et al. (2011) for
alkali treated jute fibre reinforced vinyl-ester composites and alkali treated oil palm
fibre reinforced with LLDPE composites respectively. The damping factor (tan 9) is
the ratio of storage modulus and the loss modulus (i.e. E/E"). Fig. 7.9 shows the
curves of damping factor against temperature for pure PP and untreated as well as
different surface treated SF/PP composites with 10% fibre loading. The damping peak
reduced for sisal fibres composites as compared to pure PP which could be due to the
incorporation of sisal fibres into the polymer matrix which restricts the mobility of
polymer chain and leads to an increase in the storage modulus and a reduction in the
viscoelastic lag between stress and the strain, thereby decreasing the damping factor

with the addition of filler material (Jawaid et al., 2013; Ray et al., 2002; Sreenivasan

etal,, 2015).
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Fig. 7.9 Tan & curves of untreated (UT), HIU treated (ULT), alkali treated (ALK), and

the combination of alkali and HIU treated (ALKULT) SF/PP composites
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It was also found that the peak of damping factor further decreased for the surface
treatment of SF with HIU, alkali and the combination of alkali and HIU treatments.
This further confirms the improved interfacial adhesion between surface treated sisal
fibres and PP matrix after the surface treatment of sisal fibres with the combined

alkali and HIU treatments (Ray et al., 2002; Pothan et al., 2003; Jawaid et al., 2013).

Loss modulus (E™) indicates the ability of a material to dissipate the absorbed energy
within it in the form of heat or molecular rearrangements when force is applied. It
shows the viscous nature of the polymer material (Saba et al., 2016). Fig. 7.10 shows
the loss modulus (E™) curves of pure PP and untreated as well as different surface
treated SF/PP composites with 10% fibre loading. The results of loss modulus
revealed that the incorporation of sisal fibres into PP matrix leads to an increase in the
loss modulus which is due to the restriction in the molecular motion with an increase
in the filler materials (Khonakdar, 2015; Sreenivasan et al., 2015). Broad peaks could
be noticed in Fig. 7.10 in the temperature range between -20 and 30 °C which
represent the transition from glassy to rubbery state. The maximum temperature peak
of loss modulus represents the maximum energy dissipation during the deformation
occurred. It is observed that E" curves reach maximum peak value and then decreased
sharply with a further increase in the temperature which is due to free molecular
motion of the polymer matrix. However, it is noticed that the sisal fibres composite
obtained by the combination of alkali and HIU shows higher loss modulus (E™) by 0.9
GPa as compared to pure PP. This could be due to the increased stiffness after the
combined treatment of alkali and HIU which is also an evidence of good compatibility

between sisal fibres and PP matrix (Sreenivasan et al., 2015).
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Fig. 7.10 Loss modulus curves of untreated (UT), HIU treated (ULT), alkali treated

(ALK), and the combination of alkali and HIU treated (ALKULT) SF/PP composites

7.6 Water absorption studies

Water absorption characteristics of different weight percentage of untreated, HIU
treated, alkali treated and the combination of alkali and HIU treated SF/PP composites
have been evaluated. Fig. 7.11 shows the effect of water absorption with increased
fibre loading into PP matrix. It can be seen that the water absorption gradually
increased with an increase in the fibre loading. In the initial stage of water immersion
the composites showed very rapid diffusion of water absorption linearly. After
reaching the equilibrium, the water absorption then slowed down and became
constant. These findings indicate that the water absorption of SF/PP composites obeys
the Fick’s law of diffusion. Yew et al. (2005) reported the water absorption and
enzymatic degradation of Polylactide (PLA) composites reinforced with rice starch

where they observed a rapid water absorption in the first few days for the rice starch
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reinforced PLA composites. The water absorption was as high as 5.7% for the fibre

reinforced composites as compared to pure PLA which was 1%.
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Fig. 7.11 Effect of fibre loading on the water absorption of untreated SF/PP

composites

Alamri and Low (2013) studied the water absorption properties of cellulose fibre and
nanoclay reinforced epoxy composites where they also noticed that the water
absorption was higher in the initial time of immersion for all the fibre reinforced
epoxy composites and then reached to a saturation point. As seen in Fig. 7.11, the rate
of water absorption significantly increased with the addition of sisal fibres which is
obvious that sisal fibres are hydrophilic in nature due to the presence of amorphous
materials which allow the absorption of water molecules. It is observed that the water
absorption rate increased by 8%, 5.69%, 3.83% and 2.17% with the addition of 30,
20, 15 and 10 wt% of untreated sisal fibres into PP matrix respectively after continued

water immersion for 60 days. Fig. 7.12 shows the comparison of the effect of different
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surface treatments of SF/PP composites on water absorption. Rate of water absorption
significantly decreased for the PP composites reinforced with sisal fibres treated with

the combination of alkali and HIU.

—e—Pure PP —m-PP+UT PP+ULT —<PP+ALK —~PP+ALKULT
2.5

= 2

S

(5]

< 15

I

>

% l ALK N o’

g / W
0.5 ..----::::::::%:::H
0 I T T T T T T T T T T T T T T T

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Time (Days)

Fig. 7.12 Effect of HIU (ULT), alkali (ALK) and the combination of alkali and HIU

(ALKULT) surface treatments on the water absorption of SF/PP composites

Water absorption for the combined alkali and HIU treated sisal fibres reduced to
0.52% which is more than a reduction of 300% as compared to untreated sisal fibre
composites. This proves that the combined treatment of alkali and HIU significantly
removed the amorphous materials from the surface of sisal fibres and increased the
interfacial adhesion between PP matrix and sisal fibres in the composites and is in

agreement with FTIR and FE-SEM results.

Rajesh et al. (2015) studied the effect of different weight percentage and surface
treatments of SF loading on PLA composites and noticed an increase in the rate of

water absorption by more than 9% with the addition of untreated sisal fibres (25 wt%)
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into PLA matrix. However, the water absorption rate reduced to more than 3% in case
of alkali treated sisal fibres (25 wt%) into PLA matrix. Also, with the addition of 30
wt% of sisal fibres into PP polymer matrix, the water absorption increased
significantly by 600% as compared to 10 wt% of SF/PP composites (Chow et al.,
2007). Mohan and Kanny (2012) studied the effect of alkali and clay treatments on
water absorption for SF/PP composites and observed that the alkali and the
combination of alkali and clay treated SF/PP composites show a considerable
reduction in the water absorption by 8% and 17.6% as compared to untreated SF/PP

composites.

The diffusion properties of SF/PP composites were explained by Fick’s law and the
values of percentage of water absorption and the coefficient of diffusion at room
temperature for the untreated and different surface treated SF/PP composites have
been calculated by using egns. 3.5 and 3.6 respectively and the obtained results have
been given in Table 7.2. It can be seen that the diffusion coefficient increased with an
increase in the fibre content. The diffusion coefficient increased by 3.42 mm?/sec
with the addition of 30 wt% of untreated sisal fibres into PP matrix, which is 250%
and 190% higher as compared to pure PP and 10 wt% addition of untreated SF/PP
composites respectively. A significant increment in the rate of diffusion coefficient
with higher loading of sisal fibres is due to an increase in the cellulose content.
Similar results were reported by Dhakal et al. (2007a) where they noticed an increase
in the rate of diffusion coefficient significantly by 180% with the addition of 26 wt%
of hemp fibre/unsaturated polyester composites as compared to adding 10 wt% hemp
fibre/unsaturated polyester composites. There is a considerable reduction in the rate of
diffusion coefficient for the surface treated sisal fibre composites as compared to

untreated fibre composites. The combination of alkali and HIU treated SF/PP
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composites showed a decrease in the diffusion coefficient by 30% as compared to

untreated SF/PP composites.

Table 7.3 Water absorption of SF/PP composites

Samples Fibre Type of surface Maximum Initial slope  Diffusion

loading treatments water of plot (k)  coefficient

(Wt%o) absorption M(t) versus , D, x10°

(%) t!/2 (mm?/sec)
Pure PP 0 - 0.166 0.0038 0.9561
10UT 10 Untreated 2.176 0.0601 1.5495
15UT 15 Untreated 3.8368 0.0844 2.0451
20UT 20 Untreated 5.69 0.1287 2.6242
30UT 30 Untreated 7.966 0.1937 3.4251
10ULT 10 HIU treated 1.459 0.0378 1.3713
10ALK 10 Alkali treated 0.914 0.0238 1.1873
10ALKULT 10 Alkali + HIU 0.522 0.0105 1.0883

treated

This again proved that the removal of amorphous materials from the surface of sisal
fibres which are mainly responsible for the absorption of water. Mohan and Kanny
(2012) studied the effect of chemical surface treatment on the water absorption of
SF/PP composites where they noticed a reduction in the water absorption by 2.2% for
the surface treated sisal fibre composites as compared to pure PP which is due to an
improved interfacial adhesion between the sisal fibres and the matrix with the removal
of hemicellulose, lignin and pectin from the surface of sisal fibres which are highly
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hydrophilic in nature. Rajesh et al. (2015) and Yeh et al. (2015) also reported a
significant reduction of water absorption for the chemically surface treated SF/PLA
composites and rice husk/PP composites respectively as compared to their respective

matrix.

7.7 Conclusions

In this investigation, halloysite (Hal) nanotubes were surface modified with 3-
aminopropyltriethoxysilane (APTES) to enhance the surface interaction of Hal
nanotubes with polylactide or poly (lactic acid) (PLA) and to achieve a good
dispersion of Hal nanotubes across the PLA matrix. FTIR, Nitrogen adsorption-
desorption analysis and FE-SEM with EDX analysis confirmed not only the grafting
of APTES at the edges and surface of Hal nanotubes, but also confirmed the hydrogen
bond interactions between PLA and Hal nanotubes. Morphological studies of the PLA
nanocomposites with APTES modified Hal nanotubes using FE-SEM revealed good
dispersion of nanofillers into PLA which lead to improving the mechanical and
thermal properties. Tensile and impact properties significantly increased with the
addition of APTES modified Hal nanotubes into PLA matrix. Tensile strength and
modulus increased significantly by 26.5% and 20% with the addition of 4 and 8 wt%
of APTES modified Hal nanotubes respectively as compared to pure PLA. Impact
strength of 4 wt% APTES modified Hal-PLA nanocomposites was 29.8 MPa, which
is 20% higher than the unmodified Hal-PLA nanocomposites and 40% higher than the
pure PLA. DMA results showed a considerable increase (>10%) in the storage
modulus after the addition of silane treated Hal nanotubes as compared to pure PLA.

Thermal stability also increased by 17 °C as compared to pure PLA.
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CHAPTER VIlII

Results and Discussion: Hal-PP Composites

8.1 FE-SEM analysis

The surface morphology of the impact fractured samples of unmodified and APTES
modified Hal nanotubes reinforced PP nanocomposites was investigated. Figs. 8.1A
and B show the PP nanocomposites reinforced with unmodified and APTES modified
Hal nanotubes respectively. The surface pore analysis, nitrogen absorption-desorption,
FTIR and FE-SEM analysis of unmodified and APTES modified Hal nanotubes were

investigated and discussed in sections 6.2, 6.3, 6.4 and 6.5 respectively.

Fig. 8.1 FE-SEM images of impact factured samples of unmodified (A) and APTES

modified (B) Hal nanotubes reinforced PP nanocomposites

From Fig. 8.1A, it is clearly seen that the filler agglomeration and poor dispersion of
unmodified Hal nanotubes across the PP matrix. As discussed in section 6.3, the filler

agglomeration is due to the poor interfacial interaction between unmodified Hal
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nanotubes and PP polymer matrix which causes stress concetration and hence leads to
lowering the mechanical and thermal properties of Hal-PP nanocomposites. However,
in case of APTES modified Hal-PP nanocomposites, nanotubes were well-dispersed
across the PP matrix and relatively less agglomeration could be seen as compared to

unmodified Hal-PP nanocomposites (Fig. 8.1B).

Surface modification of Hal nanotubes with APTES enhances the interfacial adhesion
between Hal nanotubes and PP matrix which leads to improve the mechanical and
thermal properties of Hal-PP nanocomposites. Moreover, modification of APTES
significantly reduced the stress concentration points by increased filler dispersion
across PP matrix which leads to good mechanical properties of the nanocomposites

(Albdiry and Yousif, 2014; Carli et al., 2014).

8.2 Tensile and impact properties

Fig. 8.2 shows the tensile strength of pure PP and PP nanocomposites reinforced with
untreated and APTES treated Hal nanotubes. It is clear from Fig. 8.2 that a
considerable increment of tensile strength with the addition of Hal nanotubes
irrespective of their surface modification as compared to pure PP. Addition of 6 wt%
of untreated and APTES modified Hal nanotubes into PP matrix increased the tensile
strength by 16 and 31% respectively as compared to pure PP. It is observed that
APTES modified Hal-PP nanocomposites showed good tensile properties as
compared to untreated PP composites. This result proved the well dispersion of Hal
nanotubes after the surface modification with APTES which enhances the efficient

load transfer and thus good mechanical properties.

In addition to this, a number of hydrogen bond interaction between APTES modified

Hal nanotubes and the PP polymer matrix due to the presence of hydroxyl groups on
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the surface of APTES modified Hal nanotubes which enhances the compatibility
between PP polymer matrix and APTES modified Hal nanotubes leads to increased
tensile strength. In addition to the surface modification, high aspect ratio of Hal
nanotubes promotes the high number of filler-matrix interaction which further leads to
improve the mechanical properties of Hal-PP nanocomposites. These findings well

correlate with other reports (Guo et al., 2009; Prashantha et al., 2011).
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Fig. 8.2 Tensile strength of untreated and APTES modified Hal nanotubes reinforced

PP nanocomposites

Guo et al. (2009) reported a significant increment of tensile strength by 21% with the
addition of 10 wt% surface modified Hal-Polyamide 6 (PA6) nanocomposites as
compared to pure PAG resin. It is also reported that the tensile strength and modulus
increased by 30.3 and 30.4% respectively with the incorporation of 6 wt% of Hal
nanotubes into polyamide 6 (PA6) polymer matrix as compared to pure PA6 resin
(Prashantha et al., 2011). However, PP nanocomposites with 8 wt% of Hal nanotubes

loading show a slight decline in the tensile strength. This may be due to the increased
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filler aggregation in the nanocomposites with a further addition of Hal nanotubes
above 6 wt%. The filler aggregation with the addition of above optimum quantity of
Hal nanotubes leads to poor interfacial adhesion between filler and polymer matrix.
Fig. 8.3 shows the tensile modulus of PP nanocomposites reinforced with unmodified
and APTES modified Hal nanotubes. Similar to tensile strength, tensile modulus also

significantly increased with an increase in Hal content into PP polymer matrix.
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Fig. 8.3 Tensile modulus of unmodified and APTES modified Hal nanotubes

reinforced PP nanocomposites

Similar trend was also reported by Albdiry and Yousif (2014) where they noticed that
the tensile strength and modulus tend to decrease with a further addition (above 3
wt%) of Hal nanotubes into unsaturated polyester nanocomposites. It was found that
the tensile modulus increased significantly by 72% with the addition of 8 wt% of
APTES modified Hal-PP nanocomposites as compared to pure PP resin. This result
again proved the good dispersion of surface modified Hal nanotubes with APTES

across the PP matrix and improved the interfacial adhesion between fillers and the PP
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polymer matrix. In contrast to the tensile strength and modulus, a slight reduction in
the percentage of elongation at break could be seen with increased loading of Hal
nanotubes into PP matrix. Fig. 8.4 shows the percentage of elongation at break for PP

nanocomposites reinforced with unmodified and APTES modified Hal nanotubes.
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Fig. 8.4 Elongation at break of unmodified and APTES modified Hal nanotubes

reinforced PP nanocomposites

The elongation at break decreased by 30% with 8 wt% loading of Hal nanotubes as
compared to pure PP. This may be due to an increased rigidity of the polymer chain
after the addition of filler. Similar trend has been reported by Prashantha et al. (2011)
where they observed that 25% of elongation at break decreased with an increase in the
Hal nanotubes by 8 wt% into PP polymer matrix. The effect of APTES modified Hal-
PP nanocomposites on the impact property of Hal-PP nanocomposites was
investigated. Fig. 8.4 represents the impact strength of notched samples of unmodified

and APTES modified Hal-PP nanocomposites.
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A gradual increase in the impact strength could be observed with the addition of Hal
nanotubes into PP matrix. It is noticed from Fig. 8.5 that the impact strength of 6 wt%
loading of APTES modified Hal-PP nanocomposites shows 27.8 J/m which is 44%
higher than the impact strength of pure PP. It is also worth noted that the surface
modified Hal-PP nanocomposites show better impact property as compared to
unmodified Hal-PP nanocomposites. The small amount of Hal nanofillers acts as a
plasticizer in the nanocomposites which helps to distribute the impact energy

throughout the nanocomposites.
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Fig. 8.5 1zod impact strength of notched samples of unmodified and APTES modified

Hal-PP nanocomposites

However, decreased toughness could be observed for Hal-PP nanocomposites with a
further increase in the filler loading above 6 wt%. Similar results were found out by
other researchers (Liu et al., 2013). Prashantha et al. (2011) found that the impact
toughness increased by more than 80% with the addition of quaternary ammonium

salt modified Hal nanotubes reinforced PP nanocomposites as compared to pure PP.
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8.3 TGA analysis

The thermal stability of PP nanocomposites reinforcement with unmodified and
APTES modified Hal nanotubes was investigated using TGA. The TGA curves of
pure PP and its nanocomposites reinforcement with unmodified and APTES modified
Hal nanotubes have been shown in Fig. 8.6. It is noticed that only a slight increment
in the thermal stability with the addition of Hal nanotubes into PP matrix. The values
of temperature at which 50% weight loss occurred and percentage of char residue at
maximum temperature (600 °C) are given in Table 8.1. It is worth noted that the
thermal stability is considerably increased by 15 °C for the APTES modified Hal-PP

nanocomposites as compared to pure PP,
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Fig. 8.6 TGA thermograms of pure PP, unmodified and APTES modified Hal-PP

nanocomposites

The increased thermal stability shows the good interfacial adhesion between APTES
modified Hal nanotubes and the PP matrix. However, it is also noted that a

considerable decrease in the thermal stability for unmodified Hal nanotubes loaded PP
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nanocomposites at maximum weight loss stage as compared to pure PP. Similar
results were reported by Wang and Huang (2013). They indicated that the Hal
nanotubes were acted as catalyst to enhance the degradation process during the
volatilization. It is also believed that the Hal nanotubes weaken the PP polymer chain
which influences the thermal oxidative degradation. The acidic groups present on the
Hal nanotubes or the air entrapped inside the tubular lumen of the Hal nanotubes
cause the thermal oxidative aging (Liu et al., 2010). It is important to mention that the
char residue of Hal-PP nanocomposites was significantly higher than pure PP. No
char residue could be observed for pure PP resin, whereas 6 and 8 wt% of Hal loading
nanocomposites showed more than 5 and 10% of char residue respectively (Table
8.1). This result clearly shows the incorporation of Hal nanotubes and hence an

improved thermal stability of the Hal-PP nanocomposites.

8.4 DSC analysis

A non-isothermal DSC analysis was carried out to investigate the effect of addition of
unmodified and APTES modified Hal nanotubes into PP nanocomposites. Figs. 8.7
and 8.8 show the melting temperature and cold crystallinity thermograms of Hal-PP
nanocomposites respectively. Table 8.1 shows the values of melting temperature
(Tm), cold crystallization temperature (T;) and percentage of crystallinity (X;) for
unmodified and APTES modified Hal-PP nanocomposites. The melting temperature
(Tm) peak shows a considerable increment of melting temperature (Fig. 8.7). The
melting temperature peak shifted to 169.83 °C with the addition of 8 wt% of APTES
modified Hal nanotubes, whereas the melting temperature peak of pure PP was at

166.65 °C.
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Fig. 8.7 DSC melting curves of pure PP, unmodified and APTES modified Hal-PP

nanocomposites

The increment of melting temperature may be due to the reinforcement effect which
restricts the free movement of polymer chain segments in the Hal-PP nanocomposites
(Wang and Huang, 2013). It has been already reported that the addition of Hal
nanotubes induced the nucleating effects in the nanocomposites which enhances the
crystallinity of Hal-PP nanocomposites (Prashantha et al., 2011; Wang and Huang,

2013).

The cold crystalline temperature (T) of Hal-PP nanocomposites shifted to lower
temperature after the addition of Hal nanotubes. The T for the pure PP was at 123.52
°C and with the addition of 8 wt% of Hal nanotubes into PP matrix the T, shifted to
121.02 °C. The lower the T with respect to pure PP indicates the addition of
nanofillers promoting the kinetics of nucleating effect in the Hal-PP nanocomposites

and thus improved crystallinity (Kontou et al., 2011; Wang and Qiu, 2011).
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Fig. 8.8 DSC cooling curves of pure PP, unmodified and APTES modified Hal-PP

nanocomposites

Table 8.1 TGA and DSC data of melting temperature (Tr,), cold crystallization

temperature (T.) and percentage of crystallinity (Xc)

Samples Tm(°C) T (°C) X (%) Temperature at Char residue

50% weight loss (°C) (wt %)

Pure PP 166.65 123.52 38.5 433.14 0.0
PP+ 6uHal 168.57 122.8 42.3 430.29 5.89
PP +6sHal 168.8 121.56 46.8 445.24 7.25
PP +8uHal 169.21 1215 44.71 414.81 8.99
PP +8sHal 169.83 121.02 47.1 427.97 10.2

8.5 DMA analysis
DMA analysis was carried out to study the effect of APTES modified Hal nanotubes

reinforced PP nanocomposites on the visco-elastic properties. This analysis is useful

177



in the evaluation of composite dynamic mechanical performance under different
temperature and mechanical stress (Saba et al., 2016). Fig. 8.9 shows the curves of
storage modulus (E") of unmodified and APTES modified Hal nanotubes reinforced
PP composites. It is noticed from Fig. 8.9 that the storage modulus was higher at
lower temperature at around -50 °C and then a gradual decrease with increasing
temperature could be noticed.

At lower temperature (-51 °C) the storage modulus (E') was much higher for Hal-PP
nanocomposites as compared to pure PP and even it increased significantly with the
further addition of APTES modified Hal nanotubes into PP matrix. It was found that
the addition of 6 wt% of APTES modified Hal nanotubes into PP matrix increased the
storage modulus to 5.55 GPa which is 28% higher as compared to pure PP. Higher
storage modulus for APTES modified Hal-PP nanocomposites as compared to pure
PP clearly confirms the increased dispersion and interfacial interactions between the
modified Hal nanofiller and the PP matrix. Similar results were reported by other
researchers. Prashantha et al (2011) studied the effect of surface modification on the
dynamic mechanical properties of Hal-PP nanocomposites and reported that the
storage modulus increased with increased Hal nanotubes loading into PP matrix. They
also noticed that the storage modulus was much higher for surface modified Hal-PP

nanocomposites as compared to pure PP.

Lecouvet et al. (2013) studied the thermal and flammability properties of Hal
nanotubes reinforced polyethersulfone (PES) nanocomposites prepared by melt
compounding and found that the storage modulus significantly increased by more
than 40% with the addition of 16 wt% of Hal-PES nanocomposites than pure PES
resin. This may be due to higher intrinsic stiffness of Hal nanotubes, their orientation

in the stretching direction and also their interfacial adhesion with PES polymer matrix
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which lead to improved storage modulus higher for the Hal nanotubes reinforced PES

nanocomposites than pure polymer resin.
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Fig. 8.9 Storage modulus (E") curves of unmodified and APTES modified Hal

nanotubes reinforced PP nanocomposites

Loss modulus (E") is defined as the capacity of the composite materials to dissipate
the absorbed energy within the system as heat or intermolecular rearrangements when
force is applied. It shows the viscous property of polymeric materials. Loss modulus
is a sensitive property of the composite materials with molecular motions, transitions
and relaxation process within the same system. With a gradual increase in the
temperature, the materials change from rigid state to more elastic and the rate of
change purely depends on the nature of fillers and polymer matrices (Saba et al.,
2016). Fig. 8.10 shows the loss modulus (E") of the unmodified and APTES
modified Hal-PP nanocomposites with different filler loading as a function of

temperature. It is noticed that the peak of loss modulus curve was seen to be broad
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and the peak height was relatively higher for pure PP resin as compared to Hal loaded

nanocomposites.
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Fig. 8.10 Loss modulus curves of unmodified and APTES modified Hal nanotubes

reinforced PP nanocomposites

The lower the peak height of the loss modulus for the APTES modified Hal-PP
nanocomposites shows the increased storage modulus and decreased loss factor. This
may be due to an increased interfacial adhesion and well dispersed Hal nanotubes
across the PP matrix (Khonakdar, 2015). The damping factor which is also called as
tan delta (8) is the ratio of storage modulus (E") and loss modulus (E™) and has no

dimension.

It is believed that the temperature at the peak of tan delta is considered as the glass
transition temperature (T4) of the material (Liu et al., 2013). It could be noticed from
Fig. 8.11 that there is a considerable increment in the T, with the addition of Hal

nanotubes into Hal-PP nanocomposites than pure PP.
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Fig. 8.11 Tan 6 curves of unmodified and APTES modified Hal nanotubes reinforced

PP nanocomposites

The T, for pure PP was at 6.8 °C whereas the T, for the addition of APTES modified
Hal nanotubes of 6 and 8 wt% were at 7.2 and 8.3 °C respectively. This may be due to
the restriction of segment motion in the polymer chain after the addition of Hal
nanotubes which causes the increased modulus and leads to increased Tg of the

composite materials (Russo et al., 2014).
8.6 Conclusions

The effect of APTES modified Hal nanotubes on mechanical and thermal properties
of Hal-PP nanocomposites was studied. Morphological investigation revealed that the
surface modified Hal nanotubes were better dispersed across the PP matrix and less
agglomeration as compared to unmodified Hal-PP nanocomposites. Mechanical
properties of the APTES modified Hal-PP nanocomposites were found to be superior

to the unmodified Hal-PP nanocomposites. The tensile strength, modulus and impact
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strength increased by 31, 72% and 44% respectively with the addition of 6 wt% of
APTES modified Hal-PP nanocomposites as compared to pure PP. Thermal analysis
revealed that the thermal stability and percentage crystallinity increased by 15 and
22% respectively for the Hal-PP nanocomposites with surface modification by
APTES. DMA analysis showed the improved storage modulus by 28% as compared
to pure PP. Overall, the investigation confirms the surface modification of Hal
nanotubes with APTES which helps to enhance the mechanical and thermal properties

of Hal-PP nanocomposites.
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CHAPTER IX

Conclusions and future work

9.1 Conclusions

In this work, firstly, sisal fibres were surface treated with alkali, high intensity
ultrasound (HIU) and the combination of alkali and HIU treatments to study the
effective removal of amorphous materials such as hemicellulose, pectin, lignin and
other waxy materials from the surface of sisal fibres. FE-SEM and FTIR analysis of
surface treated sisal fibres revealed that the combination of alkali and HIU treatment
was more effective in the removal of amorphous materials from the surface of sisal
fibres and increased the fibre aspect ratio which plays an important role in achieving
good mechanical properties of the resultant composites. XRD analysis confirmed a
significant increase in the crystallinity in case of combined treated sisal fibres. TGA
analysis indicated that the combination of alkali and HIU treated sisal fibres have high
thermal stability as compared to untreated sisal fibres. However, due to the removal of
amorphous materials from the fibre surface, tensile properties decreased significantly
which may be due to the removal of amorphous materials which bind the cellulose

materials tightly on the surface of fibres.

Second, PLA composites reinforced with sisal fibres were successfully prepared and
the effect of different surface treatments of sisal fibres on the morphology,
mechanical, thermal and biodegradability properties was studied. Morphological
analysis showed that the surface treated sisal fibres were well dispersed across the
PLA matrix and increased the interfacial adhesion which is a crucial property for the

improvement of mechanical and thermal properties of composites. A significant
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increment in the tensile properties could be observed for the combination of alkali and
HIU treated sisal fibre composites as compared to untreated and pure PLA matrix.
TGA and DSC analysis revealed that the improved thermal stability and crystallinity
by 12 °C and 75% respectively with the combined treated sisal fibre reinforced PLA
composites. DMA results showed that the stiffness increased significantly by 30% as
compared to pure PLA. Water absorption and soil biodegradation analysis were also
in favour of improved mechanical and thermal properties of SF/PLA composites with

the incorporation of the combined treated sisal fibre.

Apart from sisal fibres, halloysite (Hal) nanotubes were also used as nano-fillers in
order to tune the mechanical and thermal properties of PLA composites. Hal
nanotubes were successfully surface modified with APTES silane coupling agent and
the effects of APTES modified Hal/PLA nanocomposites on the morphology,
mechanical and thermal properties of Hal/PLA composites were studied. Nitrogen
adsorption-desorption, FTIR analysis confirmed the well dispersion of Hal nanotubes
across the PLA matrix which improved the interfacial adhesion. Tensile and impact
properties were significantly increased with the incorporation of APTES modified
Hal/PLA nanocomposites. TGA analysis showed that the thermal stability improved
significantly for APTES modified Hal/PLA nanocomposites as compared to pure PLA
matrix. In this investigation, PP composites reinforced with sisal fibre and halloysite
nanotubes were also prepared and the effect of surface modification on the
mechanical and thermal properties of PP composites was studied. Similar to PLA
composites, PP/Sisal fibre composites showed better improved mechanical and

thermal properties as compared to pure PP.

Finally, sisal fibres and Hal nanotubes have significant effects to overcome the

drawbacks of PLA polymer and improved the mechanical and thermal properties.
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Surface modification of sisal fibres as well as Hal nanotubes was playing an important
role in order to tune the mechanical and thermal properties of PLA composites. PLA
polymer has the potential to replace PP polymer not only in the medical applications

but also in automotive and other structural engineering applications.

9.2 Suggestions for future work

The results obtained from this investigation lead to confirm that the combination of
alkali and HIU treatment could be very effective in order to remove the amorphous
materials from the surface of fibres which improved the overall properties of fibre
reinforced composites. It is suggested that in order to achieve industrial scale
production of sisal fibre reinforced PLA composites a detailed process optimisation is
needed. In this study, we revealed that the fibre orientation or alignment is one of the
important factors which directly affect the mechanical properties of the composites.
Therefore, it will be a good choice of development of uniaxially aligned fibre
composites for the better performance of composites. Different types of coupling
agents could be proposed in order to obtain more improved mechanical and thermal
properties of the natural fibre reinforced polymer composites. Addition of coupling
agents in the generation of polymer composites is another effective method to
enhance the interfacial bonding between fibres and the matrices. Fire-retardant
additives could be used in PLA nanocomposites along with Hal nanotubes in order to
achieve good thermally stabilised composites which are required in specific
applications such as aerospace, outdoor fabrications etc. PLA is very brittle and thus
plasticisers and compatibilisers could be used for a further reduction in the brittleness

as per the end use requirements.
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Appendices
Appendix — A
Calculation of the volume fraction of fibres for 10 wt%o of sisal fibre loading
Volume fraction of fibres (Vi) can be calculated by using the following equation
1(Messiry, 2013):

Wf X Pm

Ve =
" (om x W) + (pf x W)

Whereas p; and pn, are the density of fibres and matrix respectively. W and W, are

the weight of the fibres and matrix respectively.

pr=1.41 glem®
pm=1.25 glcm?
W; = 0.01 kg
W, =0.09 kg

0.01 x 1.25

Ve =
7 (1.25 x 0.01) + (1.41 x 0.09)

Ve = 0.089
Calculation of the tensile modulus by Parallel and Series models:

Tensile modulus was calculated by using the equation 2.1 and 2.2
M, = ne* Mpx Ve+ (1= Vy)* My,
Where, M., M; and My, are the modulus of composites, fibre and matrix respectively.

ne and Vs is the efficiency factor and volume fractions of fibres respectively.

The fibre efficiency factor (ne) is the product of fibre orientation efficiency factor (1)
and fibre length efficiency factor (n;). It can be calculated by using eqn 2.3, 2.4, 2.5
and 2.6.

Ms=16.3 GPa

Mm=1.052 GPa

V= 0.089
Ne=0.43
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Parallel model:
M, = nex Mpx Ve+ (1— V) * My,

M. = 043 x 163 x 0.089 + (1 — 0.089) x 1.052

M, = 1.03 GPa
Series model:
M, X M
M, =
(M x V) + Mp(1— V)
M = 1.052 %X 16.3
¢ (1.052 x 0.089) + 16.3(1 — 0.089)
M, = 1.147 GPa
Hirsch model:

) My, X My
(M % Vp) + Me(1 = Vy)
The factors which control the x values are: fibre orientation, fibre length and the

My =x (MgVp+ Mp(1— Ve)+(1—x

effect of stress concentration of the fibres. The stress transfer factor x is
approximately 0.4 which is in agreement with the semi-aligned short fibre reinforced
polymer composites (Kalaprasad et al., 1997).

M, = 0.4(16.3 x 0.089 + 1.052(0.911))
1.052 x 16.3

(1.052 x 0.089) + 16.3 (0.911)

+ (0.6)

M, = 1.652 GPa

217



Appendix — B
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Fig. 1.1 Slope of diffusion coefficient of water uptake for pure PLA
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Fig. 1.2 Slope of diffusion coefficient of water uptake for PLA + untreated sisal

fibre (10 wt%) composites

10UT: 10 wt% untreated sisal fibres
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