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Abstract

Projections of continuing demand for materials across the world is driving the
development of more sustainable materials. The low energy consumption
requirements, as well as recyclability found within the spectrum of natural fibre
composites, has led to increased interest in improving these sustainable materials.
Although the use of natural fibre composite materials has been documented in
early civilisations, growing environmental concerns coupled with technological
advancements have encouraged the expansion of their use in recent times.
However, there are still significant issues, including their limited mechanical
performance, that limit the ability to compete for future use. Amongst natural
fibres, hemp fibres are an attractive alternative reinforcement to synthetic fibres
due to their favourable mechanical properties as well as availability. Additionally,
compared to other natural fibres, hemp fibres are more valuable for the bio-based
economy due to its environmental benefits such as can be grown without pesticide
and high yield of technical fibres. The hemp is cultivated in most of the EU

countries.

However, to improve hemp fibre composites to further replace synthetic fibre
composites, research is required. Presented in this thesis are experimental
investigations on the properties of polypropylene matrix composites reinforced
with hemp fibre mats produced using dynamic sheet forming (DSF) to align the
short fibres used in the mats. The overall aim of this research was to improve the
mechanical performance of hemp fibre mats produced using DSF and to assess the
potential of these mats as reinforcement in polypropylene composites.

Two different alkali treatments were carried out on hemp fibres with the goal of
producing fibre mats from high strength fibres using DSF, one at ambient and one
at a higher temperature. The ambient temperature treatment was carried out using
a solution of 5 wt% sodium hydroxide (NaOH), whereas the higher temperature
treatment was carried out using a combination of 5 wt% sodium hydroxide and 2
wit% sodium sulphate (Na2SO3z). The fibres were granulated either before or after
the treatment and the effect of granulation was evaluated. Treated and untreated

fibres were assessed using single fibre tensile testing, X-ray diffraction, scanning



electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR) and
thermogravimetric (TGA) analysis. It was found that the high temperature alkali
treatment increased the tensile strength of the fibres by about 51 %, whereas the
ambient temperature treatment decreased the tensile strength of the fibres to even
lower than that of untreated fibres. Although granulation before or after the high
temperature treatment had no significant effect on the tensile properties of the
fibres, the fibres were found to have better separation when granulated after the
high temperature treatment. Additionally, dynamic sheet forming (DSF) was
found to be only possible with these better separated fibres for the production of

aligned fibre mats.

An investigation was conducted into the effect of nozzle geometry in dynamic
sheet forming (contraction ratio and exit shape) on the orientation (alignment) of
fibres within the mats produced. Nozzles of different geometries were designed,
3D printed, fitted to the dynamic sheer former (the machine) and trialled to
produce fibre mats. For the assessment of orientation, control samples, including
highly aligned control sample and random mats, were produced. The alignment of
fibres within hemp fibre mats was assessed using ImageJ (OrientationJ) and X-ray
diffraction. Fibre orientations were quantified, mainly by means of coherency
factors from image analysis of microscopic images using Image] and Herman’s
order parameter from analysis of results using XRD. These techniques were found
to be in good agreement showing that the mats produced using DSF possess
alignment with respect to the drum rotation direction (machine direction). Based
on the literature, it was expected that nozzles with higher contraction ratios and
circular exit shape would result in improved alignment of fibres within the mats
compared to the nozzles with lower contraction ratio such as the current nozzle
fitted to the machine. Although there was a trend of increasing fibre orientation
for nozzles with the increase in contraction ratios, however, it was only significant
for extreme cases (nozzles with the lowest and highest contraction ratios); the exit
shape of a nozzle was found to have less influence on fibre orientation. A
coherency factor of 0.23 and Herman’s order parameter (f) of 0.464 was obtained
for the mats made using the current nozzle in DSF compared to 0.11 and 0.139 for
the random mats, respectively, indicating the potential of DSF to produce aligned

fibre mats. Improvement attained for fibre orientation in this work is indicated by



the higher values of coherency factor (0.31 compared to 0.23) and Herman’s order
parameter (0.511 compared to 0.464) obtained for the fibre mats made using a
high contraction ratio nozzle compared to those mats made using the current
nozzle in DSF. The improvement was further supported by about 11 % increase in
tensile strength for the composites with 30 wt% fibre mats made using the high
contraction ratio nozzle compared to the tensile strength for those composites with
fibre mats made using the current nozzle in DSF.

An investigation was conducted to assess the effect of surface treatments on fibre
mats produced using DSF with the goal of improving the interface between the
fibre and polypropylene. The fibre mats were treated with the addition of stearic
acid (SA) or cellulose nanocrystals (CNCs). Untreated and treated fibre mats and
composites made from these fibre mats were assessed using SEM, FTIR, Raman
spectroscopy, swelling studies, water retention testing, TGA and tensile testing.
The stearic acid treatment involved exposing mats to SA vapour, which reduced
the hydrophilic nature of the fibre mats. It was found that improvements in tensile
strengths in composites were obtained with the maleic anhydride polypropylene
(MAPP) coupling agent and the stearic acid vapour treatment compared to
composites with alkali only. The improvement with SA treatment was apparent
only in composites without the MAPP coupling agent. The combination of SA
and MAPP did not provide additive benefits in tensile strength of the composites.
However, scanning electron microscopic images of their tensile fracture surfaces
revealed more consistent interaction at the fibre-matrix interface with SA treated
composites compared to the composite with only MAPP. This was also supported
by the homogeneity in the tensile strength of composite samples indicated by the
lower standard deviations with SA treatment. The CNC treatment involved a
water-based spray and drying step, which increased the tensile strength of the
fibre mats with 2 wt% CNC in water. In composites with 15 wt% fibre mats and
with 2 wt% CNC treatment, the tensile strength and Young’s modulus of
composites significantly increased, by about 15 and 16 %, respectively. In
contrast, composites with higher fibre contents (25 or 30 wt%) exhibited poor
consolidation when CNC treated fibre mats were used. This poor consolidation is

believed to related to CNC films formed between the fibres in the treated fibre



mats; these CNC films are likely to hinder the flow of polymer melt, resulting in

insufficient wetting of fibres by the polymer.

In order to improve the mechanical performance of composites through high fibre
content, different polymer sheet thicknesses and stacking arrangement were
investigated. Generally, the strength and stiffness of fibre composites are expected
to increase with increased fibre content, provided these composites have
reasonable interfacial bonding between matrix and fibres, as the fibres are usually
stronger and stiffer than the matrix. However, initial attempts to increase fibre
content above 30 wt% resulted in declines of tensile properties of the composites.
Scanning electron micrographs of tensile fracture surfaces of these composites
revealed insufficient wetting of fibres by the matrix material. It was found that
decreasing the overall thickness of fibre mats between two polymer sheets within
the stacking arrangements of composites which decreased the travelling distance
of polymer improved the fibre wetting through the composite and therefore
improved the tensile properties. The strongest composite produced had a fibre
content of about 60 wt%. At this fibre content, tensile strength and Young’s
modulus of the composites were found to be 3.0 and 6.9 times, respectively,
higher than the control samples (PP/MAPP), while figures for flexural strength
and flexural modulus were 3.4 and 3.6, respectively. The interface of the
PP/hemp composites was assessed using a single fibre pull-out test. The
composite was found to have an average interfacial shear strength of 8.7 MPa and
a critical fibre length of 0.85 mm.
In conclusion, the investigation demonstrated that aligned short fibre mats could
be produced from high strength hemp fibres using DSF. The performance of these
fibre mats in composites can be improved in the following ways:

e Improving fibre orientation using a nozzle of high contraction ratio for

dynamic sheet forming.
e Through altering surface properties using treatments such as stearic acid

vapour treatment and spraying on cellulose nanocrystals, and

e Improving stacking arrangement/sheet thickness to allow high fibre
content in composites while obtaining effective reinforcement and good

fibre wetting and enhanced mechanical performance.
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1 Chapter One

Introduction

1.1 Overview of Composite Materials

In response to the demand of various manufacturing industries for low density and
high performance structural materials at low cost, different composite materials have
been developed [1]. Today, many industries, particularly aerospace, sports and
automotive, are quite dependent on fibre reinforced polymer composites [2, 3]. The
main potential advantage of fibre reinforced polymer composites, commonly known
as polymer matrix composites (PMCs) over conventional structural materials is their
low density, which results in higher specific properties of these composites when
strong and stiff fibres are used. The higher specific properties are of great importance
in moving components (e.g. transportation) where weight reduction can result in

energy savings and reduced operating costs.

The reinforcement fibres in PMCs can be either synthetic (human-made) or natural
and are often encapsulated in a more ductile matrix material. In most cases, the
reinforcement is stronger and stiffer than the matrix. Natural fibres have been of
increasing attention for the past couple of decades due to their advantages such as
high specific properties at a low cost, low energy consumption and environmentally

friendly when compared to traditional reinforcing synthetic fibres such as glass [4].

A composite material may have a metal, ceramic, intermetallic, polymer, carbon or
cement matrix [5-7]. The matrix holds the fibres together, and transfers applied
stresses from the composites to the fibres via the interface. The distinct constituents

of a composite separated by an interface can be viewed on a microscopic scale.

The proportions and properties of the reinforcement and the matrix have a strong
influence on the properties of the resulting composite. The strength characteristic of
1



the interface between the fibres and the matrix is also important in determining the
properties of the composite. Subsequently, some other parameters which can
significantly influence the properties of the composites are the size, shape,
orientation distribution of reinforcement and the direction at which the force are
being applied. When reasonable interfacial strength is established, generally, the
volume fraction of constituents is regarded as an important parameter influencing the
properties of a composite. Additionally, in order to suit the application, the volume
fraction is a readily controllable manufacturing variable by which the properties of a

composite can be altered [8].

The reinforcements in a composite can be fibrous or particulate. When compared to
particulate reinforcements, the fibre reinforcements bring about greater
improvements in various properties of the matrix material, especially strength and
stiffness. Thus, the high performance fibre reinforcements are a greater focus of
research in recent times [2, 9, 10]. Fibres such as carbon, aramid and glass are the
commonly used synthetic fibres, with carbon and aramid used in composites that
require high performance with extremely high tensile properties. Nevertheless, the
most commonly used synthetic fibres in composites are glass fibres due to their
lower cost and acceptable tensile properties. Natural fibres such as hemp, flax, jute
and kenaf are the commonly used non-wood fibres in composites [2]. Increasing
environmental awareness, coupled with the increasing demand for composite
materials, has encouraged the use of natural plant fibres (NPFs) as reinforcement in
PMCs, especially to replace synthetic fibres in applications where glass fibre is
typically used. The focus of this research is on improving the performance of

polymer composites made from natural plant fibres.

The reinforcing fibres used in composites can also be either in continuous or
discontinuous forms. Research data largely reported on synthetic fibre composites
revealed that composites reinforced with continuous fibres provided superior
mechanical properties as the fibres can be easily aligned towards the loading
direction [11]. However, discontinuous fibre composites are becoming more
attractive with major benefits, including their low cost and ease of manufacture [12,
13]. In a composite, the reinforcement fibre carries most of the applied load,

providing most of the stiffness and strength to the composite [14]. Thus, the selection
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of fibres with reasonable mechanical performance is essential. Another important
criteria to be considered with the selection of natural fibres is their local availability
with long transport distances, increasing the overall energy consumption in the
production of a composite [15]. In order to obtain an environmentally friendly
composite, the selection of the matrix is also important, with biodegradability or
recyclability as considerations. Generally, PMCs consist of either a thermoplastic
matrix or a thermoset matrix. Thermosets cannot be re-melted once cured, whereas
thermoplastics can be repeatedly melted, enabling recycling. Among thermoplastics,
the most common matrices adopted for the natural plant fibre composites (NPFCs)
are polypropylene (PP) and polyethylene (PE) as they are easy to process and simple
to recycle [2].

1.1.1 Natural plant fibre composites

The natural plant fibres (NPFs) have undergone industrial uptake because of their
favourable characteristics such as low density and cost. NPFs can be classified into
two broad categories: wood and non-wood fibres [16, 17]. Non-wood fibres, such as
flax and hemp, tend to be stronger than wood fibres, and along with their low density
can in some cases, have comparable or higher specific tensile properties than glass
fibres [16]. When compared to synthetic fibres, NPFs are renewable and have fewer
concerns associated with health and safety during handling and manufacturing [18].
Additionally, when sourced from plants, the rapid growing NPFs, such as hemp, can
be potentially considered carbon dioxide (CO.) neutral. All plants utilise CO2 when
they grow and a similar emission of CO2 occurs when the fibres are burned after their
service life [10], whereas, processing synthetic fibres is energy-intensive and usually
generates CO2[19]. Table 1.1 represents the specific properties comparison of hemp
and glass fibres. As can be seen, hemp fibres have higher specific Young’s modulus.
Most of the interior parts in automobiles are mainly designed for low density and
high stiffness [17], and hemp fibres are well-suited for this application [20].
Research findings have shown that the composites made of natural fibres perform
better or were almost similar in terms of specific properties when compared to
composites made of synthetic glass fibres [11, 21]. A detailed comparison between
composites reinforced with the glass and natural fibres is further discussed in
Chapter 2.



Table 1.1: Specific properties comparison of hemp and glass fibres [4, 17]

Property Hemp fibres Glass fibres
Density (g/cm®) 1.48 -1.55 2.55
Tensile strength (MPa) 550 - 1110 1400 - 3000
Young’s modulus (GPa) 58 - 70 70
(S&elf;f;‘;rtzr}z”;g;tre”gth 370 - 740 800 - 1400
Specific Young’s 39-47 29

modulus (GPa per gicm®)

A composite where polymers are reinforced with NPFs can be referred to as natural
plant fibre composites (NPFCs). The natural plant fibre composites possess many
advantages over conventional synthetic fibre polymer composites (SFPCs) such as
lower density, lower cost, higher specific Young’s modulus and are more sustainable
as they can be processed with low energy consumption [16]. Excellent price-
performance ratios with environmental sustainability benefits have resulted in
increasing adoption of compression moulded natural fibre thermoplastic components
in the European automotive industry [4]. A life cycle assessment study, which
compared under-floor panels made from SFPCs with those made from NPFCs
reported that the NPFCs were more attractive in terms of lower environmental
impacts [12]. Although NPFCs have the potential for many engineering applications,
further research is required to improve their durability (long-term performance),
mechanical performance and fire retardance for successful commercialisation in

more demanding applications [2, 4].

The applications of natural plant fibre composites in various industries are presented
in Table 1.2. As mentioned before, most of the automobile interior parts are designed
for weight reduction and stiffness [17], thus making natural fibre composites well-

suited for automotive parts.



Table 1.2: Application of natural fibre composites in various industries [20, 22, 23]

Application (depends on

Industry Manufacturers
manufacturers)

Audi, BMW,
Door panels, dashboard, Daimler/Chrysler, Fiat,
instrument panel, seats back ) Ford, Opel, Peugeot,

o ) Automotive

cover, linings (spare tire, Renault, Rover, Saab,
boot) SEAT, Volkswagen,

Volvo
Surfboard, skateboard, )

Sports /Automotive Bcomp®

automotive interior parts

Furnishings for office and )
) FlexForm Technologies,
homes, modular house Furniture )
) Tech Wood International
constructions

) Casings for musical
Bio-based granulates ) ) Agvacomp
instruments/Automotive

Natural fibre pellets for Automotive/Non- ) )
o ) ) HIB-Trim Part Solutions
injection moulding automotive

1.2 Research Rationale

As with all composites, the mechanical performance of NPFCs not only depends on
the properties of its constituents but also depends on the fibre orientation, distribution
of fibres within the matrix as well as fibre/matrix interfaces and fibre content [15].
Previous research outcomes suggest the best mechanical properties are generally
exhibited by the composites when the fibres are aligned to the loading direction [20,
24, 25]. There are various alignment techniques developed by researchers to
manufacture aligned short fibre reinforced polymer composites, which will be
discussed in detail in Chapter 2. Natural fibres can be fabricated to number of forms
such as long yarns (produced by spinning processes), braided mats, woven and
nonwoven mats, chopped-strand (with a binder) and chopped random-mats (no
binder). However, literature reports that random mats are commonly used as they are

low cost [26]. It has also been reported in the literature that to further reduce the
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environmental impacts on the production of NPFs as reinforcements in composites,
the key consideration would be to produce aligned NPF reinforcements without the
requirement for energy-intensive spinning operations [12]. Research outcomes
suggest dynamic sheet forming (DSF), a typical paper production method, has the
potential for the production of short fibre mats with preferential alignment with
respect to drum rotation direction [27, 28]. However, more research needs to be
carried out to improve the production of DSF in order to improve the alignment of

fibres within the fibre mats produced.

There are usually limited interactions between the hydrophilic natural fibres and
hydrophobic polymer matrices, which commonly leads to their poor mechanical
performance [29]. Additionally, weak fibre-matrix interface increase the moisture
uptake of these composites, which affects their long-term performance [5]. For good
interfacial bonding to occur, the matrix material must fully wet around the fibre.
Thus, wettability of fibre by the matrix material should be considered as an important
precursor to bonding. Extensive research has been carried out to improve the
interfacial bonding between the fibre and the matrix, modifying the fibre surfaces by
chemical or physical approaches and modifying the matrix by addition of a coupling
agent. However, there are only limited works for thermoplastic reinforced with non-
wood aligned fibre mats produced using DSF and these studies were conducted with
polylactic acid (PLA) matrix [16, 27, 30-33]. Therefore, more research is required to
develop composites with these aligned mats which could improve the mechanical

performance of composites.

In the present study, research has been conducted to address some of the issues
mentioned above. Alkali treated hemp and harakeke fibres have been reported as
used for the production of DSF mats, [4, 16, 34] but the tensile strengths of these
treated fibres were reduced compared to raw fibre due to the weakening of structural
components [16, 27, 35, 36]. Therefore, a fibre processing approach producing short
aligned hemp fibre mats from high strength fibres using DSF was introduced. Efforts
were made to increase the performance of fibre mats produced using DSF as
reinforcements in composites. The nozzles supplied for dynamic sheet forming
commonly have a rounded-rectangular exit shape with a low contraction ratio.

However, based on the literature, it was expected that nozzles with higher
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contraction ratios [37-39] and a circular exit shape [40, 41] would result in mats with
improved alignment of fibres and therefore lead to increased tensile performance of
composites made from these mats in the alignment direction. Research has shown
that treatment with stearic acid can be carried out via solution or vapour phase
methods [42]. The most popular is by solution, which involves dissolving stearic acid
in an appropriate solvent (most commonly in an ethyl alcohol solution) [5, 8].
However, the vapour phase treatment can be considered more environmentally
friendly as there is no solvent involved. Although there is extensive research
reporting for improvement of interfacial bonding through the use of selected fibre
treatments and coupling agents [2, 4], no research has been carried out to assess
stearic acid vapour treatment of fibre mats for reinforcement of composites. Different
approaches are being used by researchers to modify natural fibre surfaces with
nanocellulose: culturing cellulose producing bacteria in the presence of natural fibres,
dipping natural fibres in a suspension containing bacterial cellulose followed by
vacuum filtration, consolidation and drying to form the nonwoven mats. If successful,
a basic spraying operation would offer greater potential for ease and improved time-
effectiveness with in-line processing of mats. Additionally, studies were carried out
to assess the effect of stacking arrangements and polymer sheet thicknesses for the
production of composites in order to achieve high fibre content, thereby improving
the mechanical performance of composites. These methods for improving the tensile
properties of the composites were carried out though environmentally friendly

methods.
1.3 Research Objectives

The current research aims to improve the performance of aligned fibre mats
produced using DSF and to assess the potential of these mats as reinforcement in
polypropylene composites. The specific objectives of the current work are
summarised as follows:
1. To gain an understanding of natural fibre composites, and to gain an insight
into techniques used to manufacture aligned short fibre composites.
2. To improve the mechanical properties and fibre separation of hemp fibres
through chemical treatment in order to produce aligned fibre mats with high

strength hemp fibres using dynamic sheet forming.



3. To improve the orientation of fibres within the mats produced using dynamic
sheet forming.

4. To improve the performance of fibre mats by means of surface treatments
(stearic acid vapour and cellulose nanocrystals) and to assess the effect of
these treatments on the mechanical performance of composites.

5. To improve the mechanical performance of composites through high fibre

contents.

1.4 Thesis outlines

This thesis is divided into eight chapters. Chapter 1 gives an introduction to the
study, including research rationale, thesis objectives and an outline of the thesis.
Chapter 2 presents relevant literature, including a short description of different
methods used to manufacture short fibre composites. Chapter 3 covers the work done
to produce high strength hemp fibres with better separation by means of alkali
treatment. Chapter 4 investigates the effect of nozzle geometry on the orientation of
fibres within the DSF mats. Fibre orientation was assessed using ImageJ and X-ray
diffraction methods and the effect of fibre orientation on tensile properties are also
discussed in this chapter. Chapter 5 covers the effect of stearic acid vapour and
cellulose nanocrystal treatments on the mechanical properties of the composites.
Chapter 6 investigates the effect of sheet thickness and stacking arrangement in the
production of composites to achieve high fibre content in composites. The effect of
fibre contents on the various mechanical properties the composites is also discussed.
Chapter 7 draws the main conclusions of the studies. Finally, Chapter 8 suggests

some recommendations and future works based on the findings of the study.



2 Chapter Two

Literature Review

2.1 Introduction

A major area of recent technological development has been that of natural plant fibre
composites (NPFCs). Growing environmental concern and the pressure for
sustainable development have encouraged the use of NPFCs as an alternative to
conventional composites. The main constituents of NPFCs include plant fibres as the
reinforcement and often polymer based matrix. Plant fibres are formed sustainably
by photosynthesis and have gained significant importance because of their favoured
characteristics such as low density, high specific strength, recyclability, low cost,
environmental safety, low energy consumption and low hazard manufacturing
[2, 4, 29]. Natural plant fibres (NPFs) are broadly classified as non-wood fibres and
wood fibres, of which non-wood fibres, such as flax, hemp, jute, kenaf and harakeke
(Phormium-tenax) are stronger. The matrix contains and holds the plant fibres in
place and transfers the applied loads to them.

Plant fibres are lignocellulosic, and the presence of numerous hydroxyl groups make
them hydrophilic in nature [29]. Polymeric matrices, although generally hydrophobic,
are preferred for NPFCs due to their low density and ability to process at low
temperatures [2]. Matrix selection is limited for NPFCs as the thermal stability of
plant fibres is very poor above 200 °C, although under some conditions they can be
processed at a maximum of 240 °C for short periods of time [43, 44]. Due to this
limitation, polymers that can be processed below 200 °C are preferred as a matrix for
NPFCs. The mechanical performance of natural fibres not only depends on fibre and
matrix selection, but also on fibre length, fibre orientation, fibre dispersion,

interfacial strength, and processing methods.

The combination of excellent price-performance ratios at low weight and

environmentally friendly characteristics are making NPFCs increasingly popular in



the automotive and construction industries [31, 45]. Other than these industries,
NPFCs are also found in aerospace, sports, office products, machinery, toys, funeral
articles, packaging and cases for laptops and mobiles [4, 12, 46, 47]. However,
moisture absorption, limited interfacial strength between the hydrophilic fibre and
hydrophobic matrix, poor fire retardance and sub-optimal mechanical performance
are limiting the applications of NPFCs. Therefore, further research needs to be
carried out to extend the application range of NPFCs and to further replace synthetic

fibres.
2.2 Natural Fibres

Natural fibres are commonly categorised as plant, animal or mineral fibres based on
their origin. Cellulose, hemicellulose and lignin are the major components of plant
fibres, whilst proteins such as collagen and keratin dominate in animal fibres.
Mineral based fibres, mainly found within the asbestos group of minerals, are
avoided nowadays due to health risks. Plant fibres are more popular than synthetic
fibres due to their availability as they are grown in many countries and can be
harvested in short periods and are a higher strength and stiffness (except silk which is

expensive).
2.3 Types of Natural Plant Fibres (NPFs)

The majority of useful natural textile fibres are derived from plants, except wool and
silk. Plant fibres are generally classified as primary plant fibres and secondary plant
fibres. Some fibres, such as jute, hemp, kenaf, sisal and cotton are from plants grown
for their fibre content, whereas other plant fibres such as pineapple, agave, and oil
palm fibres arise as a by-product.
Plant fibres can be split as follows by botanical type [2]:

1. bast fibres (from the outer portions of stalks) such as jute, flax, hemp, ramie
and kenaf
leaf fibres such as banana, sisal, agavae and pineapple
seed fibres such as coir, cotton and kapok
core fibres (from stalks) such as kenaf, hemp and jute

grass and reed such as wheat, corn and rice and

I e

all other types such as wood and roots.
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2.4 Selection of NPFs for Composites

To manufacture high performance plant fibre composites, it is very important to
incorporate high strength reinforcing fibres. The mechanical properties of plant fibres
depend upon many factors other than botanical type. These include chemical
composition and structure, harvesting time, extraction method, treatment and storage
conditions. Among the different types of plant fibres, bast fibres have the highest
specific moduli and tensile strengths, which is considered to be mainly due to their
higher cellulose content and their cellulose microfibrils aligned more in fibre
direction [4]. Table 2.1 shows the mechanical properties of some NPFs.

Table 2.1: Mechanical properties of some of the NPFs [2, 4]

) Specific Specific
Tensile Young’s ) )
Density  tensile Young’s
NPFs strength modulus
(g/cm?®) strength modulus
(MPa) (GPa)
(MPa/gcm®)  (GPa/gcm?)
Flax 345-1830 27-80 15 230-1220 18-53
Hemp 550-1110 58-70 15 370-740 39-47
Jute 393-800 10-55 1.3-1.5 300-610 7.1-39
Harakeke 440-990 14-33 13 338-761 11-25
Sisal 507-855 9.4-28 1.3-1.5 362-610 6.7-20

Hemp is one of the most utilised bast fibres. It exhibits high tensile strength
ranging between 550 and 1110 MPa, specific Young’s moduli ranging between
39 and 47 GPa/gcm [4], and also environmentally friendly since it can be grown
without pesticides and herbicides [48]. Hemp is being considered as a suitable NPF
reinforcement for use in the present research because of its local availability and
good mechanical properties.

2.4.1 Industrial hemp fibre

Industrial hemp is the term utilised for hemp grown for industrial use, selected such
that it naturally attains a tetrahydrocannabinol (psychoactive chemical) content
below 0.6 %. It is a fast growing annual plant, which has a height of up to 5 m (1.2-5

m) and stem diameter between 4 and 20 mm [2]. It has separate male plants and
11



female plants. Male plants are taller, more slender and with a small number of leaves
surrounding the flowers. Female plants are characterised as shorter, stockier and have

more leaves meeting at each inflorescence.

A dried hemp stalk is shown in Figure 2.1. Each dried stalk consists of a hollow core
(called ‘hurd’) which contributes 65 to 70 % of the total weight. The bast fibre, of
composite interest, is located between the hurd and epidermis, which contributes
25 to 30 % of the total dry weight of a stalk [5]. Apart from the aforementioned
general classification of plant fibres, the bast fibres are of two types: primary and
secondary bast fibres. Primary bast fibres are larger, stronger and contain more
cellulose. The bast fibres are bonded together as fibre bundles. These can be
separated into single fibres through treatments which will be discussed later. The
average hemp fibre length and the average fibre width are 25 mm (5 to 55 mm) and

25 um (10 to 51) pm, respectively [2].

Figure 2.1: Dried hemp stalk.

Hemp has been used by humans for food, textiles, paper, fabric and fuel oil for
thousands of years. Industrial hemp fibre applications include a wide range of

composites for automotive, insulation materials and construction.
2.4.2 NPF chemistry and physical structure

Natural plant fibres consist primarily of cellulose, hemicellulose and lignin as the
major constituents, with pectin and waxy substances as minor constituents. Cellulose
forms the major network in a fibre. The chemical structure of cellulose is shown in
Figure 2.2. Each repeating cellulose unit contains three hydroxyl groups (OH) [29].
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Figure 2.2: Chemical structure of cellulose [5].

Hemicellulose has a branched structure with short lateral chains as shown in
Figure 2.3, containing different five and six carbon ring sugars such as Xxylose,
mannose and galactose. It is hydrogen bonded to cellulose fibrils in plants. It is partly
soluble in water because of its open structure containing many hydroxyl and acetyl

groups [12] and can be removed with alkali solutions [49].

Figure 2.3: Chemical structure of hemicellulose [49].

Lignin is a complex hydrocarbon polymer and has an aromatic structure as shown in
Figure 2.4. In the plant, lignin provides the structure and also a barrier for microbial
attack. It has the least water absorption of the natural plant fibre components.
However, lignin elimination can increase the tensile stiffness of the fibre and also
allows effective stress transfer between natural plant fibres and matrices in NPFCs
[50].
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Figure 2.4: Chemical structure of lignin [29].

Pectin is a collective name for heteropolysaccharides. It consists of a-1, 4-linked
galacturonic acid units, sugar units of various compositions and their respective
methyl esters [5]. It can be easily hydrolysed at elevated temperatures. Waxy
substances consist of different types of alcohols and affect the fibre/matrix adhesion

[12, 44]. They can be easily extracted with organic solutions [44].

Moisture content in plant fibres varies from 5 and 10 % [51]. Plant fibres are
hydrophilic in nature as there are many hydroxyl groups (OH) present in each fibre
cell wall. When plant fibres are in contact with atmospheric moisture, the hydroxyl
groups break and form hydrogen bonds with the water present. The hydrophilic
tendency of plant fibres affects the mechanical performance of NPFCs, thereby
limiting the applications of plant fibre composites. However, the moisture resistance
can be improved by the reduction of hydroxyl groups from the fibre cell wall through
various chemical treatments [4, 51, 52]. This will be discussed later.

Each natural plant fibre (regarded by biologists as a cell) has a complex layered
structure which contains primary and secondary cell walls [29, 53], as shown
schematically in Figure 2.5. Each cell wall is mainly made up of cellulose,
hemicellulose and lignin. It consists of multiple layers of helically wound cellulose

microfibrils in an amorphous matrix of lignin and hemicellulose [5].
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The cellulose content is higher in the secondary walls than the primary, but the
hemicellulose content remains almost constant and the pectin content decreases.
Hemicellulose is mainly responsible for biodegradation, moisture absorption and
thermal degradation of the fibre because of its low resistance. Lignin is responsible
for UV degradation [51]. The general factors that determine the properties of a
particular fibre are the geometry of cellulose microfibrils (microfibril angles) and
cellulose content [44].

2.5 Natural Plant Fibre Composites (NPFCs) and Factors Affecting

their Performance

Nowadays, the international sales volume of polymer matrix composites is
continuously growing [55]. Glass fibre is widely used as a reinforcement in polymer
matrix composites because of its low cost, moderate strength and stiffness to weight
ratio compared to high performance carbon and aramid fibres (Kevlar). However,
glass fibres require burning of fossil fuels to provide the energy required for their
production [5].

Environmental concerns have forced a considerable interest in making use of
environmentally-friendly materials to produce eco-friendly products. Thus, the most
important challenge for scientific research is the development of substitutes having
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lower environmental impact. Carbon dioxide (CO.) emissions due to the combustion
of fossil fuels are the main cause of global warming [19]. Natural fibres possess the
potential of reducing CO2 emissions as well as the potential to replace glass fibres in
polymer composites from applicative fields which do not require higher mechanical
properties (such as packaging, cases, trays, gardening items) [19, 55]. Natural fibres
are also more easily recycled than glass fibres; the common method for disposal of
glass fibres is to discard in landfills, which is more expensive as well as harmful for
the environment. NPFCs possess many advantages compared to conventional glass

fibre reinforced composites as summarised in Table 2.2.

Table 2.2: Comparison between natural plant fibre composites and glass fibre
composites [4, 19, 56]

Factors NPFCs GFRCs

Processing machinery damage Low damage Abrasive and increased wear

Health risk Low High

High durability and
. ) can be recycled several  Hard to recycle compared to
Recyclability of reinforcements .
times without much NPFs

reduction in strength

Inexpensive and low More expensive and high

End of life environmental impact  environmental impact as end
(potentially CO- products dumped in landfills
Neutral)

Less energy required Almost thrice the amount of

Net energy consumption ]
(30800 MJ/ton, 65% energy required for NPFCs

fibre) (81890 MJ/ton, 30% fibre)
Raw material cost NPFs are cheaper Expensive compared to
NPFs

Low (35 to 40 % less
Reinforcements density weight compared to High

glass fibres)

Note the following: NPFCs-natural plant fibre composites and GFRCs- glass fibre reinforced

composites.

16



Young’s modulus values for NPFCs are competitive with glass fibre reinforced
composites. However, the main challenges NPFCs still face is the incompatibility
(limited interaction) between the fibre and the matrix. When a NPFC is exposed to
moisture, water penetrates and establishes an intermolecular hydrogen bonds with
fibres reducing the interfacial adhesion between the fibre and the matrix [53].
Therefore, research has to be carried out to produce high performance natural plant
fibre composites, which could withstand a considerable amount of impact and exhibit
moderate strength in comparison to glass fibre reinforced composites. The factors
that have to be considered for obtaining high mechanical performance for NPFCs are

discussed in the following sections.
2.5.1 Matrix selection

The matrix is important in a NPFC, as it holds the plant fibres together within the
composite. It can protect the fibres from adverse environments (e.g. water, chemicals
and impact properties) and transfers the applied load to the fibres. NPFCs include

either a thermoset or thermoplastic polymer matrices [57].

Thermosets cannot be melted once cured, while thermoplastics can be repeatedly
melted by the application of heat and solidify on cooling. This repeatability is one of
the main advantages of thermoplastics, as they can be recycled without much
affecting their physical properties. Some thermosets used as matrices include
unsaturated polyester, epoxy and vinyl ester. Commonly used thermoplastics include
polypropylene (PP), polyethylene (PE) and polystyrene (PS). The selection of
matrices in NPFCs are normally limited to those that can be processed at less than
200 °C, although it is possible to use a maximum of 240 °C for a short duration [4,
44].

Thermoplastic matrices offer several advantages compared with thermosetting
matrices. These include recyclability, easier control in processing, high impact
resistance, low cost, greater resistance to moisture and some industrial solvents and
flexibility in design (molecules in a linear chain can slide over each other) compared
to thermoset matrices (cross-linked) [51, 58]. The properties of some of the common

thermoplastics used are listed in Table 2.3.
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Table 2.3: Properties of common thermoplastic polymers used in NPFCs [12, 59]

Water ) ) Izod
) ) Tensile Elastic )
Thermoplastic ) absorption impact
Density strength  modulus
polymers (24h @h strength
(MPa) (GPa)
20 °C) (I/m)
Polypropylene 0.899 - 0.920 0.01-0.02 26-41.4 0.95-1.77 21.4-26.7
Low Density
0.910-0.925 <0.015 40 -78 0.055- 0.380 >854
Polyethylene
High Density 0.94 - 0.96 0.01-0.2 145-38.0 04-15 26.7-1068
Polyethylene
Polystyrene 1.04 -10.6 0.03-0.10 25-69 4-5 11

Polypropylene (PP) is the most widely used thermoplastic matrix in NPFCs,
particularly for non-structural applications, because of its low density, low water
absorption, excellent processability, good mechanical and electrical properties, good
biological and chemical resistance, and good impact resistance and dimensional
stability [4, 12, 56, 58-61].

2.5.2 Fibre length

Fibre length is a critical factor which affects the mechanical properties of short fibre
reinforced polymer composites. For discontinuous fibres, the load applied to the
composites is transmitted from the matrix to the reinforcement through a shearing
action at the reinforcement-matrix interface. The effectiveness of load transfer
depends upon critical fibre length (defined as the length at which the fibre can be
fully loaded at its centre point as if it were continuous) or critical aspect ratio
(defined as the minimum fibre aspect ratio in which the maximum allowable fibre
stress can be achieved for a given load) which can be obtained by the equation below
[54];

=L (2.1)
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where, L . is the critical fibre length, d is the diameter of the fibre, oy is the tensile

strength and z, is the interfacial strength. The length of the short fibres should be
significantly greater than critical fibre length.
2.5.3 Fibre orientation

Fibre orientation is a major factor influencing composite performance; research,
largely on synthetic fibre composites, supports that the highest strength and stiffness
are achieved in composites when fibres are aligned in the loading direction [62].
Generally, with short natural plant fibre (SNPF) composites, randomly aligned fibre
mats are used as reinforcements due to the biological limits of fibre length and the
difficulty of aligning short fibre. However, there are a number of methods that have
been developed for aligning short fibre, again largely employed for synthetic fibres.
These methods can be broadly classified as wet processes and dry processes [63].
Generally, in the former, fibres are suspended in a liquid medium and are forced
through a converging nozzle for fibre alignment along the fluid flow direction [64,
65] while in the latter, generally, dry fibres along with polymer powder are aligned
by electric or pneumatic means to form the aligned fibre preforms. Although dry
alignment methods attain faster production rates and control over orientation of
fibres, the degree of fibre alignment obtained has been higher with wet alignment
methods [13, 63, 64].

An overview of the main alignment techniques adopted to align short fibres along
with a recently adopted alignment technique, i.e. dynamic sheet forming (DSF),
which has been employed successfully to produce aligned natural fibre mat, are

described in the following sections.

2.5.3.1 Discontinuous fibre alignment methods

2.5.3.1.1 Dry processes

The two main conventional short fibre alignment techniques used in the textile
industry are carding, in which, rotating rollers, as shown in Figure 2.6a, guide the
fibres to produce a fibre web and combing, where the rows of pins in the comb, as
shown in Figure 2.6b, align the short fibres. These processes result in mats lacking
homogeneous packing and sufficient alignment [65, 66].
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Figure 2.6: (a) Carding machine (b) Comb.

Alignment of short fibres electrically and pneumatically provides a higher production
rate and a higher degree of alignment than carding and combing. Electric fields are
used in the aligned discontinuous fibre composite process (ADF) [63]; short fibres
coated with polymer powder are fed into an orienting electric field chamber via a
vibratory feeder. The alignment of conductive fibres occurs in the direction of the
electric field generated by electrodes. The aligned fibres, along with coated polymer
powder, are then deposited on a moving belt, followed by exposure to heat which
melts the polymer powder and joins the fibres together to form aligned ADF mats.
Composites can be formed by compression moulding of ADF mats. The schematic
diagram of ADF is shown in Figure 2.7. The ADF process depends on the
conductivity of fibres and so are generally not relevant to short natural plant fibre

polymer composites (SNPFPCs).
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Figure 2.7: An overview of the ADF process.

The main pneumatic alignment method used is the glass-mat reinforced
thermoplastic (GMT) technique. In this method, two orientation plates are used for
the alignment of fibres as shown in Figure 2.8. A mixture of chopped glass fibres
with thermoplastic powder are sprayed through a tube into the orientation plates. The
orientated mixtures are then drawn towards a perforated steel plate, followed by

heating of the mixture and applying compression to form GMT preforms [67].

TUBE

ORIENTATION PLATE

COMPRESSION MOULDING

HEATER §
ORIENTATION PLATE | | \ ]

\PERFORATED PLATE

Figure 2.8: A Brief description of GMT.

Another pneumatic alignment process reported in the literature involves aligning
fibres from a fibrous mass [68]. In this technique, a fibrous mass is laid on a screen.

Then a high pressure pulsating compressed gas jet is discharged from the bottom of

21



the fibrous mass through a nozzle and a low pressure compressed gas is directed
towards the fibrous mass through an opening provided in the middle portion of the
apparatus. The pressure differences cause fibre separation and fibres to flow upwards.
A specially designed conical annular vertical passage of the apparatus as shown in
Figure 2.9 results in the alignment of fibres. The aligned fibres are collected at the

top of the passageway on a porous closure.

SPECIALLY DESIGNED ALIGNMENT PASSAGE

OPENING

FIBROUS MASS ON SCREEN

NOZZLE

Figure 2.9: Apparatus for fibre alignment by pneumatic means.
2.5.3.1.2 Wet processes

Wet processes generally involve dispersion of short fibres in a liquid medium. There
are two main mediums used by researchers: ammonium alginate solution and
glycerine [41, 64, 66, 69]. Processing with ammonium alginate solution involves
suspension of whiskers or fibres in this medium. The highly resulting viscid mixture
is then extruded through an orifice (where the alignment occurs) into a precipitate
bath. The gel filaments formed are wound onto a drum, followed by cleaning and
drying [65, 69].
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Processing with glycerine involves dispersion of short fibres in this viscous medium,
which is made to flow through a reciprocating tapered nozzle (partial alignment of
fibres), as shown in Figure 2.10, onto a flat gauze bed (wire mesh). The final
alignment occurs as a result of fluid friction that occurs between the core layer and
boundary layer thereby causing the fibre alignment towards the flow direction.
Finally, the carrier fluid removal employing a vacuum was carried out with much
care to prevent misalignment during removal [40, 66, 70]. Glycerine is used as a
carrier fluid because of its low viscosity compared to alginate solution. The viscosity
of the carrier medium affects the productivity by increasing the production time and

the cost.

l RECIPROCATING NOZZLE

&S| =

r

GAUZE BED

TO VACUUM

Figure 2.10: Viscous fluid technique.

Centrifugal alignment methods reduce the difficulty of removal of carrier fluids.
Generally, in these techniques, aligned fibre mats are produced by discharging the
fibre suspension through an aligning nozzle onto the inner permeable surface of a
rotating cylinder, as schematically shown in Figure 2.11. This centrifugal rotation
causes rapid removal of suspended fluid thereby retaining alignment [41, 71, 72].
Another related technique is the rotating vacuum drum method in which a rotating
vacuum drum filter is employed to improve the fibre alignment [72]. The main

drawback of the centrifugal technique is that it is a batch production method.
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Figure 2.11: An indication of the centrifugal process.

A recent wet processing method to align short fibres to increase the production rate
reported in the literature is the high performance discontinuous fibre method
(HiPerDiF) [64] which produces a tape or tow type prepregs. In this method, the
suspending fluid is water (less viscous compared to other conventional fluids). A
nozzle, as shown in Figure 2.12, is used to discharge the fibre suspension to an
orientation head. The orientation head has two parallel plates; one of the plates along
with a moving belt, orients the fibre perpendicular to the suspension jet and the other
acts as a guiding plate to prevent overflow of the short fibres. Suction of the carrier
fluid through a vacuum maintains the fibre alignment on the perforated moving belt.
Finally, the dried fibre is resin impregnated by the application of heat and pressure to
form prepregs. The production rate can be increased with a multiple nozzle system
(MNS). In a MNS, the middle plate acts as an orientation plate for the first unit and

guiding plate for the second unit.
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Figure 2.12: An overview of orientation head (HiPerDiF).

A method similar to the aforementioned centrifugal alignment methods is the
dynamic sheet forming (DSF) which has been successfully employed to align short
natural plant fibre. Generally, this method is used in paper production to align fibres.
The equipment consists of a rotating drum as indicated in Figure 2.13, with a wire
(screening fabric) on the inside surface. Initially, in this technique, a water wall is
built up on the wire (acts as a fibre cushion) with a reciprocating nozzle (up and
down) during the entire production [27, 73]. Once the required water wall is obtained,
the aligned mats are produced by discharging the fibre suspension (water and short
fibres) onto a rotating drum through a nozzle. The nozzle, in conjunction with the

rotation of the drum maintains the fibre alignment.

In a dynamic sheet former, alignment of fibres is known to be influenced by the fibre
suspension, nozzle geometry, jet-to-wire speed ratio and dewatering [37, 38, 40]. The
present study focuses on nozzle geometry, and keeping all other variables constant.
The nozzle geometry factors include the contraction ratio and the end shape of a
nozzle. The role of a nozzle is to transfer the pipe flow of the suspension in the
machine to a thin spanwise homogeneous jet where the fibres are uniformly
dispersed onto the rotating drum [37, 38]. The nozzle not only helps in uniform
dispersion, but also orientates the fibres towards the main flow direction. The nozzle
geometry plays an important role in this uniform dispersion and orientation of fibres

within the produced mats. It has been reported that the extensional flow due to the
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sudden flow acceleration (change in velocity) from the contraction section of a

nozzle creates a highly anisotropic distribution of orientation of fibres [39, 74-76].
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Figure 2.13: Dynamic sheet former.

At this point it is worth mentioning the rheology of fibre suspension for pipe flow
and how the orientation distribution of fibres is affected by a nozzle. The rheology of
a fibre suspension is dependent on the fluid the fibres are suspended in. Here, the
suspending fluid is water. Pulp fibres suspended in water have a natural tendency to
flocculate and form structures called flocs. The degree of flocs and alignment of
fibres depend on flow characteristic of the fibre suspension. Extensive studies have

been conducted to understand the rheology of fibre suspensions [77].
There are several flow regimes [37, 38, 75, 77] that occur during the flow of pulp

suspensions through a pipe as illustrated schematically in Figure 2.14. These flow

regimes may be categorised under three main flow regimes:
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Figure 2.14: Various pipe flow regimes [77, 78].

Plug flow: Initially, where the plug-wall interactions dominate, the increasing
velocity does not affect the pressure drop greatly due to the friction between
the wall and the plug. Here, the velocity of the suspension across the cross-
section of the pipe is constant. With further increasing velocity, the
interactions between the wall and the outer surface of the plug cause single
flocs to break off from the main pipe and roll along the pipe surface at a
lower velocity than the plug. Then a stage occurs where the interactions
between the plug and the wall cease and there arises plug flow and a thin
clear water annulus region. Here, the flow condition is in laminar shear and
the flow stresses deform the fibre network (plug) and the thickness of the
water annulus increases with increased velocity.

Transition flow: Turbulence initiates in the water annulus region. Here, the
permanent disruption of the plug begins. However, the plug is not fully
affected.

Turbulent flow: - With further increase in velocity, the transition from mixed
flow to fully developed turbulence occurs. It has been reported that

reflocculation will occur rapidly if the turbulence intensity decreases.

The greater flexibility of natural fibres when wet compared to synthetic fibres allows

them to rotate or bend as they are subjected to hydrodynamic forces. Generally, the

main orientation of fibres is in the same direction as that of the flow. Most studies

involving fibre orientation use the explanation of Jeffery [79] that an ellipsoid like
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particle suspended in a Newtonian fluid experience simple shear flow [80]. Fibre
orientation in a simple shear flow has been researched broadly in literature [39, 74,
79, 81]. It has been reported that in a simple shear flow, channel (pipe/nozzle or duct)
width and thickness affect the alignment of fibres. If the channel is wide, although
fibres near to the wall are aligned more towards the flow direction, at the centre,
fibres are aligned perpendicular or random to the flow direction [74, 82]. In contrast,
if the channel is thin enough, the core region slowly disappears due to the increasing

tendency of the fibres in the suspension to flow towards the flow direction [74, 83].

As aforementioned, when the fibre mat is produced, the suspension from the pipe
enters a nozzle. The main purpose of the nozzle is to distribute the fibre suspension
uniformly across the full width of its exit cross-section and also orientates the fibres
towards the flow direction. It should be noted that during the mat production, similar
to the pipe flow, the suspension flow through a nozzle is subjected to variable flow
characteristics that could result in complex fibre orientation distributions within a
mat produced. The change in flow velocities through a nozzle can result in the
formation of different flow characteristics [37, 84] that could cause anisotropic or

isotropic distributions in the orientation of fibres within a mat produced.

A nozzle typically has a decreasing contraction section ending with a rectangular-
round or circular exit cross-section. A contraction ratio is commonly defined as the
ratio between the nozzle inlet area to the outlet area [85]. In DSF, the contraction
section of the nozzle aids in transferring the pipe flow as a uniform homogenous jet
to the rotating drum. It has been reported that the acceleration of flow in the
contraction affects both the fibre flocs and orientation of fibres within a mat
produced [37, 84]. This is due to the tendency of an ellipsoid-like particle, such as a
fibre, to drift towards the flow gradient plane and align mainly towards the
accelerated flow direction [86]. Due to the complexity of the flow, most of the
researchers only provided speculative discussions on the possible reasons for the
orientation of fibres towards the flow direction [37]. Some of the causes reported by
researchers which could have influenced the fibre orientation in contraction due to
the accelerated flow include the flow stresses, velocity gradients, fluid inertia, rate of
strain of suspension in the flow direction (extensional flow) and relaminarisation

(returning to laminar-like state) [74, 83]. It has been elsewhere reported that if a
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turbulent boundary layer is accelerated by a strong favourable pressure gradient,
relaminarisation could occur [74]. However, the velocity profile was not appropriate

to conclude the relaminarisation. [83].

Overall, depending on the nozzle geometry or shape (mostly converging), it may be
concluded that the fibre suspensions undergo both extensional (elongational) and
shear flow (near the wall). During shear flow, there is a tendency for fibres to rotate
towards the direction of shear, similarly, if the flow is extensional, the fibres rotate
towards the direction of extension [87]. Thus, as the contraction ratio of a nozzle
increases, the flow acceleration due to the contraction increases the tendency of
fibres to strongly align the fibre towards the flow direction [76].

The current nozzle available with the dynamic sheet former is a rectangular-round
nozzle (initially round and gradually decreasing with a more rectangular exit cross-
section). It has been reported that a nozzle terminating with a circular shape could
produce better alignment compared to those with slit nozzles [40]. Given the
relationship between nozzle geometry and the alignment of fibres, more research is
required to carry out for the improvement of the alignment of fibres within the mats

produced.

2.5.3.1.3 Other alignment methods

Alignment of short fibres using an ultrasonic device is also reported in the literature
[88]. In the ultrasonic alignment (UA) technique, alignment of short fibres in
different matrix media occurs in response to the standing waves produced by two
piezoelectric transducers placed at either side of the UA device. The standing waves
align the fibres in its nodal position. The main drawbacks are low fibre volume

fraction obtainable in composites using this method.

Injection moulding is one of the main processes used to manufacture short fibre
reinforced polymer composites (SFRPCs). Alignment of fibres generally occurs due
to interactions between different layers (skin and core layers) in the mould. The
alignment of fibres follows the flow direction in boundary regions of the mould due

to the friction exerted by the walls of the mould. The friction decreases towards the
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central region where the alignment of fibres is transverse to the flow direction. There
is a chance of occurrence of a shearing flow between the boundary region and central
region which may improve the fibre alignment in the central region [5]. Shear
controlled orientation in injection moulding (SCORIM) is a modification mainly
used for aligning short fibres along the flow direction during injection moulding [81].
In this, macroscopic shears are generated with a device fitted between the mould
cavity and nozzle of an injection moulding machine. This device consists of pistons
which oscillate to produce macroscopic shear to solidifying melt inside the central-

region of the mould, thereby improving alignment of fibres in this region.

A combination of injection moulding and compression moulding have been used by
researchers to produce aligned short natural plant fibre polymer composites
(SNPFPCs). Injection moulding was initially used to produce cylindrical rods of the
short fibres with polymer matrices. Finally, those rods were aligned in a leaky mould
followed by compression moulding to produce the aligned short fibre composites
[89].

Additive manufacturing or 3D printing of polymer composites have the potential to
print or fuse deposition modelling of aligned SFRPCs [4, 90]. Generally, in this
method, extruded filaments of short fibres with polymer matrices are fed into a 3D
printer to produce (or print) aligned SFRPCs [91]. For the filament extrusion for 3D
printing, initially the matrix (pellets or powder) is melted and mixed with the fibre
and forced out through a die. After solidifications, the mixture is granulated (8 mm).
These granules are again extruded and forced through a circular die (3 mm). An
electric spooling machine can be used to achieve consistent filament cross-section
[92].

Among all aforementioned methods, the highest degree of fibre alignment reported
in the literature is + 3 ° (measured within the prepregs or composites produced) [64].
The two methods that have exhibited this range of fibre alignment are the HiPerDiF
(67 % of the fibres with in this range) and rotating vacuum drum (60 % of the fibres
with in this range). The performance in terms of alignment reported by electric field
and pneumatic methods are + 20 ° (70 % of the fibres with in this range) and

+ 52 ° (majority of the fibres with in this range), respectively [62].
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2.5.3.2 Potential benefits of dynamic sheet forming method

Various forms of short natural fibres are available, including randomly aligned mats,
long yarns, braiding and woven textiles [93], but literature reports that generally
randomly aligned mats are used as reinforcement in SNPFPCs as they are cheap
compared to other forms [94]. However, work carried out at the University of
Waikato has proved that the dynamic sheet forming method is a potential technique
to produce aligned short fibre mats [4]. In that study, the occurrence of fibre
orientation in harakeke mats was assessed by determining the ratio of transverse
tensile strength to longitudinal tensile strength indicates a good degree of orientation.
The ratio obtained was 0.3; when the ratio closes to zero point to the higher degree of
alignment. It was also observed from the optical images and scanning electron
micrographs that the fibre mats provide improved fibre dispersion in the composites.
The composites produced with the harakeke fibre mats reinforced in epoxy resin and
with hemp and harakeke fibres in polylactide polymers using compression moulding
had exhibited higher tensile strengths and Young’s modulus compared to random

aligned short fibre mats [27, 73].

As aforementioned, dynamic sheet forming (DSF) is a promising method to produce
aligned fibre mat with natural fibres. However, more research needs to be carried out
to optimise the production of DSF in order to improve the alignment of fibres in the
mats produced.

2.5.4 Fibre dispersion

To obtain good properties with NPFCs, it is essential to have good fibre distribution
within the polymer matrix [5]. Poor dispersion of fibres is mainly due to the
hydrophilic fibres in hydrophobic matrix. Chemical (e.g. alkali treatment) or physical
(e.g. corona and plasma treatments) modifications of fibres separate the fibres from
their bundles, ensuring good distribution and dispersion of fibres within polymer
matrices. Dispersion can be improved by adjusting processing parameters such as
temperature and pressure. Compatibilisers such as maleic anhydride polypropylene
(MAPP) (improves interfacial bonding) and dispersing agents, such as stearic acid
(SA) (reduces fibre-fibre attraction) have been used in PP to modify dispersion as
well as fibre-matrix interfacial interaction, respectively [2, 4, 51, 95].
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2.5.5 Porosity

Porosity (air filled cavities) is often an inevitable component in composite materials.
This can be caused by the mixing and merging of two different materials [96].
Porosity acts as stress raisers in composites, affecting the overall performance.
Therefore, much care should be taken during selection of processing methods for
composites to minimise porosity as much as possible. Research has shown that the
processing methods assisted with vacuum and compression are the best to reduce the

porosity in composites [4].

2.5.6 Interfacial bonding between the fibre and the matrix

The strength of the interface has a large influence on composite properties which
depends on the mechanism and amount of interaction. The mechanisms of interfacial
bonding can be mechanical interlocking (rough fibre surface), chemical bonding
(presence of chemical functional groups) and inter-diffusion bonding (interaction
between atoms and molecules). There are possibilities of multiple bonding
mechanisms occurring at an interface at the same time [4]. The interface strength
also depends on the density of bonds. As already discussed, for NPFCs, there is
usually limited interfacial bonding at the interface due to polar fibres and non-polar
polymer matrices. This, in turn, affects the stress-transfer efficiency of NPFCs from

the matrix to the fibre, thereby limiting the mechanical properties.

Most literature on interfacial bonding of NPFCs focuses on physical treatments,
chemical treatments and coupling agents [2, 29, 34, 50, 53, 97-99]. The main
objective in conducting these treatments is to improve wettability and potential for
chemical bonding of the fibre surface with the matrix, thereby providing interfacial
strength (effective stress transfer across the interface) [47].

Wettability of the fibre by the matrix is most essential for the matrix-fibre adhesion;
which can be assessed from the surface energy of the fibre and the matrix. The
surface energy of the reinforcements should be greater than that of the matrix for the
occurrence of fibre-matrix adhesion [100]. However, NPFs, due to their

hydrophilicity, absorb atmospheric moisture when exposed to the ambient
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environment. This lowers their surface free energy which may even result in their

surfaces possessing lower surface energy than that of matrices.

Coupling agents (also known as compatibilisers) act as a bridge between the fibre
and the matrix and bond them together. Many studies have been carried out to
achieve improved interfacial strength by different treatment methods on NPFCs. An
overview of different treatment methods (physical, chemical, coupling agents and
biological), used to improve interfacial bonding of NPFCs, is described in the

following sections.

2.5.6.1 Physical methods

Corona, plasma and heat treatment are the three main physical treatment methods
used on reinforcing fibre surfaces. Structural and surface properties of the fibres are
altered by these methods, which mainly enhance the fibre-matrix interface via
improved mechanical bonding [2]. However, these methods often require highly

sophisticated equipment.

In corona treatment, surface modification of the fibre is due to a corona generated by
the application of high voltage to sharp electrodes, resulting in ionisation at their
vicinity, at low temperature and pressure. In addition, prolonged treatment times may
result in a fibre with a significantly roughened surface, which enhances the bonding
between fibre/matrix. This treatment improves wetting between fibres and matrices,

which would improve the composite strength and stiffness [101, 102].

Plasma treatment involves charging the fibre surfaces in a vacuum chamber. Using
this treatment, the interfacial shear strength has been increased by 200% in

cellulose/linear low-density polyethylene composites [2].

Heat treatments affect both the physical and chemical composition of natural plant
fibres. The cell wall undergoes pyrolysis when the processing temperature is too high,
which often needs to be avoided [51]. Time, temperature and gas composition in the
oven are the main controlling factors in this process. The advantages of the heat
treatment are low cost and avoidance of chemicals. However, it is a difficult method

to fully control and high precision is required to achieve the desired effects [2].
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2.5.6.2 Chemical methods

Chemical treatments involve reactions between fibres and reagents, including alkali,
acetyl, silane, benzyl, acryl, stearic acid, maleic anhydride, permanganate, peroxide,
isocyanate, titanate, and zirconate [2, 4, 29, 43, 55]. The most popular treatments are
alkali, acetyl and silane [4]. The majority of these treatments are aimed to modify
surface chemistry. However, alkali treatment, which has been found to be the best
method [103], is effective through a number of factors; NPFs treated with alkali have
been seen to have benefits such as improved separation of fibres from fibre bundles,
improved removal of unwanted surface constituents, increased tensile strength and
stiffness, better thermal stability as well as improved interfacial adhesions compared
to other common treatments [4, 31, 61, 97, 98, 104, 105].

2.5.6.2.1 Alkali treatment

Among different chemical treatments, the alkali treatment with sodium hydroxide
(NaOH) is one of the most widely used treatments. This treatment removes
hemicellulose, lignin, pectin, wax and fat from the NPFs. The removal of
hemicellulose, lignin, pectin (cementing materials) from the NPFs results in fibre
separation and enhances exposure of hydroxyl groups on the fibre surfaces, thereby
improving interfacial bonding and fibre roughness and increasing thermal stability
[4, 50, 98]. Modest treatments have been seen to bring about increased cellulose
crystallinity which is considered to be because of removal of the abovementioned
amorphous materials, whereas harsher treatments have been shown to convert
crystalline cellulose to amorphous cellulose (Figure 2.15) and possibly result in chain

scission [106].

e

Lignin ] Cellulose ]

Figure 2.15: Change in crystalline cellulose structure before (left side) and after
treatment (right side).
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The chemical reaction reported by some researchers, which occurs between fibre cell
wall and NaOH (sodium hydroxide), are represented in Figure 2.16. The hydroxyl
(OH) groups in the fibre break down and react with water molecules (H-OH). The
water molecules are thus driven out. The remaining reactive groups in the fibre (i.e.
Fibre cell-O) may form Fibre-cell-O'Na*™ groups between the cellulose molecular
chains, which could significantly improve tensile properties of the fibres. However,

alkali treatment is commonly carried out to remove the cementing materials.

Fibre-cell-OH + NaOH ———— Fibre cell-O'Na™ + H,O + impurities

Figure 2.16: Chemical reaction between fibre cell and NaOH [29].

These alkali treatments have been carried out by different researchers in different
ways including at ambient temperature (AT) as well as at high temperature (HT). AT
treatments have many advantages, such as simplicity, low cost and can be easily
carried out in large volumes, compared to HT treatment which requires fully
controlled methods. Oushabi et al. investigated the effect of alkali treatment on date
palm fibres with various concentrations of NaOH (0 wt %, 2 wt %, 5 wt %, 10 wt %)
at 25 °C for one hour and found an increase in tensile strength of date palm fibres
compared to raw fibres [107]. Mishra et al. reported that alkali treatment at 30 °C for
one hour with 5 wt% NaOH concentration resulted in better strength for sisal/glass
fibre polyester hybrid composites compared to 10 wt% NaOH [108]. Mohanty et al.
carried out alkali treatment for sisal fibres at 30 °C with 5 wt% NaOH for one hour
and reported a slight improvement in mechanical properties of sisal/polypropylene
composites [109]. Table 2.4 lists some of the recent works on AT and HT alkali
treatment of hemp fibres. As it can be seen, for different high temperature treatments
significant improvement in average tensile strength was reported for hemp fibres
treated with 5 wt% NaOH and 2 wt% Na>SOs (sodium sulphate) at 120 °C with a
holding time of 60 minutes compared to 10 wt% NaOH and untreated fibres [98].
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Table 2.4: Some of the recent works on alkali treatment of hemp fibres or composites
produced [27, 29, 31, 50, 73, 97, 98]

o Fibres or composites Observations on properties of
Methods of applications . .
produced fibres or composites
) ) Increase in tensile strength of
Soaked hemp mats in 0.16wt% Non-woven hemp mats in . .
. . composites produced with treated
NaOH for 48 hours euphorbia resin

fibre mats [110]
Immersed pre-dried hemp fibres
in 5wt% NaOH solution for 30 Hemp fibre
minutes, *FSR- 1:20

Average tensile strength of the fibres

increased [97]

Hemp fibres were soaked in 0 %,

4 %, 6 %, 8% and 10 % for 3 .
All treatments reduced the tensile

hours at room temperature. NaOH .
Hemp fibre strength [111]

solutions were prepared in water
ethanol mixtures.

Interfacial shear strength increased

Hemp fibres were treated with as a result of alkali treatment,
5wt% NaOH and 2wt% NazSOs Hemp fibre/polylactic acid thereby improving mechanical
solution in *SSCs at 120 °C for 60 properties of composites produced
minutes [30]

) . 93 % of lignin was removed after the
Hemp fibres were treated with .
treatment. Improved tensile strength

5wt% NaOH and 2wt% NazSOs Hemp fibre/epoxy
o and Young’s modulus of short
solution in *SSCs at 120 °C for 60 ) )
) fibre/epoxy composites [50]
minutes

Two different alkali treatments. In

first method, fibres were treated 5wt% NaOH and 2 wt%Na2SO0s
with 10wt% NaOH to a maximum treatment improved tensile strength
of 160°C for 45 minutes in *SSCs, and Young’s modulus. Improved
FSR - 1:6. In the second method, fibre separations of fibre bundles
5wt% NaOH and 2wt% Na2SO03 Hemp fibre were also resulted with both methods
solution in *SSCs to a maximum of alkali treatments [98]

of 120°C for 60 minutes, FSR-1:7

Three different alkali treatment; 5wt% NaOH and 2 wt%Na2SO0s
5wt% NaOH, 10wt% NaOH, improved fibre separation. Average
5wt% NaOH and 2wt% NazSOs, Hemp fibre tensile strength of the fibre reduced
solutions in *SSCs at 160°C for [31]

30 min

Note the following: *SSCs- stainless steel canisters and FSR- fibre to solution ratio.
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Prior to DSF, good fibre separation is needed. Alkali treated hemp and harakeke
fibres have been reported as used for the production of DSF mats [4, 16, 34], but the
tensile strengths of these treated fibres were reduced compared to raw fibre due to
the weakening of structural components [16, 27, 35, 36]. Therefore, further research
is needed to develop processing parameters to improve fibre separation without

reduction in tensile properties of fibres prior to DSF.

2.5.6.2.2 Acetylation

Chemical treatment of fibre with acetic anhydride is an effective method of reducing
the innate hydrophilic nature of natural fibres. During acetylation treatment, the
acetyl functional group (CHsCOO) reacts with the hydroxyl group of natural fibres
forming ester bonds. This increase the hydrophobicity of treated fibres, thus
improving dimensional stability of the composites [112]. It has also been reported in
the literature that the treatment removes unwanted materials from the fibre surface
resulting in a rough surface which enhances mechanical interlocking with the matrix
[29, 43].

Kabir et al. [106] studied the effect of acetic anhydride treatment on hemp fibres and
reported improved thermal stability at the temperature range of 250-350 °C.
Zafeiropoulos et al. [42] found that the acetylation using acetic anhydride increased
the surface free energy of the treated flax fibres. Bledzki et al. [113] studied the
properties of treated flax fibres reinforced polypropylene composites and noticed an

improvement in tensile, stiffness and flexural properties of the composites.

2.5.6.2.3 Silane treatment

Silanes are a range of chemicals with chains of SiHs. The silane-based coupling
agents are commonly used to modify fibre surfaces. They are hydrophilic compounds
based on a silicon molecule with different organic groups attached [5]. These
coupling agents can form as a bridge between the fibres and the matrix, which
improves fibre-matrix adhesion. In the presence of water under acid catalysed
conditions, silanols (Si-OH) are formed by the hydrolysable alkoxy group of silane.
These silanols may react with the hydroxyl group of the fibres and/or with

subsequent drying and condense themselves on the fibre surfaces forming a
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macromolecular network [29, 114]. Hong et al. [115] reported that this treatment
increased tensile properties of the jute-PP composites due to the improved adhesion

in the interface.

2.5.6.2.4 Stearic acid treatment

The chemical formula of stearic acid (SA) is (CHz (CH2)16COOH). Generally, stearic
acid in ethyl alcohol solution is used to modify the fibre surface. The chemical
reaction that could take place between stearic acid and NPFs is shown in Figure 2.17.
The carboxyl group (-COOH) present in stearic acid can react with hydroxyl groups
of the fibre to form an ester [29]. The esterification reaction reduces the number of
hydroxyl groups in the NPFs available for bonding with water molecules, thereby
reducing their innate water absorption tendency. The increase in fibre hydrophobicity
reduces fibre-fibre interaction, whereby more dispersion of fibres is possible in
polymer matrices compared to untreated fibres. It is also reported that this treatment
can also remove some of the non-crystalline constituents from fibres (wax, oils) [29].

However, a solvent is required for this conventional treatment method.

Fibre-OH+ CH; I:CH‘_}MCO OH —» CH; (CH‘_}MCO O-O-Fibre + H:D

Figure 2.17: Proposed chemical reaction between fibre cells and stearic acid [29].

Another stearic acid treatment reported in literature, which eliminates the
requirement of a solvent, is the vapour phase treatment. This treatment is carried out
in a pre-heated oven. The fibres are placed on a fine mesh, directly above a stainless
steel container containing stearic acid [42, 116]. Studies by Zafeiropoulos et al. [42,
116, 117] reported that stearic acid treatment by employing vapour process on flax
fibres reduced their polar interaction ability. Further, it was reported that the stearic
acid vapour phase treatment improved the interfacial stress transfer efficiency of flax
fibre/isotactic polypropylene composites by the inter-entanglement of stearic acid
chains with the matrix. Torres et al. [118] also reported increased interfacial shear
strength for stearic acid treated sisal fibre in polyethylene matrix by 23 % compared
to untreated fibres. Although stearic acid was detected on the treated fibre surfaces,
no ester bond formation was revealed in FTIR. Different approaches to stearic acid

treatment are summarised in Table 2.5.

38



Broda et al. [60] studied the formation and properties of polypropylene/stearic acid

composite fibres and reported that stearic acid slows down the PP crystallisation

creating a meso-phase in addition to the crystalline and the amorphous phases of pure

PP. This could result in partial entanglement of long aliphatic tails of stearic acid into

PP structure [60, 119]. It is also reported that a small portion of SA crystallises on to

the polypropylene fibre surface [60]. Overall, stearic acid has the ability to act as a

bridge between the natural fibre and polypropylene composites.

Table 2.5: Different approaches for stearic acid treatment [29, 42, 116-118, 120, 121]

Fibre - matrix

composites

Application methods

Outcomes

Solution Process

Sisal/glass/LDPE

Banana/PP

Jute and sisal fibres

Stearic acid in ethyl alcohol solution-
(1,2,3,4,5,6,7 % weight of fibre)-
dropwise-continuous stirring

Alkali treated fibres soaked in 1%
alcohol, 1 h

Mixed 3% stearic acid in polymer melt
(HDPE)

4 % exhibited maximum

tensile strength, increased
hydrophobic character of
sisal fibre, good

dispersion of fibres.

Improvement in thermal

stability

Tensile strength
increased by 9 % and
5% for HDPE/sisal and
HDPE/jute fibre

composites, respectively

Vapour Process

Flax fibre/PP

Dried fibres are placed on a mesh above
stearic acid containing stainless steel
container in a preheated oven. Duration
of treatment and temperature are the
controlling factors. (90,95,100,105 °C)/
(12,36,72 and 90 h)

At105°Cand 36 h
reduced water absorption
tendency of fibre,
improved stress transfer
efficiency at the

interface.
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2.5.6.2.5 Nanocellulose treatment

The strength and stiffness of a NPF relates to the cellulose microfibrils. Depending
on the fibre (source), the cellulose microfibrils range from 1 to 25 nm in width and
1to 9 um in length [122]. These thread like bundles of cellulose molecules contain
amorphous and crystalline regions (Figure 2.18). The extraction of nano-meter
diameter cellulose or nanocellulose from various sources (algae, sea animal, bacteria
and plant biomass) includes multistage processes involving chemical and/or
mechanical methods. Depending on the isolation method, the nanocellulose may be
categorised into three types: cellulose nanocrystals (CNCs), cellulose nanofibrils
(CNFs) and bacterial nanocellulose (BNCs) [123]. The CNCs are mainly obtained by
controlled acid hydrolysis whereby the amorphous regions are hydrolysed resulting
in cellulose crystals in nanometre size range. CNFs are produced by mechanical
disintegration in which some of the interfibril hydrogen bonds or interfibril
molecules break and form fibres of nanometre size in width and micrometre size in
length. Unlike CNCs and CNFs, BNCs are synthesized by special bacteria. The
properties of nanocellulose depend on the source and extraction conditions [124,
125]. Typical sizes of CNC range from 2 to 30 nm in width (diameter), whereas CNF
range 20 to 30 nm in width [126]. On the other hand BNCs range from 50 to 100 nm
in width and several micrometres in length [127]. CNCs are highly crystalline

compared to CNFs due to the presence of amorphous cellulose material in CNFs.
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Figure 2.18: A schematic representation of a cellulose fibre with crystalline and
amorphous regions.
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Strong interactions are expected between the nanocelluloses and natural fibre due to
the potential for hydrogen bonding between the hydroxyl groups present on their
surfaces. It has been reported that CNFs could form entanglements and network
structure throughout polymer matrices [128]. However, the highly fibrillated nature
of CNFs could result in fibre agglomeration that could limit the reinforcement
capability in polymer matrices compared to CNCs [126, 128]. Recent research has
proved that nanocellulose can also be used as a binder to produce rigid and robust
NPF preforms [129]. Various modification methods have been reported. One method
is to deposit bacterial cellulose (BC) onto the surface of natural fibres. The coating of
natural fibre with BC (biological growth) has been reported to improve the interfacial
adhesion between the fibres and the matrix. However, this method requires long
culturing times (around five days) and expensive reactors. Another method reported
is the slurry dipping, in which the fibres to be modified are dipped into a suspension
containing BC, followed by vacuum filtration, consolidation and drying [130]. It has
been reported that BC binds the loose fibres in the natural fibre preforms and the
composites with these preforms exhibited higher mechanical performances compared
to composites without BC coating [129, 130]. It has also been reported that the
hydrogen bonds formed upon the nanocellulose drying remain stable in water that
prevented the disintegration of fibre preforms after being submerged in water [130].
However, all these methods are time-consuming and requires additional processing
stages to produce a robust NPF preforms.

The mechanical strength of the dried hemp fibre mats produced using DSF is weak,
with only friction holding the loose hemp fibres together. The strength of the mats
can be improved using methods such as needle punching ( inserting barbed needles
and pulling fibres through the thickness of fibre webs to consolidate it into a mat) or
spraying a polymer solution onto the fibre mats, although this requires substantial
infrastructure or use of solvents [91, 129]. An alternative method reported in
literature is a nanocellulose treatment. Nanocellulose (NC) with a highly crystalline
structure has been considered to be used to modify the fibre-polymer matrix interface
[123, 124, 130]. High surface area, aspect ratio, stiffness and strength, and
sustainability of nanocellulose is making it popular in composite applications [131].
Additionally, the improved fibre-matrix adhesions obtained for some of the
nanocellulose reinforced polymer composites [124, 127], prompt to assume that the

interface can be improved with nanocellulose additions. However, more research is
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required to perform this alternative treatment in a time-effective manner to upgrade
the properties of DSF mats, thereby upgrading the properties of polymer matrix

composites reinforced with these mats.

2.5.6.2.6 Coupling agents

Maleic anhydride (MA) grafted polymers are the most commonly used coupling
agent for lignocellulosic fibres. As mentioned previously, coupling agent acts as a
bridge between the cellulose fibres and the polymer matrices. MA functional group is
generally grafted to the same polymer as the matrix to ensure better compatibility
between the matrix and the coupling agent. Grafting MA to PP is common and
considered the most successful coupling method to improve interfacial bonding in PP
matrix NPFCs [2, 4, 29]. MA grafted polymer is used as an additive during
processing. This improves wettability of the fibre as well as bonding thereby
increasing mechanical performance of the composites. The chemical reaction,
between maleic anhydride grafted polypropylene (MAPP) and the fibre surfaces are
shown in Figure 2.19. MA functional groups interact with the fibre surface (OH
groups) through covalent and hydrogen bonding. The long polymer chains of MAPP
then combines with the unreactive PP matrix by means of chain entanglement [5].

€0 H = 0 H <
ot E A P Mg
O0-C-C = [ &
& . :
HO-C—C— n<{._j,_ ¢t HO
O -H O n
0 H
i
El:{}—l_‘-r:
= Thp—C-0C- O
' T
{") Hyis W
| 7 | em
OH o E
Fihre? + {]é I b
(OH [ S :
o i 0 Hy
iy H i il Pl
‘ gl:cl C-c
=0 t}—'ﬁ'—{'_ C
H-H &y H

Figure 2.19: Chemical reaction between fibre cells and MAPP [29].

Increases in mechanical performance of natural plant fibre thermoplastic composites

(NPFTC) with the inclusion of MAPP have been reported by many researchers [2]. It
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has been previously reported that a MAPP (AC 950P, Honeywell International Inc.,
USA) to PP ratio of 7.14 g per 100 g was found to be an optimum MAPP content for
short hemp fibre reinforced PP composite, above or below which the strength of the

composites found to be reduced [5, 132].

2.5.6.3 Biological methods

Retting and fungal treatments are the most commonly used biological treatments for
modifying natural fibres. Retting is a controlled degradation of plant stems, which
separates bast fibres from their hurd, besides aid the fibre separations. Retting can be
carried out using water or dew retting. In water retting, plant stems are immersed in
water, whereas in dew retting plant stems are spread in the field to partially degrade
[5]. Retting duration is very important as under retting can result in incomplete fibre
separation and over-retting can weaken the fibres [5]. These treatments are carried
out in aqueous environments and tend to be water polluting. Hence, it is not

generally practised.

Fungal treatment involves an initial autoclave sterilisation of the fibres. Later,
incubation of the fungi added fibres. Afterwards, they are washed and dried in an
oven. Fungal treatment removes non-cellulosic contents such as wax from fibre
surface by the action of enzymes [29]. It also roughens the fibre surface by removal
of cellulose, hemicellulose, and lignin, thereby providing better interlocking for the
matrices with the fibre surface [99].

2.5.7 Processing technologies (manufacturing technologies)

Common manufacturing processes of natural plant fibre thermoplastic composites
(NPFTC) include injection moulding (IM), compression moulding (CM) and
extrusion [47]. Properties of NPFTCs depend upon the manufacturing process and
their processing parameters such as temperature, pressure and speed of processing
[4]. These parameters should be prudently selected as the strength of NPFCs depends
upon fibre length (which can reduce during processing), temperature (degradation
above 200 °C), and orientation of the fibres obtained during the processing.

Thermoplastics usually in pellet form and chopped (short) plant fibres are the raw
materials for injection moulding (IM). The raw materials are then fed through a feed

hopper towards the heated compression barrel with a rotating screw. The rotation of
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the screw with the application of heat transforms the polymer pellets into viscous
fluid, which in turn mixes with the short fibres. The pressure developed by the screw
mechanism pushes the viscous mixture through a sprue nozzle towards the mould

cavity where it solidifies defusing the composite shape.

Compression moulding possesses potential advantages over other manufacturing
processes; high reproducibility and low cycle time have made it popular [2, 4].
NPFTCs are produced with this process using flat thermoplastic prepregs and plant
fibre mats, either randomly or aligned short or long fibres, stacked in the desired

sequence in a mould before heat and pressure are applied.

Extruders commonly used in the plastic industry can be a single-screw or twin-screw
[2]. In an extrusion process, thermoplastics (beads or pellets) are softened and a
single or twin screw mixes it with plant fibres. The compression force exerted by the
screw or screws pushes the mixture through a die. Improved dispersion of fibres has
been shown to occur with twin screw extruders when compared to single screw
extruders [4]. Composite granulates, continuous production of semi-finished
products or components are produced by the extrusion process [2]. Compounding
processes (blending of polymer matrices and natural fibre components, generally in

the form of pellets) are gaining attention in the automotive industry [59].

Ideally, composites with high strength are produced by increasing the amount of
reinforcement in the matrix. However, in injection moulding, the amount of fibre
content in composites is limited to not more than 40 % of the total composite weight
[4]. Here, the passage of fibres through narrow gates cause significant fibre attrition
(size reduction) [47]. Comparison of the properties of injection moulded and
compression moulded NPFCs shows that compression moulded parts exhibit better
mechanical properties because of improved alignment, the longer reinforcement

fibres and the higher fibre contents possible [2].

Previous studies have demonstrated that compression moulded polymer composites
made with the mats produced using DSF exhibited higher mechanical performance
compared to other short fibre processing techniques [4, 27, 73]. However, the

maximum fibre content was limited to below 50 wt%, above which the tensile
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properties were found to decrease. Therefore, more research is required to increase
the fibre content in natural fibre composites, as composite strength increases with

increasing fibre content.
2.6 Fibre Orientation Assessments

The orientation analysis, particularly in NPFCs, is challenging particularly due to the
innate variability in the cross-section of natural fibres. Fibre orientation (alignment)
is characterised statistically as fibre orientation distribution [133]. Many researchers
characterised the fibre orientation by the optical section method [134] for which the
composite samples are cut and polished in order to capture the micrograph of the
fibres left on cross section [135]. However, this technique lacks accuracy as the
elliptical marks in the cross sections are used to determine the fibre orientation. The
use of radiography and computed tomography is also reported in the literature, but
the low absorption index of the polymers makes the identification of fibre orientation
more difficult [134]. Fibre orientation factor (Ko) is also often reported in literature
to indicate the degree of fibres aligned to the loading direction; (Ko =1) for
composites with highly orientated fibres. However, making and testing of composites

IS time consuming.

Image analysis has also been found to be a relatively fast method to assess and
quantify fibre orientation. Xue et al. used Fast Fourier Transform (FFT) image
analysis technique to determine the fibre orientation distribution of nonwoven flax
mats and based on the profile of the peak determined orientation [136]. Orientation
analysis employing ImageJ (NIH, USA) [137], an image analysis software via
OrientationJ plug-in (EPFL, Switzerland), has been employed by some researchers to
determine the distribution of governing fibre orientation angles [138-140]. However,
ImageJ as an open-source software has more potential due to its availability
compared to other image analysis software. Effective fibre orientation assessment
using XRD has also been reported in the literature [141-143]. This X-ray diffraction
(XRD) can provide mean diffraction patterns of the samples from which the
preferred orientation of the crystalline component of the cellulose can be determined;

to quantify the alignment of fibres with fibre mats [144].
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In previous investigations into DSF mats made from hemp and harakeke fibres, the
preferred orientation of fibres has been determined by analysis of optical microscopy
images (either with visual observations [16] and ratio of transverse and longitudinal
tensile strengths of the fibre mats [36]). Furthermore, composites with the DSF mats
were tensile tested parallel and perpendicular to the main fibre alignment direction
[36, 73], and estimation of fibre orientation factors from the tensile properties of the
composites have also been reported in the literature [5, 16, 36]. However, testing of
fibre mats or composites is time-consuming. And also, only limited literature
discussing the assessment of orientation of natural fibres by image analysis can be
found, with none for orientation assessment using XRD. Therefore, more research is
required to make use of the available potential time-effective techniques that would
be ideal for quantifying the degree of fibre alignment of natural fibre mats. The

description of these assessment methods are provided in the following sections.

2.6.1 Fibre orientation assessment using ImageJ

OrientationJ plug-in is based on structure tensor; a matrix derived from the gradient
of an image. For the assessment of every input image (images can be either optical or
scanning electron microscopic), this software utilises a cubic B spline-interpolation
by computing the continuous spatial derivatives in x and y directions (Figure 2.20a
and 2.20b). A histogram with these parameters provides information on general
distribution of fibres and predominant orientation angles corresponding to maximum
intensity or frequency of pixel orientations [138-140]. The structure tensor for each
pixel is represented as, a 2 x 2 matrix as shown below [9].
J = <fx,fx>w <fx,fyv>=w

T <fufy>w <frfy>w (2-2)

Where fx and fy are partial spatial derivatives of the image f(x,v) and w is the

observation window. This structure tensor decomposition provides eigenvalues (1 max
and 1 min) and eigenvectors by which this plug-in features local orientation, coherency
and energy of every pixel of an image. The eigenvalues of the structure tensor
provide information regarding the distribution of gradients within w, through
parameters energy (E) and coherency (C). Through these values, one can determine
the local predominant orientation (6) corresponding to the alignment of the largest

eigen vector (Figure 2.20c) of the structure tensor.
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Figure 2.20: (a) Original image (a DSF mat) (b) Image showing the fibre edges (c)
Image showing vectors on original image (d) Colour coded image showing orientation
of fibres. (All the images were processed using ImageJ)

The local dominant orientation in the considered region (local window) is given by
[139, 145],

(2.3)

= — 2
0= Sarcan | & e <k fx > w

1 <fxfy>w
e )

The energy and the coherency are defined as the trace of the structure tensor, and the
ratio between the difference and sum of the largest (4 max) and smallest (4 min)
eigenvalues respectively. Generally, aligned structures possess higher energy values
and coherency close to 1 (C is bounded between 0 and 1) [139, 146]. Qualitative
visual representations (colour coded maps) of orientation (Figure 2.20d) are also
possible in OrientationJ with HSB mode; Hue-angle of orientation, Saturation-

coherency and Brightness-input image.
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2.6.2 Fibre orientation assessment using XRD

X-ray diffraction technique is useful in revealing detailed information about the
crystallographic structure of solid materials [147]. Most solids are crystalline in
nature, but crystal orientations are not always present. Figure 2.21 shows the
schematic illustration of preferred orientation and random orientation in a
polycrystalline material. As aforementioned, the DSF has the potential to orient
most of the fibres within the produced mats towards the flow direction, which is the
preferred orientation. Thus, the fibre mats produced using DSF are very often
textured with a strong preferred orientation. Therefore, XRD can be used to quantify

the texture in the specimen as samples are with systematic orientation.

Polycrystalline material Polycrystalline material with
with preferred orientation random orientation

Figure 2.21: Schematic illustration of orientation.

2.7 Composite Tensile Properties Predictions

From a perspective of fibre length, the fibre reinforced composites may be classified
as continuous and discontinuous fibre composites. A number of theoretical models
have been developed and reported in literature to give good approximations, they are
often used to predict strength of continuous fibre composites. Most of the strength
prediction models are based on the assumption that fibres are continuous and are
aligned axially to the direction of applied load [5]. Commonly, in the prediction

models, both fibre reinforcement and matrix are assumed to be elastic and the strain
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in the fibre and the matrix are assumed to be the same [32]. However, it should be
noted that in discontinuous fibre composites, the tensile properties of the composites
are governed by a number of factors such as fibre length, fibre orientation, dispersion
of fibres within the matrix materials, stress transfer between the fibre and the matrix
[32]. Therefore, when the fibres are discontinuous equations given by the Rule of
Mixtures are generally not obeyed. Additionally, NPFCs diameter variation along the
length of the fibres is also a significant factor. Some of the simple mathematical

prediction models used for the present study are briefly described in this section.

The parallel and series Rule of Mixture models are commonly applied to represent
the upper and lower bounds for tensile properties of axially aligned short fibre
composites. According to this model, tensile strength and Young’s modulus can be

calculated using the equation:

Oc = 0fVf + Ol (2.4)

Ec =Esv; + Epv,, (2.5)

where o, E and v are the tensile strength, Young’s modulus and volume fraction of

fibres, respectively. The subscripts ¢, f and m indicate composite, fibre and matrix,
respectively in this work. The equations 2.4 and 2.5 are commonly known as the
parallel model, whereas the series model (perpendicular to fibre alignment direction)
is shown by the equations 2.6 and 2.7.

g,..0
o = m (2.6)
Jmﬁlf + Jf T?m
£ —__ Em% 2.7
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The Hirsch model, as shown by the equations 2.8 and 2.9, is based on a combination

of the above mentioned parallel and series models. Hence, this model can be applied

to discontinuous fibre composites. An empirical fitting parameter, x is introduced in

this model, which can be considered as an indication of the stress-transfer efficiency

between the fibre and the matrix whilst considering alignment of fibres, fibre length

and stress amplification at fibre ends. The value of x can be varied from 0 to 1 to

give the best fit.

0,05
oc= x(05 v+ 0 vy) + (l—x)crczg ﬁfr_tgfﬂ (2.8)

Emﬂ_f

Ec= x(Ef vy + Epy )+ (1 —x) (2.9)

The Haplin-Tsai model has been previously reported to be used by several
researchers to determine the strength of polymeric blends consisting of continuous
and discontinuous phases [148]. It has been reported that this model can be used for
predicting the tensile properties of discontinuous fibre composites orientated either in
longitudinal or transverse direction [16]. This model is a semi-empirical model with
the shape fitting parameter ¢. This shaping fitting parameter is to fit the model to
experimental data depending on the fibre geometry and the loading direction
(longitudinal or transverse). According to this model, tensile strength can be

predicted as follows:

w) (2.10)

JC:Um(l—nﬁf
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1+—(m*ﬁf) (2.11)

Om (2.12)

S . S (2.13)

such that 1) is the relative strength of the fibre and the matrix. The shape fitting

parameter ¢ for circular cross-section is given by:

¢= — (2.14)
where, 1 is the length of the fibre in the direction of loading and  is the diameter of
the fibre.

The Haplin-Tsai model was modified further [149] in order to account for the

amount of fibre incorporated into the matrix as well as fibre arrangement as shown

by the equations:
1+ cnus )
= —_— 2.15
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1+ e
E.-=E ( ) 2.16
where:
1—¢
=1+(—= |V 2.17
11{; +( ¢’i’!l"lEJ:’z ) f (: j
where €, .. is the maximum fibre packing fraction based on the relevant fibre

arrangement and have values 0.785, 0.907 and 0.82 for a square, a hexagonal array,

random packing arrangements of fibres, respectively. n and ¢ can be determined by

equations 2.12 and 2.14, respectively.

Cox’s model is amongst the earliest models to predict the tensile properties of
discontinuous fibre composites. According to this model, the tensile properties of
short fibre composites can be predicted similar to the Rule of Mixture, but by
including a factor that would account for the effectiveness of load transfer from the
matrix to the fibre. This model gives the tensile properties of the composites using

the equations:

tanh (%)
oc =05V | 1— B + 0,V (2.18)
2
tanh (%)
Ec=Epvp | 1- B + E,v, (2.19)
2

where
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bl | =k

2l

B=|—"¢ (2.20)
E;ApIn—-

where r, G, ,I are the radius of fibre, shear modulus of matrix and length of the fibre,
respectively. And A, and R are the area and centre to centre distance of the fibres.

For square packed fibres,
1

R =r(i)2 (2.21)
4T?_i|r

If (B1/2) is large, the value of reinforcement effectiveness reduction factor approaches

unity and the reduction factor tends to zero when the value is small.

Krenchel further modifies the Cox model to take into account the orientation of
fibres by incorporating a factor for fibre orientation, Ko. The orientation factor has a
value of unity for axially aligned fibre composites: 0.2 for randomly orientated fibre

composites and 0.375 for planar random configuration [150, 151].

Kelly-Tyson modified the rule of mixture for fibres parallel to loading direction to
predict the tensile properties of axially aligned discontinuous fibre composites
depending on whether the average length of the fibres is above or below critical

length of the fibre(L,.). The minimum length at which the stress in the fibre reaches
the fibre tensile strength is termed as the critical fibre length(L_). This can be

determined experimentally. The most common techniques used to determine are the
pull-out test or a fibre fragmentation test [5, 152] where the critical length of the

fibre can be determined using the following equation:

Lo of
— == 2.22
d 271 ( )
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where (o) average fibre strength, (d) average fibre diameter and (t;) the interfacial

shear strength. It is clear that improvement of <, results in lower L ..

According to this model, a stress transfer efficiency factor, k_.Was introduced into

the basic Rule of Mixture equation and determines the stress transfer efficiency from

matrix to fibres. The equations 2.4 and 2.5 were further modified as

Oc = ks OpVp + OV, (2.23)
Ec=kyEsve + E U, (2.24)

with k. was determined using the following equation,

L
Forl<Ll. k,= T or
c

Le
ForL=> L. k,= 1_£

The Bowyer-Bader model proposed a model based on the Kelly-Tyson modified
Rule of Mixtures, which predicts the tensile strength of short fibre composites by
considering the sum contributions of different fibre lengths (sub-critical and super-
critical fibre length, as well as that of matrix.

To enable the strength prediction of composites containing fibres orientated in
different directions, a simple numerical fibre orientation factor (Ks) was fitted to the

Rule of Mixture equation to account for the distribution of orientation:

Oc =0sVs kg k. + OpUpy, (2.25)
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Ec=Esvskgk, + Epvp (2.26)

As mentioned before, in the Kelly-Tyson model the average fibre length is used.
Instead of this, the effect of fibre length distribution on composite tensile properties

was taken into account in the Bowyer-Bader model:

V;0¢L; L,
o= kg Z[ ] Z’L?jo}- I—E + 0,V (2.27)

where, L; and Lj are the sub-critical and super-critical fibre length respectively, and

v; and v;, are the volume fractions of these sub-critical and super-critical fibre

lengths, respectively.

2.7.1.1 Limitations associated with strength prediction models

Table 2.6 displays the models used for the present study and some of the assumptions
associated with each of these composite strength prediction models. All the models
used in the present study (Table 2.6) assume that the fibres within the composites are
anisotropic. But, this is very unlikely for natural fibres as they are expected to be
weak in the transverse direction and strong in longitudinal (fibre-axis) direction [5].
The models also assume that the fibres are cylindrically shaped. However, the hemp
fibres (natural fibres) are not perfectly cylindrical. Thus, the strength prediction
models consider only the in-plane failure associated with natural fibres; they do not
consider fibre strength distributions associated with the fibres. Moreover, each model
assumes that the composite is void-free. This could lead to the inaccuracies of
predicted strength as the voids formed at the interface between the fibres and the

matrix can act as stress raisers and influence the performance of composites.

Most composite manufacturing processes leads to complex fibre orientations, which
can complicate data analysis and comparisons with experimental and theoretical
predictions [153, 154]. Fibre orientations within a composite are not easy to measure
as the fibres are obscured by the matrix and cannot be clearly viewed in three
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dimensions. Thus, the fibre orientation factors in most models are given as fitting
factors and are derived indirectly from experimental tests, rather than being
measured or evaluated based on fibre orientation distributions within the composites
[155].

Table 2.6: Main models and the associated assumptions used for the prediction of
tensile strength of the composites [32, 156]

Models Main assumptions

e Reinforcing fibres have perfect interfacial bonding

Parallel and Series Rule of Mixture Model with the fibre and the matrix.

e Iso-strain conditions exist for fibre and matrix.

e  Fitting parameter (X); between 0 and 1, fitted
empirically to experimental data. ‘X’ can be
Hirsch’s Model supposed to represent the stress transfer between the
fibre and the matrix, considering fibre orientation,
fibre length, and stress amplifications at fibre ends.

e Shaping fitting parameter {c): to fit this model to
Halpin-Tsai Model experimental data depending on the fibre geometry
and loading direction.

e Introduced further a factor ¥; to enable better

Modified Halpin-Tsai (Neilsen) Model prediction by considering the fibre arrangement as
well as fibre content.

e The applied load is assumed to be transferred from
the matrix to the fibres by means of shear forces.

e  Perfect interfacial bonding between fibre and matrix

Cox Model
perfect.

e Included a factor to account for the effectiveness of

load transfer at the interface.

e Introduced further a fibre orientation factor, Ko — has
value 1, 0.2 and 0.375 for axially, random and planar
Modified Cox (Krenchel) Model random  configuration  for  fibre-reinforced

composites, respectively.
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Kelly —Tyson Model

No fibre-matrix debonding occurs.
No voids present in the composites.

Composites properties are same as those of neat

matrix (PP) properties.

Similar assumption to the Cox model in terms of
load transfer, but further assumed the stress
increases linearly with distance from the fibre ends
up to the vyield stress, at which the stress at the
interface is assumed to be constant until iso-strain
conditions exist of which fibre stress levels and the

shear stress at the interface is 0.

Critical fibre length (Lc) is considered; the minimum
length at which the stress in the fibre can reach the

fibre tensile strength.
Lc— determined using SFPO testing.

The tensile properties of the composite depend on a
fibre stress transfer factor, K« This factor
determines stress transfer efficiency from matrix to
fibre depending on whether the average fibre length
is above or below L.

Modified Kelly —Tyson Model

Similar to above, fitted further a fibre orientation
factor (Ko). The common values for the factor are as

given in modified Cox model.

Bowyer-Bader Model

Take into consideration the sub-critical and super-

critical fibre length distributions in composites.
No fibre-matrix debonding occurs.
No voids present in the composites.

An orientation factor, Ko may be applied to account
fibres not orientated to the loading direction. Kg -
independent of strain and is same for all length of

fibres.

The interfacial stress transfer is independent of the

loading angle.
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2.8 Chapter conclusions

Generally, fibre reinforcements are either in continuous or discontinuous form.
Continuous fibre reinforced composites perform better because the fibre continuity
allows easy alignment in the preferred direction compared to short fibres [71].
However, discontinuous fibre reinforced polymer composites are becoming more
attractive, with major benefits including the ability to manufacture complex
structural parts due to their higher ductility in all directions [64, 71]. Commonly,
randomly orientated preforms are used as reinforcement in short (discontinuous)
natural fibre composites (SNPFCs) due to the difficulty in aligning short fibres.
However, mechanical performance can be improved by the alignment of fibres in the
main loading direction. Generally, for orientation of fibres, two main approaches are
used: dry and wet processes. Of these, a higher degree of orientation has been
reported for wet processes. Dynamic sheet forming, a wet process, mostly used in
paper production has proven to be an effective way to produce mats with reasonable
alignment. However, more research needs to be carried out to optimise the fibre mats

production to improve the potential use of these mats in polymer matrices.
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3 Chapter Three

Alkali treatment of hemp fibres for the
production of aligned hemp fibre mats using

dynamic sheet forming

3.1 Introduction

The main objective of this study was to produce aligned hemp fibre mats from high
strength hemp fibres using dynamic sheet forming (DSF). Alkali treatment of hemp
fibre was carried out at ambient and high temperatures. The alkali treatments used
are modifications of selected alkali treatments from the literature that report
improved tensile strength for NPFs [5, 157]. The data obtained for the tensile
strengths of the hemp fibres were statistically analysed using Weibull statistics.

3.2 Materials and Methodology

3.2.1 Materials

Industrial hemp fibre was obtained from Moffett Orchards Ltd., New Zealand. The
bast fibres were hand separated from the stalks. The chemicals used for the
experiments were sodium hydroxide (NaOH) and sodium sulphite (Na>SO3) supplied

by Sigma Aldrich, New Zealand.

3.2.2 Alkali treatment

High temperature (HT) and ambient temperature (AT) alkali fibre treatments were
carried out on pre-dried hand separated hemp fibres. For ambient temperature
treatment, fibres were granulated using an 8 mm mesh in a laboratory scale Castin
granulator and then immersed in 5 wt% sodium hydroxide (NaOH) solution in a
glass beaker as shown in Figure 3.1a, for one (AT/one hour) or two hours (AT/two

hours) with a fibre to solution ratio of 1:8. The temperature inside and outside the

59



beaker was measured using a thermometer. The measured room temperature was
between 20.5 and 22 °C, whereas the temperature inside the beaker ranged from
30.5 °C at the start of the treatment to 24 °C at the end of the treatment. For high
temperature treatment, fibre and a solution of 5 wt% NaOH and 2 wt% Na SOz with
a fibre to solution ratio of 1:8 were placed in stainless steel canisters (SSCs) (Figure
3.1b). These canisters were then positioned inside a laboratory scale pulp digester
controlled by a proportional-integral-derivative (PID) system as displayed in Figure
3.1b, which was set to operate with a time-temperature profile as shown in Figure 3.2.
Granulation was either conducted before or after treatment. The fibres were washed
with clean water and filtered through a sieve after the treatments at least six times,
before being dried in an oven at 80 °C for 48 h.
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Figure 3.1: (a) Set up used for the AT treatment (b) SSC and PID system used for the
HT treatment.
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Figure 3.2: Time-temperature profile used for the HT treatment.
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3.2.3 Single fibre tensile testing

The ASTM D 3379-75: Standard Test Method for Tensile Strength and Young’s
Modulus for High-Modulus Single-Filament Materials [158] was followed to
determine the tensile strength and Young’s modulus of untreated (UT), AT/one hour
treated, granulated before HT treated and granulated after HT treated hemp fibres.
The untreated fibres were soaked in water for around 10 days to remove dirt from the
fibre surface. Two-millimetre thick cardboard was used for mounting tabs with a
gauge length of 2 mm as schematically represented in Figure 3.3. Selected single
fibres were adhered to the mounting tabs by the application of polyvinyl acetate
(PVA) glue.

PVA glue
42\ . - Supporting side

A

-- o

—— }\
Gauge length | N

~._Single fibre

Figure 3.3: Schematic representation of a mounting tab used for tensile testing of single
fibre.

For the measurement of single fibre diameter, optical images were captured of single
fibres as shown in Figure 3.4, by means of an Olympus BX60F5 optical microscope
fitted with a Nikon camera. The diameter was measured at five different points along
each fibre (as hemp fibres have variable diameters across their length) and average

values were used for the calculations.
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The single fibres were then tensile tested using an Instron-4204 universal testing
machine after burning off the supporting sides using a hot wire cutter. The test was
carried out at a rate of 0.5 mm/min with a 10 N-load cell. Thirty samples were tested
for each treatment and system compliance was determined experimentally to obtain

Young’s moduli according to the procedure described in ASTM D 3379-75. For this,

mounting tabs with gauge lengths of 5, 10 and 15 mm were also prepared.

Figure 3.4: Single hemp fibre as observed under optical microscope: (a) UT, (b) AT/one
hour, (c) granulated before HT and (d) granulated after HT treated hemp fibres.

The Weibull distribution is commonly used to analyse the strength variation for
natural fibres [31, 132, 159, 160]. Here, the rearranged two-parameter Weibull
cumulative distribution expression [132, 159], as shown below, was used to analyse

data obtained for different single fibre testing statistically.

1
Inln ( ) = wing —wine, + InL (3.1)
1-p,
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where w is the Weibull modulus (shape parameter) and «, characteristic strength

(scale parameter). These parameters are important as they describe the distribution of
the fibre failure strength where w describes the variability, a low value of w indicates
high variability and oo is the stress at which the probability of failure of unit length is

1

0.632 (L-exp (-1)) [160]. A Weibull plot of mm(ﬁ) versus Ing provides a
—Fr

straight line with gradient w and intercept o, at Inin (—1 1P ) =
~Fr

3.2.4 Scanning electron microscopy of hemp fibre surfaces

A Hitachi S-4100 SEM was used to obtain micrographs of fibres. Before this, carbon
tapes were employed to mount the samples on aluminium stubs and were then sputter

coated with platinum to make them conductive.
3.2.5 X-ray diffraction

XRD spectra were obtained using an EMPYREAN diffractometer system
(PANalytical). For the measurements, the fibres were chopped and pressed into a
disk using a cylindrical steel mould. The scanning range was between 5° and 45° by
employing CuKoa radiation (A=1.54 nm) with a voltage and current of 45 mV and 40
mA respectively. Crystallinity index (I ) of the fibres was calculated using the Segal
method [161]:

I, = ((lz27 — l153) /15, ;) X100 (3.2)

where l200 is the maximum intensity of the (200) lattice diffraction peak of cellulose I,
and lam is the minimum intensity of diffraction at an angle at 18.3° representing

amorphous content [132].
3.2.6 Fourier transform infrared spectroscopy

A PerkinElmer Spectrum One spectrometer was used to obtain infrared spectra of
untreated, AT/one hour treated and granulated after HT treated hemp fibres. Hemp
fibre samples were ground to fine powder using a Retsch MM400 ball mill. The
ground powder for each sample was then mixed and compressed with KBr
(potassium bromide) using a hydraulic press by applying 8 tonnes/cm? pressure to

prepare corresponding sample disc for FTIR analysis.
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3.2.7 Thermogravimetric analysis

Thermal gravimetric analysis (TGA) of untreated, AT/one hour treated and
granulated after HT treated hemp fibres was carried out using a PerkinElmer
simultaneous thermal analyser STA 8000. Data were obtained at a rate of 10 °C/min

with a heating range of 40 °C to 500 °C and a static airflow at 20 ml/min.

3.2.8 Fibre mat production

Aligned fibre mats (Figure 3.5a) were produced using a dynamic sheet former built
by Canpa, Canada (Figure 3.5b). To produce fibre mats, fibre suspension (approx. 59
in 10 litres of water) was made. This suspension was then pumped by the dynamic
sheet former through a reciprocating nozzle onto a rotating drum covered with a wire
mesh which acts as a cushion for the deposited fibre [4]. The alignment of the fibres
Is in accordance with the nozzle and rotation of the drum. A total of 459 of fibre was
used for production of each mat. For the production of fibre mats using DSF, well-
separated fibre is required to avoid blocks mainly in the flow hoses through which

the fibre suspension is discharged onto the rotating drum from the suspension tank.

Figure 3.5: (a) Aligned short hemp fibre mat (b) Dynamic sheet former.
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3.3 Results and Discussion

3.3.1 Tensile properties of fibres

Hemp fibres have a complex layered structure, containing primary and secondary
cell walls. These cell walls consist of many layers of helically wound cellulose
microfibrils. The main factors that determine the mechanical properties of different

plant fibres are cellulose content, microfibrillar angle, defects and treatments [44].

Table 3.1 displays the diameters, maximum load and mechanical properties of
untreated and treated fibres obtained in this work. As can be seen, the HT alkali
treatment (granulated before and after HT) resulted in more fibre diameter reduction
compared to the AT treatment. It has been found that reduction in fibre diameter is
due to the removal of hemicellulose and lignin [29, 103, 111, 157]. Although no
specific studies were carried out to measure the hemicellulose or lignin content in
this work, it has been reported elsewhere that hemicellulose breakdown occurs easily
in a high temperature environment than at low temperature and the addition of
Na>SOs assists NaOH in the removal of lignin [5]. It was found that HT treatment
removed sufficient hemicellulose and lignin from the fibres to give good fibre
separation, whereas similar separation was not observed for the fibres with AT

treatment.

Table 3.1: Mechanical properties of hemp samples. Standard deviations are shown in
parentheses. Number of fibres tested for each batch = 30.

Average

Hemp samples Fibre Maximum load tensile Young's
diameter/um /N strength /MPa modulus /GPa

uT 30.3 (10.6) 0.30 (0.14) 517 (355) 7.4 (4.7)

AT/one hour 29.9 (6.7) 0.30(0.18) 436 (236) 6.4 (2.7)
Granulated

before HT 21.4 (4.3) 0.25(0.08) 781 (428) 12 (4.4)
Granulated

after HT 22.4 (5.8) 0.28(0.13) 833 (577) 12.3 (7.3)

From the tabulated results, it can be seen that the HT alkali treated fibre exhibited
higher average tensile strength and Young’s modulus compared to UT and AT alkali

treated fibres, whereas the average tensile strength and Young’s modulus exhibited
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by the AT alkali treated fibre were lower than for UT fibre. This suggests that the
resulting structures of the treated fibres depend on the alkali treatment used. When
compared to UT fibres, the average tensile strength and Young’s modulus of the
fibres improved by about 51 and 62 %, respectively. The increase in average tensile
strength for HT alkali treated fibre compared to UT fibre is thought to be due to the
removal of weak components (non-strengthening components) evidenced by the fibre
diameter reduction after the treatment. The removal of weak components from the
fibre cell walls can lead to close packing of cellulose chains and possibly a decrease
in the microfibrillar angle. This close compaction could have enhanced the adhesions
between cellulose microfibrils, thereby providing better tensile properties for HT
treated fibres towards the loading direction compared to UT treated fibres [31]. As
can be seen in Table 3.1, although the diameter of AT alkali treated fibre reduced
after the treatment compared to UT fibre, the tensile properties of the fibre were
reduced even below that of UT fibre. The decrease in tensile properties associated
with the fibre is thought to be due to the degradation of the crystalline cellulose
chains in the microfibrils or bonding between cellulose microfibrils as affected by
the AT treatment [31, 162].

Student’s t-test (statistical hypothesis test) was carried out for comparing HT alkali
treated fibres with different granulation sequence and it was found that the sequence

of granulation had no significant effect on tensile properties of the fibres.

Weibull modulus, Weibull characteristic strength and experimental average tensile
strength are displayed in Table 3.2. As expected, the characteristic strength has the
same trend as that of average tensile strength. Bearing in mind that natural fibres
commonly possess much larger variability in physical, chemical and mechanical
properties compared to synthetic fibres [31], low Weibull modulus representing a
high distribution of fibre strength was expected, as seen here. The Weibull modulus
for the fibres varied from 1.68 to 2.05. These values are comparable with those

reported in the literature for cellulosic fibres [16, 132].

66



Table 3.2: Comparison of Weibull parameters with experimental tensile strength for
hemp samples

Hemp samples Weibull Characteristic Average
modulus/ w strength/MPa, 6o tensile
strength /MPa
uT 1.68 576 517
AT/one hour 1.92 478 436
Granulated before 205 869 781
HT

Granulated after 174 928 833

HT

3.3.2 Cellulose crystallinity index (Ic)

Crystallinity index indicates the degree of crystallinity of cellulose [163, 164]. The
X-ray diffraction profiles (curves) of UT, AT/one hour, AT/two hours and granulated
after HT treated hemp fibres are shown in Figure 3.6. The Ic values were calculated
from maximum and minimum intensities of diffraction for each profile which are

around 20 = 22.7 °and 20 = 18.3 °, respectively and are displayed in Table 3.3.

Table 3.3: Crystallinity index for hemp samples

Hemp samples Crystallinity index/I¢
uT 64.87
AT/ One Hour 71.16
AT/ Two Hours 61.68
Granulated after HT 80.65

As can be seen in Table 3.3, alkali treatments improved the I values except for
AT/two hours. The higher Ic value of HT alkali treated fibre compared to the UT
fibre would be expected due to the removal of non-crystalline materials and possibly
better packing of cellulose chains within the fibre [5]. Although the Ic value of
AT/one hour alkali treated fibres was higher compared to UT fibre, as discussed
earlier the tensile strength of this fibre was lower than that of UT fibre. This suggests
that chain scission could have overridden the influence of increased crystallinity [16,

30, 50, 97]. It has been reported elsewhere that the degradation rate of cellulose in
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alkali is influenced by fibrillar morphology; a more ordered physical structure
impedes degradation [165]. This supports the production of better-packed cellulose
chains with HT treatment which would have impeded the diffusion of alkali reducing

cellulose degradation compared to AT alkali treated fibres.
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Figure 3.6: X-ray diffraction curves for untreated, atmospheric temperature treated
and high temperature treated fibres.

3.3.3 Fourier transform infrared spectroscopic analysis

Peaks (Figure 3.7) in the regions 1730-1740 cm™ and 1200-1300 cm indicate the
hemicellulose and lignin components through the presence of C=0O linkages [166,
167]. Peaks at 1737 cm™, 1252 cm™ and 1201 cm™ for the UT fibres became smaller
for the AT alkali treated fibres and were not visible for HT alkali treated fibres.
Reduction of peak heights supports alkali treatment removed hemicellulose and
lignin, with more removal occurring in HT alkali treated fibres compared to AT
alkali treated fibres [50, 106, 166, 168-170]; the peak at 1232 cm™ corresponding to
the C-O stretching vibration of lignin reduced after the alkali treatments. Similarly,
the smaller peaks in the range between 1280 cm™ and 1330 cm for HT alkali treated
fibres compared to AT alkali treated and UT fibres further support that HT treatment
removes more hemicellulose than AT alkali treated fibres [157]. The intensity of

peaks between 1630 cm™ and 1650 cm™ slightly increased after alkali treatment,
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which may be due to water molecules formed by the reactions between sodium

hydroxide and cellulosic hydroxyl groups [171].
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Figure 3.7: The FTIR spectra of untreated, AT/one hour treated, and granulated after
HT treated fibres.

3.3.4 Thermogravimetric analysis (TGA)

Typically for NPFs, there are three main stages of degradation where most of the
weight loss occurs: between 50 and 100 °C due to evaporation of moisture in the
fibres, between 200 and 350 °C due to hemicellulose decomposition and between
300 and 500 °C (450 °C) mainly due to degradation of lignin and cellulose [172-174].

Figure 3.8 and Figure 3.9 show the TGA thermograms and weight loss summary for
UT fibres and AT and HT alkali treated fibres. From Figure 3.9, it can be seen that
the initial 10 % weight loss occurred only at 297 °C and 329 °C for the AT and HT
alkali treated fibres respectively compared to 288 °C for UT fibres supporting the
overall improved thermal stability of the fibres. The improved thermal stability of the
fibres is likely to be due to thermally unstable components (hemicellulose and pectin)
being removed from the fibres due to alkali treatment [5], with more removal
occurring with HT alkali treatment compared to AT treated fibres as supported by
FTIR analysis. As the temperature further increased above 360 °C, the weight loss
was lower for UT fibres compared to treated fibres, which may be due to a stable
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lignocellulose complex formed at higher temperatures that prevented this lignin-rich
fibre from further weight loss above 360 °C [35]. In addition, at higher temperatures,
it was found that the weight percentage loss was higher for HT alkali treated fibres
compared to AT alkali treated fibres (Figure 3.9). This higher weight percentage loss
for HT alkali treated fibres above 360 °C up to 450 °C supports that the greater

removal of lignin from the fibre was by HT alkali treatment compared to AT alkali
treatment [5, 16].
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Figure 3.8: TGA thermograms for UT, AT/one hour treated, and granulated after HT
treated fibres.

500

400 ~

300 - B uUT

AT
200 A

Temperature/°C

100 -

10% 30% 50% 70%
Weight loss/%

Figure 3.9: Weight loss summary for different samples.
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3.3.5 SEM microscopy of hemp fibre

Figure 3.10 shows the SEM micrographs of hemp fibre. As can be seen in Figure
3.10a, the UT fibres are mostly bundle form; substances known to include lignin,
pectin, hemicellulose and other non-strengthening components are localised on their
surfaces [16]. Alkali treated hemp fibres appeared to have undergone some degree of
fibre separation known to occur due to the removal of some of these components
(Figure 3.10b, 10c and 10d). However, it was found that the AT treatment resulted in
very little separation of fibres compared to the HT alkali treatment (Figure 3.10b). It
was also found that the fibres granulated after HT alkali treatment were more
separated compared to the fibres granulated before HT alkali treatment, which is

evident from Figure 3.10d compared to Figure 3.10c.
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Figure 3.10: SEM images of hemp fibre surfaces (a) UT fibre (b) AT/one hour alkali
treated fibre (c) Granulated before HT alkali treated fibre (d) Granulated after HT
alkali treated fibre.
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3.4 Chapter Conclusions

The high temperature treatment at 120 °C using 5 wt% NaOH and 2 wt% Na>SOs,
with a fibre to solution ratio of 1:8, improved the tensile strength and Young’s
modulus of hemp fibres by 51 % and 62 % respectively compared to untreated fibre.
In contrast, tensile strength and Young’s modulus of ambient temperature treated
hemp fibre were lower than that of untreated fibres by 16 % and 14 % respectively.
SEM, XRD, FTIR and TGA analyses support that the high temperature treatment
removes more non-strengthening components from the fibres compared to ambient
temperature treatment. Improvement of fibre strength with high temperature alkali
treatment compared with the reduction of fibre strength obtained with ambient
temperature alkali treatment along with increased crystallinity index for fibre after
the higher temperature treatment suggest better packing of cellulose chains occur for
high temperature treatment providing better resistance to cellulose degradation.
Overall, significantly aligned short hemp fibre mats from high strength hemp fibres

was produced using DSF.
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4 Chapter Four

Effect of nozzle geometry on the performance of
polypropylene matrix composites reinforced

with aligned hemp fibre mats

4.1 Introduction

The main objective of this study was to improve the orientation of fibres within the
mats produced using dynamic sheet forming. This chapter describes the work carried
out to assess the effect of nozzle geometry (contraction ratio and exit shape) on
orientation for the dynamic sheet forming. The orientation of fibres within the mats
produced was assessed using ImageJ (OrientationJ) and X-ray diffraction.
Composites were produced with selected fibre mats (fibre mats produced using
lowest and highest contraction ratio nozzles) and were tensile tested to assess the
effect of orientation. Details of materials used, the methods and analysis of results
are included in this chapter.

4.2 Materials and Methodology

4.2.1 Materials

The hemp fibres that underwent high temperature alkali treatment (HT) as described
in Chapter 3 were used to produce fibre mats. Polypropylene random copolymer
SKRX3600 supplied by Clariant (New Zealand) Limited, with a melt index of 18
/10 min and with a density of 0.9 g/cm? was used as the matrix. The coupling agent
used was A-C 950P maleic anhydride polypropylene (MAPP) supplied by

Honeywell International Inc., USA. VeroWhite resin was used for 3D printing.

4.2.2 Nozzle design details and manufacturing

In a dynamic sheet former, alignment of fibres is known to be influenced by the fibre

suspension, nozzle geometry, jet-to-wire speed ratio and dewatering [37, 38, 40]. The
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present study focuses on nozzle geometry and keeping all other variables constant.
The nozzle geometry factors include the contraction ratio and the end shape of a
nozzle. The contraction ratio of each nozzle was calculated as the ratio of the cross-
sectional area at the inlet to that at the exit [75]. The current nozzle used for dynamic
sheet forming is a rectangular-round exit nozzle with a low contraction ratio. Based
on the literature, it was expected that nozzles with higher contraction ratios [37-39]
and a circular exit shape [40] would result in improved alignment of fibres within the

mats produced compared to the current nozzle fitted to the machine.

Nozzle details, including the nomenclature used, are given in Table 4.1. The length
of each nozzle was 30 mm. The entrance of each nozzle was circular in shape with an
inlet diameter of 10 mm that continued for a length of 10 mm from where the
contraction section (commonly known as throat) of each nozzle begins. Among the
nozzles, all circular (or round) and two rectangular-round (R35 and R24) exit nozzles
were with a converging boundary profile from the contraction section towards the
exit as can be seen in Figure 4.1a. The other two rectangular nozzles (R56 and R46)
were with slight diverging profiles from the contraction section towards the exit.
However, it should be noted that, regardless of the converging or diverging profile,
all the nozzles had a smaller exit area compared to the inlet area. Figure 4.1b shows
the schematic representation of the current nozzle (a rectangular-round exit nozzle)
used for dynamic sheet forming. Figure 4.1c shows the photograph image of all the
3D printed nozzles used for the present study. The 3D printer used was Objet30 -
Stratasys.

The volumetric flow rate (@) of the DSF, i.e. the amount of water discharged from

the manual tank of the dynamic sheet former through the flow hoses onto the rotating
drum (without nozzle) in one minute, was measured and found to be an average of
3.9 I/min, i.e. 6.52 x 10> m?s. Then, mean flow velocity of the suspension in m/s at

the exit of each nozzle was calculated using the equation below.
= — (4.1)
where ‘v’ is the flow velocity, ‘@’ volumetric flow rate and ‘4’ inlet or exit area of
each nozzle.
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Figure 4.1: (a) Schematic representation of converging or diverging profiles of nozzles
(b) Current nozzle (R46) used in dynamic sheet forming and (c) 3D printed nozzles
used for the present study. Note the following: all the dimensions include the wall

thickness of 3 mm.
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Table 4.1: Nozzle details

Inlet area/ ~ Flow velocity Flow velocity

Nozzles mm?2 Exitarea/ Contraction at the entry of at the exit of

mm? ratio each nozzle, €ach nozzle,
m/s m/s

A 4

R56 56 1.40 1.16
R46 46 1.70 1.42
R35 35 2.24 1.86
R24 24 3.23 2.72
C46 79 46 1.70 0.83 142
C35 35 2.24 1.86
C25 25 3.13 2.61
C10 10 7.50 6.52
C6 v 6 14.22 v 11.81

Note the following: In the abbreviations ‘R’ and ‘C’ refer to exit shape rectangular-round and
circular, respectively. The number following ‘R’ refers to the exit area of a nozzle; rectangular-

round represented by R and circular represented by C.

4.2.3 Production of fibre mats

The aligned fibre mats (Figure 4.2a) were produced by dynamic sheet forming. The
production details are described in Section 3.2.8. All nozzles listed in Table 4.1, were
trialled for the production of mats. The mats produced were then cut into sizes of 150
x 300 mm and then oven-dried at 80 °C for 48 hours.

For comparison purposes in alignment assessment, two control samples were
prepared. Highly aligned control sample (Figure 4.2b) was prepared by carefully
wrapping hemp fibre bundles (hemp bundles) around a rectangular aluminium piece
in the DSF rotation direction. The random control sample, i.e. the random mat
(Figure 4.2c) was formed by hand. For this, the fibre suspension (10 g fibres in 10

litres of water) was poured onto a screen with very fine holes where the water flows

76



out through the screen and the fibres were deposited onto the screen surface, forming

a mat. The mat was then removed and oven dried at 80 °C for 48 hours.

ol NS 1T GRS
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Figure 4.2: (a), (b), (c) Optical microscopic images of fibre mats produced using
dynamic sheet forming (DSF), highly aligned control sample and random mat,
respectively, (d) Scanning elctron microscopic images of fibre mats produced using
DSF.

4.2.4 Assessment of orientation

4.2.4.1 Orientation assessment of fibre mats using Imagel

Assessment of orientation (alignment) of fibres were carried out using ImageJ and

X-ray diffraction. All the optical microscopic images were captured using a Wild
M3B stereomicroscope attached with Nikon Digital DS-SMc camera and scanning
electron microscopic (SEM) images were captured using a Hitachi S-4000 Field
Emission scanning electron microscope operated at 5 kV. Prior to the SEM analysis,
mats were mounted onto an aluminium stub using a carbon tape and sputter coated
with platinum. For the image analysis using ImageJ (OrientationJ) [140, 175], both

optical (Figure 4.2a, 4.2b and 4.2c) and scanning electron microscopic (Figure 4.2d)
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images of fibre mats produced using DSF were separately assessed. The principles
behind this Image analysis tool are provided in the Section 2.6.1. The fibre
orientation distribution profiles obtained using the OrientationJ plug-in were
interpreted using three approaches: the predominant orientation peaks and the
coherency factors, the ratio between maximum and minimum frequencies, and the
full width at half maximum (FWHM). Twenty five images were analysed for each
batch.

4.2.4.2 Orientation analysis using X-ray diffraction

For the assessment of orientation of fibres using XRD (spectra were obtained using
an EMPYREAN diffractometer system (PANalytical) fitted with a Cu Ko X-
ray tube), each sample was prepared, as shown in Figure 4.3. The sample was then
placed parallel and perpendicular to the X-ray beams for three minutes 26 scan in
transmission modes ranging from 5 ° to 45 ° using a current and voltage of 40 mA
and 40 mV. The scanned signals were detected and recorded to provide the
characteristic peaks using an X-ray detector. From these scans, the most intense
diffraction plane was chosen (200) for all the samples; defined by 26 = 22 °- 23 °.
The sample was then subjected to a phi (®) scan (rotating the sample around 360 °)
for six minutes with 26 fixed at the top of the (200) plane to obtain the azimuthal
diffraction profile. For the calculation, azimuthal diffraction profile of each mat was
normalised with the minimum intensity of diffraction as is common in literature
[147, 176]. Three analysis approaches (methods) were used to interpret the azimuthal
intensity profiles of each mat: ratio of maximum to minimum peak intensity,
Herman’s order parameter (f) and degree of ordering (w). Two samples were

measured for each batch.

Herman’s order parameter (f) and the degree of ordering () were calculated using

the equations displayed below [143]

3= cos?y = —1

4.2
f . (42)
where,

< costy>=1—2< cos*8 > (4.3)
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= 180 (4.5)

where, FWHM is the full width at half maximum. A program was written in
MATLAB in order to obtain the FWHM.

Figure 4.3: Photographs of a sample prepared for XRD analysis. Note the following:
top view (left) and bottom view (right).

4.2.5 Production of PP/MAPP sheets

PP blended with MAPP (7.14g MAPP/100g PP) were formed into sheets using a
ThermoPrism TSE-16-TC twin screw extruder attached with a sheet die (coat-hanger
type) as shown in Figure 4.4. The design fundamentals of the extrusion coat-hanger
type sheet die can be found in the literature [177]. The five heating zones at the
extruder barrel temperatures were set at 145 °C (feed entrance), 160 °C, 155 °C, 160
°C, 170 °C (feed exit). The twin screws were operated at 45 rpm (revolutions per
minute) maintaining torque less than 40 %. The produced sheets after allowing to
cool down to room temperature were cut to 150 x 90 mm to allow them to fit in a
compression mould. The sheets were then stored in sealed polyethylene bags.
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Figure 4.4: Blending PP and MAPP as sheets using a ThermoPrism TSE-16-TC twin
screw extruder.

4.2.6 Fabrication of composites

The PP/MAPP sheets and the fibre mats were weighed and arranged in stacks
between two Teflon sheets (to prevent adhering to the mould) for the production of

composites.

Table 4.2 shows the stacking arrangements of fibre mats and the PP/MAPP sheets
with relative numbers of each based on the targeted weight percentage of fibre mats.
Stacks were heated and pressed in a hot press same as that of PP/MAPP samples (at
170 °C for 5 minutes at 1 MPa). Since the fibre mats was easily distorted, the
consolidation of PP/MAPP sheets with the fibre mats should be carried out carefully.
It was ensured that PP/MAPP sheets were fully melted before slowly applying
pressure. Insufficient melting is believed to distort fibre mats, which could reduce
composite mechanical performance. After hot pressing, the mould was removed from
the hot press and allowed to cool down to room temperature with a weight on the top
of the mould (a steel block of 10 kg). Composite samples were then taken out and
weighed. The final fibre weight percentage was determined from knowing the weight
of fibre mats placed in the mould. All samples were then stored in sealed
polyethylene bags. The stacking arrangements of polymer sheets and fibre mats in

the mould were according to the literature [16].
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Table 4.2: Arrangements of PP/MAPP sheets and fibre mats inside the mould

*
No. of No. of Targeted . Arrangements of PP Fibre
. . Fibre and fibre mats from .
PpP* fibre fibre wt%o loading
Samples** wt% bottom to top of the L
sheets mats (approx.) direction
mould
PP/MAPP 4 0 0 0 4PP -
R46-15 15.7 1PP*/1MAT/1PP*/
C10-15 4 3 15 14.5 1MAT/1PP*/1IMAT/ Parallel or
R46-15-P* 15.5 1PP* Perpendicular
C10-15-P* 15.6
R46-30 29.2 1PP*/3MATS/1PP*/
C10-30 3 6 30 29.3 3MATS/1PP* Parallel

Note the following: P# fibre mat perpendicular relative to DSF rotation direction and PP* =
PP/MAPP. **In the abbreviations ‘R and C’ refer to the hemp composites in which the mats
were produced using a rectangular-round and circular exit cross section nozzles, respectively.
The first number following ‘R or C’ refers to the exit cross section area of the nozzle and the
final number following ‘R or C’ refers to the targeted weight percentage (wt %) of fibres.

4.2.7 Tensile testing of composites

All the samples were cut into tensile test pieces of approximately 150 x 15 mm [16,
31] and their edges were ground using a fine abrasive paper to give a smooth and
uniform sections for the testing. Procedures detailed in ASTM D 638-03; Standard
Test Method for Tensile Properties of Plastics was followed for testing the
specimens. In advance of tensile testing, all the samples were conditioned at 23 °C +
3 °C and 50 % * 5% relative humidity for at least 48 hours. An Instron-4204 tensile
testing machine fitted with a 5 kKN load cell was used for the testing. The gauge
length of the specimens was 80 mm. An Instron 2630-112 extensometer with a gauge
length of 50 mm was attached to the central part of the test specimen for the
measurement of strain. The specimens were tested at a cross-head speed of
1 mm/min. A total of five samples were tested from each batch. The specimens
without fibres were tested only to maximum stress point because of excessive

necking, whereas specimens with fibres were tested to failure.
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4.3 Results and Discussion

4.3.1 Production of fibre mats using different nozzles

As aforementioned, different nozzles were trialled for the production of fibre mats
using DSF. An example of a complete mat produced using DSF is shown in Figure
4.5. The production of mats was successful using all the nozzles (Table 4.3), except
R56 and C6. Instead of a complete mat, the use of R56 nozzle resulted in fibre flocs
or clumps (Figure 4.6) onto the rotating drum, believed to be due to the relatively
very large exit area of this nozzle compared to other nozzles (Table 4.1). The large
exit area of a nozzle can lead to low flow velocity (Table 4.1) of fibre suspension
through the nozzle, resulting in fibre clumps. It has been previously reported that at
low flow velocities, the fibre suspension behaves like a plug flow, where fibre-fibre
interactions are dominant, resulting in fibre flocs. As the flow velocity increases and
reaches a sufficient range, the fibre-fibre interactions become insignificant due to the
flow stresses, and permanent disruption of the plug (fibre-flocs) occurs [38, 76, 84].
It has also been previously reported that the flow characteristics of a fibre suspension
depend on the flow velocity [37]. In contrast to R56, the fibres were found to
frequently clogging up inside the C6 nozzle, believed to be due to the relatively very
small exit area of this nozzle compared to other nozzles (see Table 4.1). This
suggests that, with the current operating variables for DSF, further well-separated
fibres (small size fibres) are required for the successful production of fibre mats

when using nozzles with very small exit areas.

Table 4.3: Production of fibre mats using different nozzles

Nozzles Complete mat
R56 No
R46 Yes
R35 Yes
R24 Yes
C46 Yes
C35 Yes
C25 Yes
C10 Yes
C6 No
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Figure 4.5: A complete hemp fibre mat produced using DSF, (approx. 1000 x 300 x 0.80
mm).

Figure 4.6: Fibre clumps formed on the wire mesh covering the rotating drum of the
dynamic sheet former.

4.3.2 Orientation assessment of fibre mats using ImageJ

4.3.2.1 Using optical microscopic images

Figure 4.7 shows the fibre orientation distribution profiles obtained for the mats and
fibre bundles (highly aligned control sample) using OrientationJ plug-in available
with ImageJ software. Commonly, the orientation is indicated by the predominant
peak of an orientation distribution profile [138, 139]. As can be seen in Figure 4.7,
the profile obtained for the random mats (the mats in which the fibres are mostly at
random angles) appeared to have a relatively small broad peak (almost a flat curve).
In contrast, the profiles obtained for the fibre bundles and fibre mats appeared to
have a relatively sharp predominant peaks around 0 ° (x 8 °). These predominant
peaks around the preferred direction (0 °) for the mats produced using DSF compared

to the almost flat profile (or a small peak around 40 °) of random mats support the
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potential of dynamic sheet former to produce aligned short fibre mats. However, the
profiles obtained for the mats produced using DSF were relatively wider indicating
that the orientations of fibres within the mats are distributed in different directions

with a significant proportion of fibres aligned to the preferred direction [85, 86].
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Figure 4.7: Graphs representing fibre orientation distribution profiles obtained for the
hemp fibre mats made using DSF with different nozzles and control samples. Optical
microscopic images of the fibre mats were used for the analysis.

In addition to the calculation of predominant or preferred orientation of fibres in an
image, the OrientationJ program also calculated a ‘coherency factor’ to that
orientation [178]. This factor is calculated based on the amount of pixels that are in
line in a particular direction and is bound between 0 and 1; with 0 and 1 indicating
isotropic and anisotropic orientations, respectively [179]. The coherency factors

generated by OrientationJ plugin are represented in Table 4.4. As can been, the
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highest coherency factors were obtained for the fibre bundles followed by the fibre

mats produced using DSF and the random mats.

Among the fibre mats produced using DSF with different nozzles, there was a trend
of increasing fibre orientation for nozzles with increasing contraction ratio as
indicated by the increasing predominant orientation peak heights (Figure 4.7) and
coherency factors (Table 4.4), but it was only significant for extreme cases (lower
versus higher contraction ratios). Also, the exit shape of a nozzle was found to have
less influence on fibre orientation as there was no significant differences (confirmed
by Student’s t-test) in fibre orientation between the mats made with nozzles of
similar contraction ratios (R46, C46 and R35, C35). When compared to the current
nozzle (R46), coherency factor was found to increase by about 35 % with the C10
nozzle. These results indicate that the exit shape of a nozzle is less significant for
fibre orientation in DSF. Previous studies have reported that in a simple shear flow,
nozzle exit area largely affects the alignment of fibres. If the nozzle exit area is large,
although fibres near to the wall are aligned towards the flow direction, at the centre,
fibres are aligned perpendicular to the flow direction. In contrast, if the nozzle exit
area is small, the core region slowly disappears and increases the tendency of the
fibres in the suspension to align towards the flow direction [74, 82, 83]. It has also
been reported that fibre suspension experiences extensional flow due to the sudden
flow acceleration (change in velocity of suspension) by the contraction section of a
nozzle and can result in more alignment of fibres towards the flow direction [39, 74-
76].

Qualitative visual representations of orientation distribution (colour coded maps of
local angles) are also available with OrientationJ in HSB mode: Hue-the angle of
fibre orientation, Saturation-coherency and Brightness-input image [137, 175]. The
colour coded maps obtained for the highly aligned control sample, the random mat
and the selected mats (R46, C10) produced using DSF, are shown in Figure 4.8. The
data visualisations are in good agreement with the data acquired for the orientation
distribution profiles. As can be seen, apart from the fibre bundles, the fibre mats
made with the C10 nozzle (Figure 4.8d) revealed more orientated fibres towards 0 °
compared to the random mat (Figure 4.8b) and the fibre mats made with the R46

nozzle (Figure 4.8c).
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Table 4.4: Coherency factors generated by OrientationJ plugin, the calculated
frequency ratio and FWHM of the fibre orientation distribution profiles using optical
microscopic images

Average
Contraction Average max/min

Samples* - coherency SD SD FWHM SD

ratio P frequency

actor .
ratio

Random mats - 0.11 0.04 1.80 0.21 - -
Fibre bundles - 0.36 0.12 259 883 2500 098
R46 1.70 0.23 0.03 242 053 73gg 709
R35 2.94 0.24 0.04 3.10 0.89 69.40 6.27
R24 3.23 0.26 0.04 3.12 0.85 67.60 6.71
C46 1.70 0.21 0.06 2.76 0.82 70.96 8.22
C35 2.24 0.23 0.04 2.79 0.72 70.60 7.16
C25 3.13 0.26 0.05 3.12 0.93 67.68 6.53
C10 7.50 0.31 0.02 3.43 1.05 67.88 7.08

Note the following: *the abbreviations represent the fibre mats produced using dynamic
sheet forming with different nozzles. SD = standard deviations. FWHM = full width at half

maximum.

DSF rotation direction

L >

Figure 4.8: The colour-coded maps obtained with OrientationJ for: (a) Fibre bundles (b)
Random mats and (c), (d) Fibre mats produced using R46 and C10 nozzles, respectively.
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The frequency ratio, i.e. the ratio of maximum to minimum frequency, for the
aforementioned fibre orientation distribution profiles are also provided in Table 4.4.
The reported average frequency ratio could be considered as an indication of degree
of orientation of fibres within a mat. Among the mats produced using DSF with
different nozzles, the mats made with the C10 nozzle exhibited the highest average
frequency ratio. The nozzles of similar contraction ratio but with different exit shapes
(i.e. rectangular-round or circular) were also compared based on the average

frequency ratio and no significant differences were observed.

The full width at half maximum (FWHM) is commonly used to describe the width of
a peak at the mid-height position [180]. Generally, a profile with low FWHM
indicates a high degree of orientation. The FWHM obtained using a Gaussians fit for
each fibre orientation distribution profile (see Figure 4.7), except for the random
mats are also presented in Table 4.4. The flat profile for the random mats made
FWHM difficult. Unsurprisingly, the lowest FWHM was shown for the fibre
bundles. Among the fibre mats produced using DSF with different nozzles, a
decreasing trend for FWHM was shown with increases in contraction ratio of
nozzles. However, statistical analysis (Student’s t-test) did not support significant

differences between these results.

4.3.2.2 Using scanning electron micrographs

Figure 4.9 shows the scanning electron micrographs (SEM) of hemp fibre mats
produced using DSF with different nozzles. As can be seen, it is hard to have clear
visual differences between distributions of orientations of fibres within the mats. The
micrographs of selected fibre mats (R46 and C10) were assessed using OrientationJ.
The data obtained was analysed using the three aforementioned approaches. The
results were relatively consistent with that found for OrientationJ analysis with
optical microscopic images. Figure 4.10 represents the fibre orientation distribution
profiles of these mats. The predominant orientation peak height was higher for the
fibre mats made with the C10 nozzle compared to the R46 nozzle. Qualitative visual
representation of fibre orientation distribution within these mats can be seen in
Figure 4.11. As expected, the scanning electron micrographs provided better visual
distinction of orientation of fibres within the selected mats compared to the optical

microscopic images (Figure 4.8c and 4.8d compared to Figure 4.11). Table 4.5
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displays the generated coherency factor, calculated frequency ratio and FWHM of
the fibre orientation distribution profiles for these mats. The trends were similar to
the results obtained for the optical microscopic images of these fibre mats.

R46 R35

DSF rotation direction ——

Figure 4.9: Scanning electron micrographs of fibre mats produced using DSF with
different nozzles.
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Figure 4.10: Graphs representing fibre orientation distribution profiles obtained for
the fibre mats made using DSF with selected nozzles (R46 and C10). Scanning electron
micrographs of the fibre mats were used for the analysis.

Table 4.5: Coherency factors generated by OrientationJ plugin, the calculated
frequency ratio and FWHM of the fibre orientation distribution profiles using SEM

images
. Average Average
Contraction Average
Samples ratio coherency  SD frequt_ancy SD EWHM SD
factor ratio
R46 1.7 0.24 0.02 4.38 0.78 68.67  6.02
C10 7.5 0.29 0.01 5.76 0.54 20.33  3.79
+90°
1| +90° l
'@
-90¢©

Figure 4.11: Colour coded maps obtained for the scanning electron micrographs of the
selected fibre mats using OrientationJ plugin (R46-top and C10-bottom).
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Overall, the trend of increasing fibre orientation for nozzles with increasing
contraction ratio was more consistent with the fibre orientation distribution profiles

and the frequency ratio approaches compared to the FWHM approach.
4.3.3 Orientation analysis using X-ray diffraction

Generally, the cell walls of natural plant fibres (NPFs) consist of primary and
secondary cell walls (S1, S2, and S3 layers). The long and thin microfibrils dominate
the secondary cell walls. These microfibrils are made up of cellulose, which is
mainly responsible for the tensile strength of the fibres. Typically, native cellulose
consists of crystalline and alternating amorphous regions [144]. Figure 4.12 shows
the 20 profiles: the raw diffraction pattern and resultant diffraction pattern of a hemp
fibre mat. The raw diffraction pattern data (raw data) is a combination of crystalline
and amorphous contributions. The amorphous background was estimated from this
raw data by fitting a power trend line to the data points from the regions (indicated
by orange colour in Figure 4.12) outside of the main crystalline cellulose peaks. The
estimated background was then subtracted from the raw data. For all the samples, the
most intense diffraction plane was (200) plane of cellulose 1. The selected (200)
plane was then monitored during scans where the fibre mats on the sample holder
were rotated around the phi (®) axis [176], resulting in an azimuthal diffraction

profile for each mat.

Figure 4.13 shows the azimuthal diffraction profiles of the selected fibre mats
produced using DSF and random mats. As can be seen, the azimuthal diffraction
profiles for the mats produced using DSF indicate that the (200) crystal planes had
preferred orientation distribution around 90 and 270 °. In contrast, there were many
peaks distributed over 360 ° for the random mats, suggesting no clear preferred
orientation of the (200) crystal planes. This again supports the potential of dynamic
sheet former to align fibres along the preferred direction. It was found that the fibre
mat made with the C10 nozzle exhibited a more preferred orientated azimuthal

diffraction profile compared to the fibre mats made with R46 nozzle.
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Figure 4.12: X-ray diffraction pattern of a hemp fibre mat using Cu Ka radiation.
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Figure 4.13: Azimuthal diffraction profiles for the selected fibre mats and random mats.

The peak intensity ratio, i.e. ratio of maximum to minimum intensity of azimuthal
diffraction profiles, was calculated, and the average values plotted for each mat are
provided in Table 4.6. The average intensity ratio indicated an increasing trend with
increasing contraction ratio. However, a significant difference (confirmed by
Student’s t-test) was found only between the fibre mats made with the C10 and R46
nozzles. Also, no significant differences were observed between nozzles with similar
contraction ratio but with a different exit shape, i.e. rectangular-round or circular.
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It has been reported that Herman’s order parameter (f) can be used to quantify the
degree of orientation of the cellulose chain axis relative to some other axes of
interest. Generally, f =1 for completely aligned and f = O for randomly orientated
[142]. Herman’s order parameters (f) calculated for different processed azimuthal
diffraction profiles are summarised in Table 4.6. In good agreement with the ImageJ
results, more pronounced orientation of fibres was observed for the mats made with
the CI10 nozzle as indicated by the highest Herman’s order parameter.
Unsurprisingly, the lowest (f) value was observed for random mats indicating a very

low degree of orientation.

The full width at half maximum (FWHM) and degree of ordering (w) calculated for
the azimuthal diffraction profiles of the fibre mats are also presented in Table 4.6.
Generally, a low FWHM of azimuthal diffraction profile indicates a high degree of
orientation [141]. The FWHM and degree of ordering indicated an increasing trend
with increasing contraction ratio, however, were found to be statistically insignificant

using the Student’s t-test.

Table 4.6: XRD assessment of orientation of fibre mats: average intensity ratio and
Herman’s order parameter, FWWHM and degree of orientation.

samples* CO”:;SE“O” ﬁn\tlgr:?g;e/ sD H%rrlg:: * SD  FWHM SD oDr?gr:faetiocrn
ratio parameter ), %
Random mats - 1346  0.135 0.139 0.094 - - -
R46 1.70 1.904 0.064 0.464 0.033 58.2 2.1 67.67
R35 2.24 1988 0.079 0.446 0.047 57.9 1.3 67.83
R24 3.23 1.994  0.052 0.402 0.016 57.2 15 68.22
C46 1.70 1.952 0.142 0.504 0.042 58.1 1.9 67.72
C35 2.24 2.070 0.264 0.455 0.018 57.7 11 67.94
C25 3.13 2.122  0.098 0.418 0.039 57.1 1.6 68.28
C10 7.50 2.278 0.156 0.511 0.005 53.1 0.7 70.50

Note the following: *the abbreviations represent the fibre mats produced using different nozzles.
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4.3.4 Evaluation of composites

Figure 4.14 shows typical stress-strain curves for composites made with selected
fibre mats (selected based on the orientation analysis) along with that for PP/MAPP
(the control sample) for comparison purposes. The composites containing fibre
content of approximately 15 wt% were tested parallel and perpendicular to the main
fibre alignment direction (the preferred direction). As can be seen, the control
samples extended in a ductile manner to high strain without fail, whereas the
incorporation of fibres caused the samples to fail in a brittle manner without much

noticeable yielding.
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Figure 4.14: Typical stress-strain curves for PP/MAPP and composites reinforced with
approximately 15 and 30 wt% fibre loaded parallel and perpendicular to main fibre
alignment direction.

Figure 4.15a represents the tensile strength of fibres as a function of fibre content and
loading direction for the composites. Composite tensile strength was normalised with
weight percentages of fibres (

Figure 4.15b) to account the variability in tensile strengths of composites based on
the slight variations of fibre content. From the results, it can be seen that, for the
composites tested parallel to the main alignment direction, the tensile strength
increased with an increase in fibre content. The tensile strengths for the composites
made with 15 and 30 wt% fibre mats produced using the highest contraction ratio
nozzle, C10, significantly increased to 23.08 and 35.64 MPa, respectively; these
were approximately 5 and 11 % higher than the respective composites made with the
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fibre mats produced using the current nozzle, R46. Increased tensile strengths
obtained here is believed to be due to the improved fibre orientation.
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Figure 4.15: Graphs representing: (a) Tensile strength and (b) Tensile strength/weight
percentage* of various composites tested. Weight percentage = weight percentage of
fibres.

Unsurprisingly, the composites tested perpendicular to the main alignment direction
exhibited lower tensile strengths compared to those composites tested parallel. In the
main fibre alignment direction, composite properties are known to be strongly

dependent on fibre properties and the fibre-matrix interface. However, in the
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perpendicular direction, properties are more dependent on the fibre-matrix interface
and the matrix [16, 181]. Furthermore, in this direction, the diameter of the fibre is
very small relative to the critical fibre length to bring about tensile load in the fibre
[16]. Moreover, it is most likely that the fibre strength is lower in this direction due
to the orientation of microfibrils which has shown to provide high strength when

aligned parallel to the fibre direction [35].

Figure 4.16a and 4.16b represent Young’s modulus and Young’s modulus/weight
percentage of fibres as a function of fibre content and loading direction for the
composites. As expected, Young’s modulus of PP/MAPP increased with the
inclusions of the fibres. This is due to the fact that fibre possesses higher Young’s
modulus (see Table 3.1) than PP/MAPP. Similar to the tensile strength, Young’s
modulus of composites tested parallel to the main fibre alignment direction were
higher compared to those composites tested perpendicular. According to the
Student’s t-test, there are no significant increases in Young’s modulus of composites
made with fibre mats produced using the C10 nozzle compared to the composites
made with fibre mats produced using the R46 nozzle. However, the averaged test
results suggest that Young’s modulus of the composites made with fibre mats
produced using the C10 nozzle are slightly superior.
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Figure 4.16: Graphs representing: (a) Young’s modulus and (b) Young’s
modulus/weight percentage* of various composites. Weight percentage = weight
percentage of fibres.

4.4 Chapter Conclusions

Nozzles with different geometries were used to produce hemp fibre mats using
dynamic sheet forming. The orientation of fibres within these mats was investigated
using ImageJ and X-ray diffraction analyses. It appears that both techniques were in
good agreement, showing that dynamic sheet forming has the potential to produce
aligned short fibre mats. In the results, although there was a trend of increasing fibre
orientation for nozzles with increasing contraction ratio, it was only statistically
significant for extreme cases (lowest versus highest contraction ratios of the nozzles
which successfully produced sheets); exit shape of a nozzle was found to have less
influence on fibre orientation. Improved fibre orientation obtained for dynamic sheet
forming was indicated by higher values of coherency factor (0.31 compared to 0.23)
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and Herman’s order parameter (0.511 compared to 0.464) for the fibre mats
produced using the highest contraction nozzle compared to those mats produced
using the lowest contraction ratio nozzle (the current nozzle). The improved fibre
orientation was further supported by an 11 % increase in tensile strength for the
composites made with 30 wt% fibre mats produced using the highest contraction
ratio nozzle compared to the respective composites made with the fibre mats
produced using the current nozzle, R46. Overall, the orientation of fibres within mats

produced using dynamic sheet forming has been improved.
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5 Chapter Five

Effect of surface treatments of aligned hemp
fibre mats on the performance of polypropylene

matrix composites

5.1 Introduction

The main objective of this study was to improve the performance of fibre mats
produced using DSF. The hemp fibres that underwent a high temperature (HT)
alkaline treatment, as described in Chapter 3, were used for the production of fibre
mats using DSF. Further treatments with stearic acid and cellulose nanocrystals were
carried on these fibre mats separately and assessed. Composites were made with
different fibre contents up to a maximum of 30 wt%. This chapter describes the work
carried out to assess the effects of stearic acid and cellulose nanocrystal treatments
on the performance of polypropylene reinforced with treated fibre mats. This chapter
is divided into two parts:

I.  Effect of stearic acid vapour treatment on the properties of fibre mats
produced using DSF and their potential use in polypropylene matrix
composites.

Il.  Effect of cellulose nanocrystal treatments on the properties of fibre mats

produced using DSF and their potential use in polypropylene matrix
composites.
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5.2 Part I. Materials and Methodology

5.2.1 Materials

Stearic acid, in powder form, with molecular weight of 284.48 g/mol was purchased
from Merck Schuchardt, Germany. The materials used for the production of the fibre

mats and composites are described in Chapter 4.
5.2.2 Fibre mat production

The method used for the production of fibre mats was similar to that described in
Section 3.2.8.

5.2.3 The stearic acid vapour treatment

Prior to stearic acid (SA) vapour treatment, the fibre mats to be treated were dried
overnight at 80 °C. The SA treatment for the mats was carried out using a vapour
process. A predetermined 4 g of stearic acid was spread onto an aluminium tray. The
fibre mats to be treated were left on a wire mesh that was temporarily fitted to the top
of the tray, as shown in Figure 5.1. The set up was entirely covered using an oven
bag and sealed, and then placed in a preheated oven at 105 °C for 36 h; the treatment
time and temperature were selected from a previous study that reported improved
stress transfer for NPFCs [42]. After the treatment, the mats were removed from the
mesh and then oven dried at 50 °C for 12 h. The weight percentage gain from the

treatment was calculated based on the dry weight of the untreated fibre mats.

Ovenbag farmmer ™ ™

| Wire mesh  |g--veeee

Fibre mat N

B

“
B

B
=
c.
113
-

Aluminium tray

Figure 5.1: Setup used for the stearic acid (SA) vapour treatment.
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5.2.4 Production of PP/MAPP sheets

The method used for the production of PP/MAPP sheets was similar to that described
in Section 4.2.5

5.2.5 Assessment of fibre mats and composite morphology

The fibre mat surfaces and the microstructure of the tensile fracture surfaces of the
samples were assessed using a Hitachi S-4100 field emission scanning electron
microscope operated at 5 kV. All samples were mounted on aluminium stubs using
carbon tapes and then sputter-coated with platinum to make them conductive before

observation.
5.2.6 Fourier transform infrared spectroscopy

A PerkinElmer Spectrum One spectrometer was used to obtain the infrared spectra of
the samples. The fibre mat samples were ground to fine powder using a Retsch
MM400 ball mill. The ground powder for each sample was then mixed and
compressed with KBr (potassium bromide) using a hydraulic press to form a disc for

FTIR analysis. Neat stearic acid was also analysed.
5.2.7 Water retention value test

The fibre mat surfaces were characterised by measuring the water retention value
(WRV), following a method previously reported for characterising fibre surfaces
with stearic acid treatment [95]. For the test, 500 mg of fibre mat was placed in a test
tube with 3 ml of distilled water and shaken for 10 minutes. The mat was manually

taken out from the test tube and then the wet weight of the mat (w,) was measured.

The mats were then dried in an oven at 105 °C for 24 h to obtain the dry weight of

the mat (w, ). Three replicate samples were tested for each batch and average values

are reported. The following equation has been used to determine the water retention

value:

W
WRV =12~ (5.1)
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5.2.8 Contact angle measurement

Neat PP and PP/MAPP sheets and fibre mats were assessed for contact angle. A
simple custom experimental set up, as schematically shown in Figure 5.2, was
constructed which allowed the measurement of contact angle with reasonable
precision [182]. The images for analysis were captured using a digital mobile camera.
A cardboard box was employed for shielding the liquid droplet (distilled water) from
air contaminants and stray light. Additionally, a commercial lamp along with a filter
paper (diffuser) was positioned behind the liquid droplet for uniform lighting.
Measurements were carried out on samples of dimensions 25 x 25 mm at room

temperature. The measurements were repeated for three times for each batch.

Figure 5.2: Schematic diagrams of contact angle measurement set up.

5.2.9 Production of composites

Composite processing was conducted according to the method described in Section
4.2.6. Composites with fibre contents of approximately 15 and 30 wt% were
prepared for this work. An example of a moulded composite is shown in Figure 5.3.
Neat PP samples were also produced for comparison purposes. Stacks of neat PP
samples were heated and pressed in a hot press same as that of PP/MAPP samples (at
170 °C for 5 minutes at 1 MPa).
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Figure 5.3: Hemp composites with 30 wt% fibre content fabricated by compression
moulding.

5.2.10 Tensile testing of composites

Tensile testing of composites was conducted according to the method described in
Section 4.2.7. Details and abbreviations of the samples used can be seen in Table 5.1.

Five samples for each batch of composites were tested.

Table 5.1: Abbreviations used for PP, PP/MAPP and composite samples

Sample Abbreviation
Neat Polypropylene PP

PP blended with MAPP coupling agent (the control) PP/MAPP

PP matrix composite reinforced with alkali-treated hemp PP/H#
rF:(E’mn;atrlx composite reinforced with alkali-stearic acid-treated PP/HE/SA

PP/MAPP matrix composite reinforced with alkali-treated hemp PP/MAPP/H#

PP/MAPP composite reinforced with alkali-stearic acid-treated

PP/MAPP/H#/SA
hemp

Note the following: ‘H’ refers to hemp fibre and the “#’ following ‘H’ is equal to the nominal
weight percentage of fibres in composites. For instance, H15 = 15 wt% hemp fibre in

composites.
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5.2.11 Thermogravimetric analysis

3 mg and 15 mg samples were taken from each type of fibre mat and composite,
respectively and analysed using a PerkinEImer STA 8000 as described in Section
3.2.7.

5.2.12 Swelling studies

Swelling studies were carried out to evaluate the interaction between the fibre and
matrix in composites. The test was conducted according to the method reported in
the literature [16]. Toluene was used as the solvent for immersion. Prior to the
immersion of samples with nominal dimensions of 30 x 5 x 3 mm, the dry weights
(initial weights, w) of three replicate samples were measured. The samples were then
immersed in the solvent at room temperature for 48 hours. After immersion, the
samples were taken out and wiped with a soft cloth. Then the weight of solvent
absorbed was recorded and average values have been reported. The swelling index of

the composite is calculated using the following equation [183]:

A
Swelling Index, % = ﬁ x 100 (5.2)

where As - the amount of solvent absorbed.
5.3 Results and Discussion

5.3.1 Microscopic evaluation of hemp fibre surfaces

SEM micrographs of hemp fibre surfaces are shown in Figure 5.4. As can be seen in
Figure 5.4a, the untreated fibres (UT) are in fibre bundle forms. In contrast, high
temperature alkali treated fibres (HT) appeared to have undergone separations from
their bundle forms (Figure 5.4b) due to the removal of localised components on their
surfaces, revealing a rough texture with a large number of grooves (Figure 5.4c) [4,
31]. It appears that the stearic acid vapour treatment (HT/SA) smoothed the fibre
surfaces (Figure 5.4d compared to Figure 5.4c). Furthermore, it may be seen that the
fibre surfaces appeared to be covered by a thin layer. This thin layer could be
attributed to the presence of stearic acid, which has been deposited on the fibre

surfaces. Similar observations have been reported elsewhere [42, 116].
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To further investigate this deposition, the fibres treated with alkali only and further
treated with stearic acid were separately exposed to electron beams under high
magnification for the same exposure time (5 s). Three replicate samples were tested.
An interesting observation was that the stearic acid treated fibres appeared to have
undergone less damage than that of the alkali only treated fibres (Figure 5.4f
compared to Figure 5.4e). This is thought to be due to the presence of stearic acid,

which could have hindered the damage.

U

SOKV 11.3mm x1.51k SE(M)

Figure 5.4: Scanning electron micrographs of fibre mats: (a) Untreated (UT), (b), (c)
and (e) fibres treated with alkali only, HT and (d) and (f) fibres further treated with
stearic acid, HT/SA. Note the following: HT - high temperature, SA - stearic acid,
HT/SA - both HT alkali and SA treated.
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5.3.2 Fourier transform infrared spectroscopy

Detailed comparison of spectra of untreated (UT) and fibres treated with alkali only
(HT) have been provided in Section 3.3.3. Figure 5.5 shows the spectra of fibre mats
without stearic acid (HT) and with stearic acid (HT/SA) and neat stearic acid. A few
minor differences can be seen between the spectra of the fibre mats. In the spectra of
neat stearic acid, high intensity peaks were detected at 1705, 1470, 1300, 1733 and
1228-1235 cm™, which are commonly assigned in literature to the carboxylic acids.
[117, 184]. A few minor differences can be seen between the spectra of the fibre
mats; the two peaks related to the stretching vibrations of CH> groups at 2850 and
2920 cm™ [184, 185] were more pronounced in the spectra of fibre mats with stearic
acid than those without stearic acid supporting the presence of stearic acid on the
fibre surfaces. Assessment of whether reaction between stearic acid and the fibre had
occurred was conducted, for which peaks would expected to appear at around 1733
(C=0) and 1000-1300 (C-O) cm™ [186]. However, such peaks were not noticeable in
the spectra of fibre mats with stearic acid treatment. These observations were similar
to the work reported for flax fibres treated with stearic acid vapour [117]. The
absence of ester functional groups peaks from the spectra could be due to the very
low levels of stearic acid deposited on the fibre surfaces; the weight percentage gain
in the fibre mats obtained after the SA treatment was around 0.54 % and so the

presence of ester bonding between stearic acid and the fibre was inconclusive.
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Figure 5.5: FTIR-spectra of: fibre mats with alkali treated fibres only (HT), fibre mats
further treated with stearic acid (HT/SA), and neat stearic acid. Note the following: HT
- high temperature and SA - stearic acid.
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5.3.3 Water retention values
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Figure 5.6: Water retention values of fibre mats: fibre mats treated with alkali only
(HT), fibre mats treated further with stearic acid (HT/SA).

Figure 5.6 represents the average water retention values (WRVs) obtained for the
alkali treated fibre mats only (HT) and fibre mats further treated with SA (HT/SA).
As can be seen, the water retention value was significantly lower for the SA treated
fibre mats compared to the fibre mats without SA. This indicates that the fibre
surfaces become less hydrophilic with the deposition of stearic acid. The long
hydrocarbon chain of SA (18 carbon atoms) could have provided protection of fibres

from water since it is itself quite hydrophobic [42].
5.3.4 Contact angle measurements

The outcomes of all measurements made for contact angles of neat PP and PP/MAPP
sheets and fibre mats without (HT) and with SA treatment (HT/SA) are presented in
Table 5.2. As expected, the neat PP films exhibited the characteristics of
hydrophobic surfaces with a contact angle of 116 °C. When PP was blended with
MAPP, a significant decrease in the contact angle (88 °) was observed. This is most
likely due to the polar functional group (MA group) available on the surfaces of
PP/MAPP sheets as a result of blending [5]. It has been previously reported that the
availability of polar functional groups on the film surfaces influences wettability by
water [187]. Unsurprisingly, the test liquid (water) drop spontaneously spreads onto
to the fibre mats (see Figure 5.7b, left). In contrast, the water droplets were stable on
the fibre mat surfaces that underwent the SA treatment (Figure 5.7 b, right). This
could be due to the thin layer deposited on the fibre mat surfaces (see Section 5.3.1)

as a result of the SA treatment. This thin layer could have changed the innate
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hydrophilic characteristics of fibre mat surfaces to hydrophobic, resulting in a high

contact angle of 126 °.

Table 5.2. Summary of contact angle measurements. Standard deviations are shown in
parentheses. CA = contact angle

Samples CA-Left/° CA-Right/° Average CA
Neat PP 115.8 (3.6) 117.0 (3.2) 116.4 (3.4)
PP/MAPP 86.8 (1.9) 89.9 (1.9) 88.4 (1.9)
HT 0 0 0
HT/SA 126.3 (1.5) 127.3 (5.1) 126.8 (3.3)

(b)

SA counteract the
spreading

CA Left=126.606 Right=123.629

Figure 5.7: (a) A sample image of water droplet used in the measurement of CAM (b)
Photograph images fibre mats without and with the SA.

Overall, from SEM, FTIR, weight percentage gain, WRV and contact angle
measurements it may be concluded that stearic acid is present on the fibre surfaces

and is more likely to be in the form of thin layers.
5.3.5 Tensile properties of composites

Figure 5.8a represents the tensile strengths of neat PP, PP/MAPP (the control) and
various composites tested. Composite tensile strengths normalised by the weight
percentage of fibre is shown in Figure 5.8b to confirm the change in tensile strength
for composites due to SA addition. It was found that the tensile strength of neat PP

was not significantly affected with the addition of MAPP as confirmed by a
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Student’s t-test, although the average tensile strength suggests a slight increase.

Table 5.3 represents the percentages of improvement obtained in the average tensile

strengths of composites from fibre inclusion, further fibre mat treatment (SA
treatment, but not MAPP), coupling agent (MAPP) and the combination of SA and

MAPP, along with those values for composites with alkali treated fibre mats only (no

MAPP and no SA) for comparison. As can be seen, the inclusion of fibres into neat

PP increased the tensile strengths of composites significantly.

(a)

o
=
|

Cad

th
1

Tensile Strength/MPa

)
o
S

Strength/ Weight Percentage®,
MPa/%

L
=
]

I

th
1

[
=
]

[

th
1

i
=
]

= h

1.6

0.8

04

0.0

MPa/%

®

Q‘Q

W
A
®
&

R

Strength/ Weight Percentage*,

Figure 5.8: (a) Tensile strength of composites as a function of various treatments (b)
Tensile strength/weight percentage* of the composites. Table 5.3: Percentage
improvement in tensile strengths of composites over composite with alkali treated fibre

mats only
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Average tensile

Sample strength/MPa Improvement/%
PP/H15 17.7 -
PP/H15/SA 20.4 15.3
PP/MAPP/H15 23.1 30.5
PP/MAPP/H15/SA 22.9 29.4

The improvement in tensile strengths for composite with fibres treated with SA (but
not MAPP) from various studies seen in the literature is believed to be due to
improved compatibility resulting fibre wetting by the matrix [42, 116, 117]. As
aforementioned, the fibre surfaces appeared to be less hydrophilic after the SA
treatment. Thus, the treatment could have facilitated better interfacial compatibility
between the fibre and the matrix than the composites with fibres with alkali treatment
only [188, 189]. The possible interactions between the fibre surfaces, stearic acid and
the matrix are shown in Figure 5.9a. The SA could react with available OH groups
on the fibre surfaces to form ester bonds [190]. There are chances of partial
entanglements of aliphatic chains of SA with the polymer chains of the matrix (PP)
[8, 22]. Furthermore, the stearic acid molecules present on the fibre surfaces may
reduce volatiles such as moisture from being adsorbed onto the fibres. The volatiles
can desorb easily at the processing temperature of NPFCs, resulting in voids leading

to the poor fibre-matrix interfaces [23].
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Figure 5.9: (a) Possible interactions of stearic acid, natural fibre and PP (1 - neat SA, 2
- SA dimer, 3 - neat PP, 4 - natural fibre surfaces, 5 - ester bond formed with fibre
surfaces, 6 - potential of hydrogen bonding), (b) Possible interactions between maleic
anhydride of MAPP and OH groups on the natural fibre surfaces.

The highest improvement obtained here for tensile strength of composites coupled
with MAPP can be attributed to the greatest improvement for interfacial shear
strength between the fibre and the matrix, which have facilitated better stress transfer
through strong bonding to the fibres. This is due to the anhydride group (MA

monomers) available with the MAPP which can react strongly through strong
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covalent ester-linkage plus potential hydrogen with the hydroxyl group present on
the fibre surfaces (Figure 5.9b). Additionally, the long polymer chains of MAPP can
interact with the PP by means of chain entanglement. Thus, the MAPP coupling
agent acting as a bridge between the matrix and the fibres, improving the fibre-
matrix adhesions, leading to the improved tensile strengths for the composites

compared to the composites treated with alkali only.

Although the composites with the combination of SA and MAPP did not show any
additive benefits for tensile strengths, interestingly, the standard deviations obtained
for the tensile strengths of the composites were smaller compared to composites
coupled with MAPP. This indicates that, at the fibre/matrix interface, the MA
monomers of MAPP react strongly with the available hydroxyl group (OH) on the
fibre surfaces and stearic acid deposited on the fibre surfaces is more likely to

facilitate for better fibre wetting by the matrix, making interactions more consistent.

Figure 5.10a shows Young’s modulus for neat PP, PP/MAPP and all composites
tested. Similar to the tensile strength, Young’s modulus of the composites was
normalised by the fibre weight percentage as shown in Figure 5.10b. As for the
tensile strength, the addition of MAPP did not significantly affect Young’s modulus
of neat PP. As can be seen, only slight improvement in Young’s modulus for
composites with stearic acid treated fibre mats and composites coupled with MAPP
and the combination of SA and MAPP is obtained.
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Figure 5.10: (a) The Young’s modulus of PP/hemp composites as a function of various
treatments (the composites were approximately 15 and 30wt %) (b) Young’s
modulus/weight percentage* of composites. Weight percentage* = weight percentage of
fibre mats with or without SA.

Figure 5.11 shows stress versus strain curves for the composites. The composites
with alkali treated fibre mats only failed at lower stress and larger strain compared to
other composites. In contrast, the composites with stearic acid treated fibres only,
composites coupled with MAPP and with the combination of SA and MAPP

improved the load-bearing capacity (stress), indicating improved interfacial
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adhesions with further treatment and when coupled with MAPP and with the
combination of SA of MAPP.
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Figure 5.11: Stress-strain curves for composites with fibre contents of approximately:
(a) 15 wt% (b) 30 wt%.

Scanning electron micrographs of tensile fractured surfaces for composites with
alkali treated fibre mats only, composites with SA treated fibre mats and composites
coupled with MAPP and the combination of SA and MAPP are shown in Figure
5.12a to 5.12d. As can be seen, the composites with alkali treated fibre mats only
(Figure 5.12a) appeared to have large holes, showing a very weak fibre/matrix
interfacial adhesion. There is a large number of unbroken fibres sticking out of the
fracture surfaces indicating, much fibre pull-out due to inadequate fibre wetting by
the matrix. In contrast, it can be seen in Figure 5.12b that the composites with SA
treated fibre mats slightly improved the fibre/matrix interfacial adhesion. The further
treatment with SA could have provided better access for PP matrix to impregnate
around the fibres. Although these composites showed better fibre/matrix interfacial
adhesion compared to those composites with alkali treated fibre mats only, there are

still large protruding fibres and gaps between the fibres and the matrix.

It can be seen in Figure 5.12c that the addition of coupling agent (MAPP) greatly
improved the fibre/matrix interfacial adhesion. There is less evidence of fibre pull-
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out, and the matrix looks as if to have adhered strongly to the fibre surfaces,
indicating good fibre wetting. Very few short fibres can be observed at the interface
as the majority of the fibres are covered up by the matrix. It can also be seen that the
composites with the combination of SA and MAPP (Figure 5.12d) appeared to have

almost similar fibre/matrix interfacial adhesions.
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Figure 5.12: SEM images of tensile fracture surfaces for composites: (a) with alkali
treated fibre mats alkali only (b) with fibre mats further treated with SA, (c) with
coupling agent MAPP and (d) with the combination of SA and MAPP.

5.3.6 Thermogravimetric analysis of fibre mats and composites

The TGA curves for the fibre mats without (HT) and with SA treatment (HT/SA) are
shown in Figure 5.13a. The fibre weight was maintained for the fibres without and
with SA treatment until declines at around 328 °C and 332 °C, respectively. Above
380 °C, the fibres without SA treatment lost almost 93 % of their initial weight,

whereas fibres with SA treatment lost only 86 % of their initial weight. These
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indicate that the thermal stability of the fibres has slightly improved after the SA
treatment. A similar finding has been previously reported; the SA vapour treatment
had a profound effect on the thermal stability of the fibres [188]. The consistent
improvement in thermal stability of SA treated fibres above 380 °C could be due to
the presence of SA on their surfaces. It has also been reported elsewhere that above
380 °C, under air, the presence of SA could reduce the oxidative decomposition of
charred residue [191]. However, as the thermal degradation of cellulosic materials is
a complex phenomenon, more research is required to make clear why the stearic acid

vapour treatment improved the thermal stability of the fibres.
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Figure 5.13: TGA analysis of (a) fibre mats and (b) composites.
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TGA curves for neat PP, composites with the coupling agent (without SA) and with
the combination of SA and MAPP are shown in Figure 5.13b. The thermal
degradation of neat PP and the composites initiates at around 260 °C. The initial
10 % of the weight loss occurred for neat PP around 280 °C, whereas the weight loss
occurred only at 295 °C and 310 °C for the composites with MAPP only and
combination of SA and MAPP treatment, respectively. When compared to neat PP,
the increased thermal stabilities of the composites are likely to be due to the presence
of thermally more stable fibres. It has been previously reported that the incorporation
of fibres could immobilise the free radicals formed as a result of the initiation of
polymer degradation, improving the thermal stability of composites [192]. Similar
observations where PP matrix reinforced hemp composites displaying higher
degradation temperatures compared to neat PP has been previously reported [193].
The slight improvement in thermal stability for the composites with the combination
of SA and MAPP compared to composites with MAPP only could be due to the
presence of SA.

5.3.7 Swelling studies

For composites reinforced with fibres, the interfacial strength between the fibre and
the matrix could be correlated to the swelling index [16]. This is related to the
presence of voids at weak interfaces, commonly promoting solvent uptake [194, 195].
As can be seen in Figure 5.14, the swelling indices for composites with SA only,
composites with MAPP and the combination of SA and MAPP were lower compared
to those composites with alkali only, supporting a further improvement for interfacial
strength obtained. The composites coupled with MAPP had the lowest swelling
index followed by composites with SA only. Swelling index for the composites with
combination of SA and MAPP was slightly lower compared to the composites with
MAPP only. However, this reduction was found to be insignificant (confirmed by
Student’s test).
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Figure 5.14: Swelling index for hemp composites (fibre content of 15 wt%o). Immersion
of samples was 48 h.

5.3.8 Part 1 - Conclusions

For the stearic acid vapour treatment, the weight percentage gain (0.54 %) of the
fibres after the treatment indicates that stearic acid is most likely to affect only the
surfaces, not the bulk. Scanning electron micrographs of the fibre surfaces revealed
that the treatment smoothed fibre surfaces. Furthermore, after the treatment, there
were traces of material covered on the fibre surfaces, indicating that the stearic acid
is most likely to be deposited on the surfaces as a thin layer. This was further
supported by the improved thermal stability obtained for the fibres after the treatment.
The drastic increase in water contact angle for the fibres treated with stearic acid

indicates that the treatment strongly reduces their polar interaction ability.

The composites with maleic anhydride polypropylene coupling agent exhibited the
highest tensile strength. In the absence of maleic anhydride polypropylene coupling
agent, the composites with stearic acid treated fibres appeared significantly stronger
(15 %) than the composites with alkali treated fibre mats only. This indicates that
stearic acid could act as a coupling agent to improve the strengths of the composites,
but not as effective as maleic anhydride polypropylene. Although the composites
made with a combination of stearic acid and maleic anhydride polypropylene did not
exhibit any additive benefits for tensile strengths, there was a noticeable reduction in
the standard deviations in tensile strength values between the test samples. This

indicates potentially more reliable wetting of fibres by the matrix with the addition of
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stearic acid. Stearic acid, being low cost and renewable, could be a viable alternative
to MAPP in applications where maximising strength is not the only parameter being
optimised. Additionally, the stearic acid vapour treatment could be considered, as
this treatment required only a small amount of stearic acid and can be carried out
without needing to use a solvent. Overall, the stearic acid treatment reduced the polar
interaction ability of the fibre mats, thereby making these fibre mats relatively more
compatible with the PP matrix.
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5.4 Part Il - Materials and Methodology

5.4.1 Materials

Commercial cellulose nanocrystals (CNCs) as a dry powder was purchased from
Celluforce (Canada). The materials used for the production of the fibre mats and

composites are described in Chapter 4.
5.4.2 Cellulose nanocrystals treatment (CNC)

Two CNC suspensions were investigated: one with 1 wt% CNC and the other with 2
wt% CNC in water. To prepare each CNC suspension, a predetermined amount of
CNC was added to distilled water and heated up to 70 °C (Figure 5.15a). The
mixture was continuously stirred for half an hour, maintaining a temperature range of
about 60 to 70 °C until it formed a homogeneous suspension. This suspension was
then allowed to cool down to room temperature before being transferred into a small
container. The treatment was carried out by spraying. Figure 5.15b shows the
spraying system used for the treatment. The set up to held the small container

containing CNC suspension and a commercially available trigger spray attachment.

Figure 5.15: (a) CNC solution preparation (b) CNC treatment.

Based on preliminary trials, while spraying, the distance between the spray nozzle tip
and the fibre mats was maintained as 450 mm to provide good coverage for CNC
suspension onto the mats. Five sprays were made on each side of the mat. After
spraying on both sides, the mats were oven-dried for 3 h at 105 °C. This approach
delivered 0.088 g (+ 0.006) and 0.190 g (£ 0.007) of CNCs onto the fibre mats with 1
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and 2 wt% CNC treatments, respectively. After oven drying, the mats were stored in

sealed polyethylene bags.
5.4.3 Fourier transform infrared spectroscopy (FTIR)

The fibre mats were ground to fine power using a Retsch MM400 ball mill. All the
samples were mixed and compressed with potassium bromide by applying a pressure
of 8 tonnes/cm? to prepare the sample discs for the analysis. A PerkinElmer
Spectrum One spectrometer was used to obtain infrared spectra of pure CNC, fibre
mats without (CNCO0) and with CNC treatments (CNC1, CNC2). A total of 20 scans

were taken for each sample with transmission mode from 4000 to 400 cm™.
5.4.4 Raman spectroscopy

The samples to be analysed were placed on an aluminium foil and the laser power
was set to 20 % of maximum. Raman spectra were acquired using a PerkinElmer
RamanStation 400R spectrometer equipped with an air-cooled CCD detector. Raman
spectra of pure CNC, fibre mats without (CNCO) and with CNC treatments (CNC1,
CNC2) were obtained. Each spectrum was acquired as the sum of five repeats of 20 s

exposure on the same location on the sample.
5.4.5 X-ray diffraction

XRD spectra were obtained using an EMPYREAN diffractometer system
(PANalytical) fitted with a Cu Ka X-ray tube. The fibre mats for analysis were
prepared as described in Section 4.2.4.2. Fibre mats without (CNCO) and with CNC
treatments (CNC1, CNC2) were analysed.

5.4.6 Production of PP/MAPP sheets

PP blended with MAPP were formed into sheets using a Labtech 1201-LTE20-44
twin-screw extruder. The 11 heating zones of the extruder barrel were set at 155 °C
(feed entrance), 165 °C, 165 °C, 165 °C, 165 °C, 170 °C, 170 °C, 170 °C, 170 °C,
170 °C and 170 °C (at exit). The rotating screw speed was set to 45 rpm. The sheets
produced were cut to 150 x 90 mm. In order to reduce the thickness of these polymer
sheets, they were pressed between two aluminium plates inside a hot press. The
plates were lined with Teflon® sheets to avoid polymer sheets adhering to the plates.
The time, applied pressure and temperature were 5 min, 1.5 MPa and 140 °C,

respectively. After cooling down to room temperature, the polymer sheets were cut

120



to the size of the mould (150 x 90 mm) used for the production of composites and

stored in sealed bags.
5.4.7 Fabrication of composite materials

Composite processing was conducted according to the method described in Section
4.2.6. Table 5.4 represents the stacking arrangements and the abbreviations used for
composites. It should be noted that the composites containing fibre content of about
25 wt% with 2 wt% CNC was heated at 170 °C for 5 minutes and pressed at 1 MPa
(H25CNC2) or 2 MPa (H25CNC2%*).

Table 5.4: Abbreviations used for PP/MAPP and composite samples

Targeted Thickness of Production
Samples fibre Stacking arrangements polymer sheets | process of
wt% used/mm polymer sheets
PP/MAPP - 4PP* 0.56 Extrusion
H15CNCO
1PP*/1IMAT/1PP*/IMAT/1PP .
H15CNC1 15 *IMAT/1PP* 0.56 Extrusion
H15CNC2
Extrusion
H25CNC0* 1PP*/1IMAT/1PP*/1IMAT/ +
1PP*/IMAT/1PP*/
#
H25CNC2 25 1MAT/1PP*/IMAT/1PP*/ 0.29 Pressed
H25CNC2* 1MAT/1PP* betwe_en_ two
aluminium
sheets
1PP*/3MATS/1PP*/ .
H30CNCO 3MATS/1PP* 0.56 Extrusion
H30CNC0*
H30CNC1
30 Extrusion
H30CNC1#
+
H30CNC2 1PP*/2MATS/1PP*2MATS/ 0.29 B d
1PP*/2MATS/1PP* ' resse
H30CNC2# between two
aluminium
sheets

Note the following: In the abbreviations, ‘H’ refers to hemp fibre and the number following ‘H’
is equal to the nominal weight percentage of fibres in composites. CNCO = composites without
CNC, CNC1 = composites with 1 wt% CNC treated fibre mats, CNC2 = composites with 2 wt%

CNC treated fibre mats. # = composites made with polymer sheets thickness of 0.29 mm.
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5.4.8 Assessment of fibre mats and composites

A Hitachi S-4700 scanning electron microscope, operated at 5 kV, was used to
examine the surfaces of fibre mats and the fracture surfaces of composites. Prior to
SEM observation, all samples were mounted on an aluminium stub using carbon tape

and coated with platinum.
5.4.9 Tensile testing of fibre mats and composites

Tensile testing of fibre mats was based on Tappi standard T 404cm-92. An Instron-
4204 universal testing machine fitted with a 10 N load cell and a crosshead speed of
1 mm/min was used for the testing. Ten strips of 150 x 20 mm were cut from the
fibre mats for each direction, longitudinal and transverse to the rotation direction of
DSF (fibre alignment direction). The mats were conditioned at 23 + 1 °C and 50 % +
2 % for 48 hours, prior to testing. Average tensile strengths for each direction were
calculated and are reported as the breaking load divided by the width of the strip. The
orientation of fibres within the mats were also quantified from this testing; when the
fibres in the mats are randomly orientated TTS (transverse tensile strength) to LTS
(longitudinal tensile strength) ratio is close to 1, whereas when the fibres are
unidirectional orientated, the ratio approaches 0 [178]. Tensile testing of composites
was conducted according to the method described in Section 4.2.7.

5.4.10 Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the composites without CNC (H15CNCO0) and with
(H15CNC2) treatment was carried out using a PerkinElmer simultaneous thermal
analyser STA 8000 instrument. A scanning range of 40 to 500 °C with a constant

heating rate of 10 °C/min and air flow at 20 ml/min were used to obtain the data.
5.4.11 Swelling studies
The details of swelling studies are similar to that described in Section 5.2.12.

5.5 Results and Discussion

5.5.1 Microscopic evaluation of fibre mats with and without CNCs

The surfaces of fibre mats with and without CNCs were observed by means of a
scanning electron microscope (SEM). As can be seen in Figure 5.16a, there appeared
to have large number of grooves on the surfaces of fibres without CNC, revealing a

rougher texture as commonly seen in literature for alkali treated fibres [4] (detailed in
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Section 3.3.5). Figure 5.16b clearly shows the presence of rod-like CNCs on the fibre
surfaces. It appears that a thin layer of CNCs films are covering the fibre surfaces.
The CNCs deposited were measured using ImageJ software [137] and found to have
average sizes of 15 (x 6.6) nm in width and 226 (x 66) nm in length. These
dimensions are consistent with that previously reported for cellulose nanocrystals
supplied from the same manufacturer [196]. Strong interactions between CNCs and
natural fibre surfaces are expected due to the affinity of cellulosic materials through
hydrogen bonding [122, 197]; a large number of hydroxyl groups available on the
CNCs and the fibre surfaces promotes the potential for hydrogen bonding between

them.

Figure 5.17a to 5.17e show the scanning electron micrographs of fibre mats without
(CNCO0) and with CNCs (CNC1 and CNCZ2). The fibre mats without CNC appeared
to have many gaps between the fibres (Figure 5.17a). In contrast, the fibre mats with
CNCs appeared to have thin films formed between the fibres. Also, increase in CNC
content (from 1 to 2 wt%) was found to fill more gaps between the fibres (Figure
5.17b compared to Figure 5.17c). The films formed between the fibres within the
mats indicated the potential of CNCs to act as binders to hold loose fibres together.
The films formed between the fibres could also be an indication of the self-
organising capability of CNCs [122]. It appears from the micrograph that the films
formed between the fibres consisted of several stacks of thin CNC films (Figure
5.17e).

The CNC was delivered by the manufacturer as powder form and are likely to be
prepared from wood pulp by sulfuric acid hydrolysis [196]. It is well-known that
sulfuric acid hydrolysis could have yielded CNCs with negatively charged surfaces,
enabling them to disperse uniformly in water due to the electrostatic repulsions [198].
The fibre mats after the treatments were oven dried at 105 °C for 3 hours. During the
drying process, the evaporation of the suspending fluid (water) takes place, resulting
in deposition of CNCs onto the fibre surfaces and formation of thin films between
the fibres. It has been previously reported that the most notable property of CNCs is
the ability to self-assemble and form as a film while water evaporating from a CNC

suspension spreads onto a substrate [199]. However, it is less likely that the CNCs
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were formed as a uniform film throughout the mat as the CNC treatment was carried

out by spraying.
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Figure 5.16: Scanning electron micrographs of fibre surfaces: (a) without (CNCO0) and
(b) with CNC treatment.
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Figure 5.17: Scanning electron micrographs of fibre mats without (CNCO0) and with
CNC (CNC1 and CNC2) treatments.

5.5.2 Fourier transform infrared spectroscopic analysis

Fourier transform infrared spectroscopic analysis was carried out to understand the
chemical composition of pure CNC and fibre mats with and without CNC treatments.

The spectra of the samples analysed are shown in Figure 5.18. The peaks in the range
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3300-3400 cm™ show the spectra of all samples can be attributed to the stretching
vibrations of the hydroxyl groups and reflect the hydrophilic nature of cellulosic
materials [200]. The peak around 2900 cm™ corresponds to the stretching vibrations
of C-H groups of cellulose [201, 202]. Although this peak appeared in the spectra of
all samples, slightly higher peak intensity was shown for pure CNC compared to the
fibre mats with or without CNC indicating the highly crystalline nature of pure CNCs
[203, 204]. The peak at 1430 cm™ corresponds to the CH- bending vibration. The
intensity of this peak appeared very sharp for the pure CNC followed by fibre mats
with CNC treatment. It has been previously reported that the higher the intensity of
this band, the higher the degree of crystallinity of the sample [204]. The peaks
around 1638 cm™ are commonly attributed to the bending vibration of hydroxyl
groups [201] and was present in the spectra of all samples. The peaks appeared in the
range 1330-1360 cm™ in the spectra of all samples correspond to the bending
vibrations of C-OH groups [171]. The peaks at 1238, 1058 and 896 cm™ are
associated with the C-H groups bending, CH stretching and bending vibrations of
cellulose, respectively [205] and were present in the spectra of all samples. However,
the intensity of these peaks appeared strong for pure CNC followed by fibre mats
without CNC or with CNC treatments. The peaks appeared in the range 900-1500
cm™ [204] were very strong for pure CNC followed by the fibre mats with CNC and
without CNC. These results strongly indicate the presence of high crystalline CNCs
on the fibre mats. The decreases in intensities of peaks in this range indicate

reduction in the degree of crystallinity [204].

The strong peaks at 850 cm™ [206] and 1163 cm™ [200] in the spectrum of pure CNC
indicate the presence of sulfate groups (SO2 groups). The formation of sulfate ester
groups as a result of sulfuric acid hydrolysis has been previously reported [206]. It is
well known that the presence of SO2 groups reduce the thermal stability of CNC [200,
206-208]. The disappearance of this peak from the spectra of CNC treated fibre mats
indicates that the fibre mats are free of sulfate groups. This could be due to oven
drying of the mats at 105 °C for 3 h [196]. It has been previously reported that oven
drying at 105 °C for only 5 min removed 75 % of sulphur content from CNC films as
a result of desulfation (the loss of negatively charged sulfate ester groups and their

replacement by OH groups) [196, 209].
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Figure 5.18: FTIR spectra of fibre mats without (CNCO0) and with CNC treatments
(CNC1 and CNC2) and pure CNC.

5.5.3 Raman analysis

Raman analysis was carried out to confirm the removal of sulfate groups from the
spectra of CNC treated fibre mats. Raman spectra of pure CNC, the fibre mats with
and without CNC treatments can be seen in Figure 5.19. When compared to the fibre
mats without CNC treatment, the intensity of cellulose peaks at 1098 cm™, 1120 cm
11374 cm™ and 2900 cm™ appeared sharper for pure CNCs and fibre mats with
CNC treatments, supporting the presence of CNCs on the fibre mats [210].. The
characteristic peaks associated with the S-S bond of sulfur appeared in the range 400-
500 cm™ in the spectrum of pure CNC confirm the presence of SO, groups in CNCs
[211]. The absence of these peaks from the spectra of CNC treated fibre mats
indicated the removal or reduction of sulfate groups of CNCs. Also, the peaks in the
range 1050-1200 cm™ related to SO, groups appeared very weak or absent in the
spectra of CNC treated fibre mats further supports that the fibre mats were mostly
free of SO2 groups [212].
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Figure 5.19: Raman spectra of fibre mats without and with CNC treatments and pure
CNC.

Overall, the combination of FTIR and Raman spectroscopy results indicated that the
CNC treated fibre mats were largely free of sulfur groups or these techniques were

not able to detect the sulfate groups due to the very low levels present.

5.5.4 Cellulose crystallinity index (Ic)

The major peaks for crystalline phases of most cellulosic fibres are generally
observed at about 20 = 15, 17, 22.7 and 35 ° (denoted as ‘a’, ‘b’, ‘¢’ and ‘d’,

respectively) as shown in Figure 5.20, representing the (110), (110), (200) and (400)

crystallographic planes, respectively of cellulose | [5, 16]. As expected, the major
crystalline peak (200) of cellulose for the fibre mats without or with CNC treatments
appeared at about 20 = 22.7 °. In order to calculate the crystallinity index, the
intensity of diffraction of the amorphous material (l.n) was taken at 20 = 18.3 °
(denoted as ‘e’ in Figure 5.20), where the intensity is minimum. It should be noted
that the crystallinity index is commonly considered for comparison instead of
describing absolute crystallinity [50]. As can be seen in the results presented in Table
5.5, the crystallinity index of the fibre mats was increased by CNC treatments. Such

behaviour is expected with the applied treatment, as highly crystalline CNCs are
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deposited onto the fibre surfaces. It can also be seen that increasing the CNC content

slightly increased the crystallinity index of the fibre mats.
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Figure 5.20: X-ray diffraction curves of fibre mats without and with CNC treatments
used in calculating crystallinity index (l).

Table 5.5: Crystallinity index (Ic) of hemp fibres without and with CNC treatments

Samples lam (18.3 ©) l200 (22.7 °) Crystallinity index (%)
CNCO 1963 255 87
CNC1 2086 181 91
CNC2 3664 290 92

5.5.5 Fibre mat assessment

Table 5.6 displays the average tensile strengths and the ratio of transverse tensile
strength to longitudinal obtained for the 2 wt% CNC treated fibre mats. The strength
was calculated by dividing the maximum load required to break the mat by its width,
as the cross-section area of the fibre mats is not well defined [36, 130]. Although

attempts had been made to obtain the tensile strength of the fibre mats without any
129



CNC addition and with 1 wt% CNC, it appeared that they were very weak and also
below the accuracy limits of the equipment. This is due to the fact that only friction
is holding the loose fibre together [129, 130] even though the wet processing (DSF)
would have helped the fibres to consolidate and form as mats. It appears that even
the use of 1 wt% CNC was not enough to promote the fibre-fibre stress transfer. The
fibre mats treated with 2 wt% CNC tested parallel to the fibre orientation direction
attained an average tensile strength of 0.11 kKN/m. This indicates that the CNC could
act as binders to hold the loose fibres together within the mats, thereby improving the
fibre-fibre stress transfer within the mats. It has been previously reported that the
ratio between transverse tensile strength (TTS) to the longitudinal tensile strength
(LTS) indicates the degree of fibre orientation [36]. The ratio TTS/LTS for the fibre
mats was 0.39 (x 0.27). The ratio of 0.39 found in this work indicates a good degree

of fibre alignment within the fibre mats produced using DSF.

The weight percentage gains in fibre mats with respect to the CNC treatments are
shown in Figure 5.21. The maximum weight gain was found to be approximately
4 wt% when treated with 2 wt% CNC.

Table 5.6: Tensile strengths of fibre mats with 2 wt% CNC treatment
*LTS (kN/m) *TTS (KN/m) TTS/LTS

0.11 (0.04) 0.03 (0.02) 0.39 (0.27)

*LTS —longitudinal tensile strength, *TTS — transverse tensile strength. All the values
in parenthesis are the standard deviations. Ten mats were tested in each direction.
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Figure 5.21: Weight percentage gain in the fibre mats with respect to the CNC
treatment.
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5.5.6 Tensile properties of composites

The average tensile strengths of various composites and the control (PP/MAPP)
samples are represented in Figure 5.22a with composite tensile strengths normalised
by the weight percentage of fibres are shown in Figure 5.22b. The tensile strengths of
all composites were higher than that of the control. At a fibre content of 15 wt%, the
average tensile strength of composites with 1 and 2 wt% CNC treated fibre mats
increased to 23.57 and 26.51 MPa, respectively; these were approximately 2.1 and
14.8 % higher than the respective composites without CNC treated fibres mats.
However, the increase of composite tensile strengths was found to be statistically
significant (Student’s t-test) only with the inclusion of 2 wt% CNC treated fibre
mats. The normalised graph (Figure 5.22b) was used to ensure that the increases in
composite tensile strength was due to CNC addition and not due to variability in the
precise fibre content [130]. The improvement in composite tensile strength with
CNC treated fibre mats is thought to be due to the addition of high strength
nanocellulose. Additionally, the large surface-to-volume ratio of CNCs could have
facilitated more surface contact with the polymer matrix improving fibre wetting and
thereby, the tensile strength for composites [213]. It has been previously reported
that the introduction of high strength and high modulus nanocellulose into
composites could enhance the tensile strength and Young’s modulus of the

composites [129, 131, 208, 213, 214].

In the absence of CNCs, it can be observed that an increase in fibre content
significantly increased the composite tensile strength. In contrast, at high fibre
contents, the incorporation of CNC treated fibre mats were found to significantly
decrease the composite tensile strength (except 1 wt% CNC at the fibre content of 25
wit%, no significant differences) relative to the respective composites without CNC
treated fibres mats. Decline in composite tensile strengths at higher fibre and CNC
contents compared to the composites without CNCs indicates that the CNC films
formed between the fibres (see Figure 5.17) within the mats is mostly likely to act as
barriers, resulting in very poor fibre wetting by the matrix. A further decrease in the
tensile strengths for the composites (H25CNC2 compared to H25CNC2") was
observed with the increase in the amount of pressure applied during compression
moulding; 1 MPa to 2 MPa, although increasing pressure was expected to improve

the fibre wetting. It is worth mentioning at this point that no reliable data was
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acquired from the tensile strength of composites with a fibre content of 30 wt%

containing CNCs (for both 1 and 2 wt%) due to very poor consolidation (see Figure

5.23). For composites containing fibre content of approximately 30 wt%, there was

no significant difference in tensile strength between composites (H30CNCO and
H30CNCO0*) made with different polymer sheet thicknesses (0.56 or 0.29 mm).
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Figure 5.22: (a) Tensile strengths of PP/MAPP and various composites tested (b)
Tensile strength/weight percentage* of composites (normalised).
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Side view

consolidation

Figure 5.23: A side cross-section image of 30 wt% composite with CNC sample (cut-
edge) displaying poor consolidation.

The Young’s modulus of various composites and the control (PP/MAPP) samples are
represented in Figure 5.24a. The composite Young’s modulus normalised by the
weight percentage of fibres is shown in Figure 5.24b. A similar trend as that of
tensile strengths were observed for the Young’s modulus of the composites. When
compared to composites without CNC, an increase by about 16 % was noticed for the
composites with 2 wt% CNC (at fibre content of 15 wt%) supporting the increase of
interfacial adhesions between the CNC treated fibre mats and the PP/MAPP matrix.
Figure 5.25 shows the stress-strain curves for the composites with and without CNC
treatments. The stiffness of the composites increased with increasing CNC contents,

but the failure strain decreased.
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Figure 5.25: Stress-strain curves of 15 wt% composites with and without CNC treated
fibre mats.

The scanning electron micrographs of the tensile fracture surfaces of composites
without and with CNC treated fibre mats can be seen in Figure 5.26a to 5.26f. The
fracture surfaces of the 15 wt% composites with CNC treated fibre mats appeared
rougher compared to those composites without CNC treated fibre mats (Figure 5.26a
and 5.26d compared to Figure 5.26b, 5.26¢c and 5.26e). This indicates that the
addition of CNCs had improved the fibre-matrix interfacial adhesions. It has been
previously reported that the failure mode is more like matrix and fibre tearing as the
interfacial shear strength increases [215]. The addition of CNCs (due to its high
aspect ratio) possibly enlarged the contact area between the treated fibre mats and the
PP/MAPP matrix, thereby potentially improving the interfacial adhesions [131].
However, composites with high fibre and CNC contents have shown very poor fibre
wetting (Figure 5.26f), suggesting that the CNC films formed between the fibres
most likely to restrict the flow of the molten polymer through the composites. It is
well known that for the formation of good interfacial adhesion between the fibres and
matrix in a composite, the molten matrix material should ideally flow around and
fully wet the fibres. Poor fibre wetting results in weak fibre-matrix interfaces with
defects such as fibre pull-out and voids, which act as stress raisers, thus reducing the

overall mechanical performance of composites [2, 4, 127].
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Figure 5.26: Scanning electron micrographs of tensile fracture surfaces of composites
with and without CNC treated fibre mats.

5.5.7 Thermogravimetric analysis (TGA)

Thermogravimetric curves for composites with and without CNC are shown in
Figure 5.27. Both composites started losing mass around 260 °C. Above 260 °C up
to a temperature of 360 °C, a slight increase in the thermal stability for the
composites with CNC was observed. The apparent increase in the thermal stability of
the composites is thought to be due to the presence of CNCs. It has been previously
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reported that the presence of inherently high thermally stable nanocellulose in
composites could effectively hinder the heat flow to composites, thus inhibiting the
thermal degradation process to higher temperatures [208]. It has also been reported
that improved interfacial interaction between the fibres and the matrix could also
delay the thermal decomposition [102, 129].
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Figure 5.27: TGA curves for composites with and without CNC treated fibre mats
(heating rate of 10 °C/min and air flow at 20 ml/min).

5.5.8 Swelling studies

As can be seen in Figure 5.28, the composites with 2 wt% CNC treated fibre mats
had the lowest swelling indices. This further supports that the presence of CNCs
improved the interfacial adhesion between the treated fibre mats and the PP/MAPP
matrix. It has been previously reported that the coating of natural fibres with
nanocellulose increases the surface energy of the fibres due to its highly crystalline
nature, thus resulting in improved fibre wetting with polymer materials [216, 217].
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Figure 5.28: Swelling indices for hemp composites. Samples were immersed for 48 h.

5.5.9 Part Il - Conclusions

In this investigation, it has been shown that cellulose nanocrystals can be sprayed
onto the fibre mats to bind the loose fibres together. The fibre mats possessed an
average tensile strength of about 0.11 KNm™ when treated with 2 wt% CNCs in
water, whereas those mats treated with 1 wit% and without CNCs possess no
measurable tensile strength using a 10 N load cell. It appeared that the addition of
CNCs modified the fibre surfaces (CNC coating) as well as filled the gaps between
the fibres within the mats (thin CNC films). The tensile strength and Young’s
modulus of composites with CNC treated fibre mats (2 wt% CNC) increased by
about 15 and 16 %, respectively. This indicates that the CNC addition improved the
fibre-matrix interfacial adhesion. This was further supported by the lower swelling
indices and higher thermal stability obtained for the composites with CNC treated
fibre mats compared to those composites without CNC treated fibre mats. At low
fibre content, the production method of composites with CNC treated fibre mats by
compression moulding was found to be effective and resulted in a good consolidated
final product. However, at high fibre contents, the composites displayed very poor
consolidation due to the CNC films formed between the fibres. This films are mostly
like to act as a barrier, restricting the flow of the molten polymer through the
composites. This results in poor fibre wetting and strong declines in the tensile
strength and Young’s modulus of composites, limiting the use of compression

moulding for the composite processing.
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6 Chapter Six

Improving polypropylene matrix composites
reinforced with aligned fibre mats through high

fibre content

6.1 Introduction

The main goal of this study was to improve the mechanical performance of
polypropylene matrix composites through high fibre content. Different polymer sheet
thicknesses and stacking arrangements were investigated to achieve high fibre
content. Interfacial shear strength between the fibre and the matrix was obtained

experimentally from which the critical fibre length was determined.
6.2 Materials and Methodology

6.2.1 Materials

The materials used for the production of the fibre mats and composites are described

in Chapter 4.
6.2.2 Production of PP/MAPP sheets

PP blended with MAPP were formed into sheets using a Thermo Prism TSE-16-TC
extruder (the details are provided in Section 4.2.5) and a Labtech 1201-LTE20-44
twin-screw extruder (Figure 6.1a). The former extruder was equipped with a die
spacer of 1.00 mm, whereas the latter had a die spacer of 0.50 mm allowing the
production of thinner sheets. The 11 heating zones of the Labtech extruder barrel
were set at 155 °C (feed entrance), 165 °C, 165 °C, 165 °C, 165 °C, 170 °C, 170 °C,
170 °C, 170 °C, 170 °C and 170 °C (at exit). The rotating screw speed was set to
45 rpm.
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(b)

Teflon sheets

Aluminium plates

Hot press

Figure 6.1 (a) The PP/MAPP sheet extrusion using a Labtech twin-screw extruder (b)
Schematic representation of reduction of sheet thickness in a hot press.

In order to further reduce the thickness of sheets produced with a die spacer of 0.50
mm, they were pressed between two aluminium plates inside a hot press (Figure
6.1b). The two aluminium plates were lined with Teflon® sheets to avoid polymer
sheets adhering to the plates. Based on trial runs, the time (5 minutes) and applied
pressure (1.5 MPa) were maintained as constants with temperatures 130, 140 or 150
°C changed to adjust the thickness of the sheets. After cooling down to room
temperature, the sheets produced were cut to the size of the mould used for the

production of composites (the details are provided in Section 4.2.6). The thicknesses
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of these sheets were measured at six different points, as shown in Figure 6.2, using a

Vernier calliper. The sheets were then stored in sealed bags for further processing.

O, ()

O, O,

Figure 6.2: Schematic diagram showing different locations from where the
measurements were taken out to obtain the average thickness of the sheets.

6.2.3 Fabrication of composites

A series of composites were produced between 30 and 70 wt% fibre contents and
tensile tested. Although the production procedures for the composites using hot press
were similar to that reported in Chapter 4 and Chapter 5, a slight modification in the
hot-pressing procedure was necessary for the production of composites above 50
wt%. The composites were further pressed in the hot press. It has been previously
reported that pressing twice could reduce the fibre spring-back in the composite;
spring-back is a condition where material partially returns to its original shape due to
elastic recovery [5]. This condition often occurs in compression-moulded
components when the compaction pressure is released suddenly. To account for this
pressing was repeated. After pressing for the first time, composites were allowed to
cool under pressure and then pressed a second time at 170 °C for 5 minutes at a
pressure of 1 MPa. Table 6.1 represents the abbreviations and stacking arrangements

used for composites, respectively.
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Table 6.1: Abbreviations and stacking arrangements of polymer sheets (PP/MAPP) and
hemp fibre mats in the mould

Targeted] PP* JFibre

) Actual Stacking arrangement from bottom to the top of the
Samples* | fibre |[sheets|] mats]
fibre wt%o mould
wt% No. | No.
H30 - 0.66 3 6 29.1 1PP*/3MATS/1PP*/ 3BMATS/1PP*
H30 - 0.56 3 6 295 1PP*/3MATS/1PP*/3MATS/1PP*
H30 - 0.29 30 4 6 30.0 1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*
H30-0.24 4 6 31.8 1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*
H35 - 0.56 35 5 8 34.2 1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*
H40 - 0.66 3 8 394 1PP*/AMATS/1PP*/4AMATS/1PP*
H40 - 0.56 40 5 10 41.2 1PP*/3MATS/1PP*/2MATS/1PP*/2MATS/1PP*/3MATS/1PP*

1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2
H40 - 0.29 6 10 413
MATS/1PP*

H45 - 0.56 45 5 12 445 1PP*/3MATS/1PP*/3MATS/1PP*/3MATS/1PP*/3MATS/1PP*

1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2
H50 - 0.29 50 8 14 50.1
MATS/1PP*2MATS/1PP*[2MATS/1PP*

1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2
H60 - 0.29 60 10 18 59.9 MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/

1PP*

1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2
H70-0.29 70 12 22 70.2 MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/1PP*/2MATS/

1PP*/2MATS/1PP*/2MATS/1PP*

Note the following: PP* = PP/MAPP, MATS = hemp fibre mats produced using DSF. *In the
abbreviations ‘H’ refers to hemp composites, the number following ‘H’ refers to the nominal
weight percentage (wt%) of fibres and the final number refers to the thickness (in mm) of the
polymer sheets used in the production of composites.

Initially, the stacking arrangements of polymer sheets and fibre mats in the mould
were according to the literature [16]. Although these arrangements successfully
produced composites up to 30 wt% fibre content, the production was not successful
above 30 wit% due to poor fibre wetting. It is known that reasonable interfacial
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bonding between fibre and matrix is required to achieve effective reinforcement as
applied stress is transferred from matrix to fibre across the interface. For good
interfacial bonding to occur, the matrix should be impregnated fully into the space
between the fibres and wet the fibres. Therefore, in the present study, decreasing the
overall thickness of fibre mats between two polymer sheets within the stacking
arrangements of composites and so decreasing the distance the polymer needs to
travel is expected to improve fibre wetting through the composite and therefore
improve the tensile properties of the composite. The possible stacking arrangements
of composites were determined by the thickness of polymer sheets and fibre content.
For instance, Figure 6.3 shows the various stacking arrangements used for the
production of composites with 40 wt% fibre content. When polymer sheets with an
average thickness of 0.66 mm were used, the stacking arrangements consisted of a
maximum of four fibre mats between two polymer sheets (see Figure 6.3a). When
polymer sheets with an average thickness of 0.56 mm were used, it was possible to
decrease the number of fibre mats to a maximum of three between two polymer
sheets (see Figure 6.3b). When polymer sheets with an average thickness of 0.29 mm
were used, it was possible to further decrease the number of fibre mats between two
polymer sheets from a maximum of three to two (Figure 6.3c). This stacking pattern
of two fibre mats between two polymer sheets was repeated depending on the fibre

content and produced composites up to 70 wt%.

020
056
020
0.66 0.56
029
056
020
0.66
0.56
020
0.66 056 0.29
1PP*/3MATS/1PP*/2MATS/1PP* 1PP*/2MATS/1PP*/2MATS/1PP*/2MATS
. /1P /1pp*
LPP*/4MATS/IPP™4MATS/IPP ] /2MATS/1PP*/3MATS/1PP* ] /1PP*/2MATS/1PP*/2MATS/1PP* J
(a) (b) ©

Polymer sheets (PP*) with thicknesses of 0.66 or 0.56 or 0.29 mm

Mats

Note: PP* — PP/MAPP, Mats — Hemp fibre mats

Figure 6.3: Schematic diagram representing various stacking arrangements used for
the production of composites with 40 wt% fibre content. The arrangements of fibre
mats and the polymer sheets depend on the thickness of the sheets used.
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6.2.4 Composite tensile testing

Tensile testing for all composite samples was conducted following the method
described in Section 4.2.7.

6.2.5 Assessment of composite morphology

Tensile fracture surfaces of composites were investigated using a Hitachi S4100 field

emission scanning electron microscope. The details are described in Section 5.2.5.
6.2.6 Composite flexural testing

Flexural testing (three-point bending) was performed on an Instron-4204 fitted with a
5 kN load cell according to the ASTM D 790-3 (Standard Test Methods for Flexural
Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials). The crosshead speed and unsupported spans were 1.5 mm/min and 48
mm, respectively. Five test specimens with dimensions of 75 x 12.7 x 3 mm were

tested for each batch of samples. The average flexural properties were calculated.
6.2.7 Composite impact testing

Impact testing was carried out according to the EN ISO 179-1 Plastics-
Determination of Charpy Impact strength. An advanced universal pendulum impact
tester (POLYTEST) with an impact velocity of 2.9 m/s and a hammer weight of
0.475 kg at 22 °C was used. Five test specimens with dimensions of 75 x 10 x 3 mm

were tested for each batch of samples.
6.2.8 Composite density and porosity measurement

The density of composites was measured based on ASTM 792-00 (Standard Test
Methods for Density and Specific Gravity (Relative Density) of Plastics by
Displacement). The immersion fluid used was distilled water. Densities of three
specimens with dimensions of 25 x 25 mm were measured for each batch of samples
and the average density was obtained. Total porosity of composites was calculated

using the equation [36]:

Ve = M (6.1)

]OCI:

where:
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Pet = Jofﬂf + PV (62}

such as p_.. — theoretical density of composites, g £, pand vev,, —

densities and volume fractions of fibre and matrix, respectively.

6.2.9 Fibre length and fibre diameter measurement

Fibre length and diameter were measured manually from the scanning electron
micrographs of the fibre mats using ImageJ software. A total of 500 fibres were
measured from 25 micrographs. The mean fibre length, diameter and fibre length and

diameter distributions were reported.

6.2.10 Interfacial shear strength (IFSS) measurement of PP/hemp fibre

samples using single fibre pull-out testing

The single fibre pull-out test (SFPO) has become the most popular method for
obtaining interfacial shear strength due to its ease of application [218]. In this test,
the debonding initiates at the entry point of the embedded fibre and progressively
extends along the fibre until the debonding of the fibre finishes. The pull-out force
(maximum debonding force) is converted to an apparent IFSS according to the
Kelly-Tyson equation [219]. The interfacial shear strength for the maximum

debonding forces was calculated using the equation:

_ Fmax 63
 mdl, (63)

T

where F,,, . is the maximum debonding force, d is the diameter of the fibre and 1, is

the embedded length.

The single fibre pull-out samples for the measurement of IFSS were prepared
according to literature [35, 218]. For the preparation of samples, silicone rubber
moulds with nominal dimensions of 12 x 10 x 3 mm were used. A through hole with
a 6 mm diameter was punched at the centre from the top side of the mould. In order
to insert fibre, a slot with a 2.5 mm depth was cut from the centre of the 12 mm
length side of the mould to the edge of the circular hole. Different embedded lengths
from 0.25 to 1 mm at 0.25 mm intervals were tested. The mould was flexed to open
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the cut such that the desired embedded fibre length could be obtained by drawing the
fibre through the cut. The length and average diameter of each embedded fibre was
measured under an optical light microscope. The moulds with embedded fibres were
then placed on top of an aluminium plate lined with a Teflon sheet (to prevent
adhering of polymer onto the plate). The hole at the centre of each mould was filled
with 3 mg of granulated PP/MAPP sheets. The single fibre pull-out samples were
obtained by placing the ready moulds inside a preheated hot press at 170 °C for 15
minutes (no pressure was applied). The samples were then allowed to cool in air at

room temperature.

The pull-out testing was carried out on an Instron-4204 tensile testing machine fitted
with a 10 N load cell; the crosshead speed was 0.5 mm/min. The sample was held on
the upper jaws. The free end of the fibre was glued onto a cardboard piece. This

cardboard piece was held on the bottom jaws. Twenty-five samples were assessed.

(a) f—— 12mm ———

—

Silicone mould
10 mm -
| o]

CE Embedded length

g

e B — | t——

(b)

Figure 6.4: (a) Schematic diagram of test specimen for single fibre pull-out test (b)
Optical image of single fibre embedded in PP/MAPP matrix (scale bar 200 um).
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6.2.10.1 Determination of critical fibre length

The critical fibre length (L) was determined from the average interfacial shear

strength obtained from single fibre pull-out testing using the equation found
generally in literature [5, 152]:
_94d

L. =
2T

(6.4)

where (=) average fibre strength, (d) average fibre diameter and (t;) the interfacial
shear strength obtained.
6.3 Results and Discussion

6.3.1 Production of PP/MAPP sheets

As aforementioned, the thickness of each sheet was assessed at six different points
(as shown in Figure 6.2). The extruded sheets were slightly thicker (about 23 %) in
the middle than at the edges (see Figure 6.5). This could be due to the melt flow
pattern of the material through the sheet die [177]. In contrast, after pressing between
the aluminium plates, the sheets appeared to be slightly more uniform (about 18 %
difference only between the middle and the edges), with small standard deviations

observed, as indicated by the error bars.
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0.40 -
0.30 A
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Extrusion with die Extrusion with die Pressing between Pressingbetween
spacer of 1 mm spacer of 0.5 mm  platesin a hot plates in a hot
press at 140 °C press at 150 °C

Average Sheet Thickness/mm

Sheet Production Processes

Figure 6.5: Graph displaying the average thicknesses of the sheets along the extrusion
axis 1-2 (Middle 1-2) and at the edges 3-6.
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Table 6.2 details the overall average thickness of the polymer sheets calculated from
the six different points. As expected, after pressing in the hot press, the overall
average thickness of the sheets (produced with a die-spacer of 0.50 mm) reduced,
although not significantly for 130 °C (confirmed by the Student’s t-test). At 160 °C,
due to reduced viscosity holes over ~ 40 % were formed within the sheets produced,

making these unusable in composites.

Table 6.2: The polymer sheet production processes and the overall average thickness of
the polymer sheets. Standard deviations are shown in parentheses

Hot press Overall average
Sheet production processes temperature sheet
/°C thickness/mm
Extrusion using die spacer of 1.00 mm - 0.66 (0.05)
Extrusion using die spacer of 0.50 mm - 0.56 (0.06)
Extrusion using die spacer of 0.50 mm a) 130°C a) 0.49 (0.03)
+ b) 140 °C b) 0.29 (0.04)
Pressing between the plates in a hot c) 150 °C c) 0.24 (0.02)
press d) 160 °C d) 0.13 (0.06)

6.3.2 Tensile properties of composites

In this investigation, a range of composites was produced using different sheet
thicknesses. Generally, it was found that decreasing the overall thickness of fibre
mats between two polymer sheets within the stacking arrangements of composites
and so decreasing the distance the polymer needs to travel improved the fibre wetting
through the composite and therefore improved the tensile strength and Young's
modulus of the composites (see Figure 6.6). However, the composites made with
polymer sheets of 0.24 mm had the lowest tensile strength and Young's modulus.
Although these composites had the least distance the polymer needs to travel (equal
with the distance the polymer needs to travel in composites made with polymer
sheets of 0.29 mm), the polymer content at the edges was found to be lower
compared to other composites, as indicated by the lowest ratio of thicknesses of
polymer sheets to the fibre mats at the edges (see Table 6.3) and hence resulted in a
weaker composite. It appears from the photographs of these composite surfaces

(Figure 6.7a compared to Figure 6.7b) that the polymer content at the edges was

148



insufficient to bring about reasonable fibre wetting. The SEM micrographs of the
tensile fracture surfaces of these composites (Figure 6.8) also indicated poor fibre
wetting; there appeared to have large protruding fibres with no evidence of matrix
material adhering to their surfaces, unlike other composites in which very few fibres
can be observed as the fibres are mostly covered by the matrix material suggesting
reasonable fibre wetting. For composites containing approximately same fibre
content (30 wt%), the use of different sheet thicknesses did not result in significant
differences in composite tensile strength and Young’s modulus, except for

composites made with polymer sheets of 0.24 mm.
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Figure 6.6: Tensile strength and Young’s modulus of composites as a function of fibre
content.
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Table 6.3: Ratio of thicknesses of polymer sheets to fibre mats in composites

Total polymer Total polymer _Ratio of .Ratio of
Average Total thickness sheet sheet thicknesses of  thicknesses of
~  thickness . . . . polymer polymer sheets
Samples of a fibre of fibre mats in thicknesses at thicknesses at sheets to fibre  to fibre mats
composites/mm edges in middle in - -
mat/mm composites/mm composites mats at edges at middle in
P P in composites composites
H30 - 0.66 4.8 1.83 2.40 0.381 0.500
H30 - 0.56 48 1.56 1.89 0.325 0.394
H30-0.29 48 1.08 1.32 0.225 0.275
H30-0.24 48 0.84 1.08 0.175 0.225
H35 - 0.56 6.4 2.60 3.15 0.406 0.492
H40 - 0.66 6.4 1.83 2.40 0.286 0.375
0.80
H40 - 0.56 8.0 2.60 3.15 0.325 0.394
H40 - 0.29 8.0 1.62 1.98 0.203 0.248
H45 - 0.56 9.6 2.60 3.15 0.271 0.328
H50 - 0.29 11.2 2.16 2.64 0.193 0.236
H60 - 0.29 14.4 2.70 3.30 0.188 0.229
H70-0.29 17.6 3.24 3.96 0.184 0.225

e SRR

-

Figure 6.7: Example photographs of the composite surfaces made with polymer sheets

of: (a) 0.24 and (b) 0.29 mm.
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Figure 6.8: Sample scanning electron micrographs of tensile fracture surfaces of
composites containing approximately 30 wt% fibre content made with polymer sheets
of: (a) 0.66, (b) 0.56, (c) 0.29 and (d) 0.24 mm.

Composites made with polymer sheets of 0.66 mm showed significant decreases in
the tensile properties (see Figure 6.6) when the fibre content was increased from 30
to 40 wt%, unlike other composites made with polymer sheets of 0.56 or 0.29 mm
which showed significant increases. The use of thinner polymer sheets (0.66
compared to 0.56 or 0.29 mm) made possible decreases in the overall thickness of
fibre mats between two polymer sheets within the stacking arrangements of the
composites (see Table 6.3). This reduced the distance the polymer needs to travel and
improved the fibre wetting. The tensile fracture surfaces of composites made with
polymer sheets of 0.66 mm appeared to have large holes (Figure 6.9a) from where
the fibres are likely to be pulled out indicating poor fibre wetting, unlike other

composites in which fibres are concealed by the matrix (Figure 6.9b and 6.9c). The
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composites made with polymer sheets of 0.56 or 0.29 mm did not show significant
differences between their tensile properties thought to be due to the similar levels of
fibre wetting within these composites (Figure 6.9b compared to 6.9c). However,
composites made with polymer sheets of 0.56 mm showed significant decreases in
tensile strength and Young’s modulus at the fibre content of 45 wt% due to poor
fibre wetting (see Figure 6.10a) as a result of large distance the polymer needs to
travel (see Table 6.1).

IIIIIIlIIIJ’ L T B B R |

5,0V 13.4mm x300 SE(M) 100um 5.0kV 12.7mm x300 SE(M) 100um

(R B T R
5.0kV 12.7mm %300 SE(M) 100um

Figure 6.9: Scanning electron micrographs of tensile fracture surfaces of composites
containing approximately 40 wt% fibre content made with polymer sheets of: (a) 0.66,
(b) 0.56 and (c) 0.29 mm.

Composites made with polymer sheets of 0.29 mm showed progressive increases in
tensile strength and Young’s modulus with increasing fibre content up to 60 wt%,
and thereafter significant decreases. This is thought to be due to the reasonable fibre
wetting (Figure 6.10b and 6.10c) throughout these composites as a result of the least
distance the polymer needs to travel. However, it should be noted that the composites

with fibre contents above 40 wt% were not fully free of defects; a few gaps between
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the fibres and the matrix and some voids were visible in the fracture surfaces of these
composites. The formation of voids at high fibre content in composites could be due
to the evaporation of a greater amount of moisture from the fibres. Similar
observations for composites with fibre contents above 40 wt% have been reported
elsewhere [5]. Reduction in tensile properties at about fibre content of 70 wt% is
thought to be due to insufficient polymer (see Table 6.3) for adequate wetting
(Figure 6.10d). The strongest and stiffest composite contained 60 wt% fibre content
and had average tensile strength and Young’s modulus of 44.8 MPa and 6.2 GPa,

respectively, which were 2.9 and 6.5 times higher than those of the control.

5.0kV 12.3mmix300 SE(M)

5.0kV 17.0mm %300 SE(M) 100um

Figure 6.10: Scanning electron micrographs of tensile fracture surfaces of composites
containing fibre content of: (a) 45 wt% made with polymer sheets of 0.56 mm, (b), (c) and
(d) 50, 60 and 70 wt% made with polymer sheets of sheet thickness of 0.29 mm,
respectively.
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6.3.3 Flexural properties of composites

Figure 6.11 shows the tensile side view of the fractured flexural samples. As can be
seen, the cracks appeared on the tension surfaces of the samples. It was observed
during testing that crack propagated to the middle through the sample thickness with

no buckling or delamination in composites.

Figure 6.11: (a), (b) Sample picture of flexural testing samples showing the cracks
formed from the tensile sides.

The average flexural strength and flexural modulus of the composites with different
fibre contents are presented in Figure 6.12. The effect of polymer sheet thicknesses
and stacking arrangements on flexural properties appeared to be almost similar to
that observed for the tensile properties. It has been previously reported that the
fracture micro-mechanics that occurs in the composites under flexural testing is
similar to tensile testing [7]. The maximum flexural strength and flexural modulus
occurred for composites at the fibre content of about 60 wt% were 97.6 MPa and 3.6
GPa, respectively. At this fibre content, flexural strength and flexural modulus were
about 244 % and 256 %, respectively higher than those of the control.
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Figure 6.12: (a) Flexural strength and (b) Flexural modulus of composites as a function
of fibre content.
6.3.4 Impact strength of composites

The average impact strengths of unnotched control and composite samples are shown

in Figure 6.13. It should be noted that the control samples were not broken during the

156



testing. The impact strength of the control samples decreased drastically with the
inclusion of fibres. The reduction in impact strength of thermoplastics such as PP
with the inclusion of natural fibres is commonly observed in the literature [2, 4].
However, for the composites, the effect of polymer sheet thicknesses and stacking
arrangements on impact strength appeared similar to that observed for the tensile and
flexural properties. It has been previously reported that the interfacial bonding
between the fibre and matrix plays a vital role in determining the mechanical

properties of composites [4].

35 l
30 | “{ Samples were not broken
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¢PP/MAPP XH-0.66 AH-0.56 HH-0.29

Figure 6.13: The average impact strength of composites as a function of fibre content.

6.3.5 Density and porosity of composites

Both density and porosity of the composites were found to increase with increasing
volume fraction of fibres (Figure 6.14). This is due to the fact that the density of fibre
being higher than that of the matrix [220]. Typically, significant porosity has been
shown by natural fibre composites and has been shown to increase with increasing
fibre content [34] [36]. Porosity arises mainly due to the limited interaction between

the fibre and the matrix and inclusion of air during processing [4].
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Figure 6.14: Density and porosity of composites as a function of the volume fraction of
fibres.

6.3.6 Fibre length and diameter distributions

Both fibre length and fibre dimeter play an important role in determining the strength
of the composites. Figure 6.15 and Figure 6.16 represent the fibre length and fibre
diameter distribution within the fibre mats. The fibres had an average length and an

average diameter of 1.880 mm and 0.051 mm, respectively.
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Figure 6.15: Hemp fibre length distribution.
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Figure 6.16: Hemp fibre diameter distribution.

6.3.7 Determination of interfacial shear strength and critical fibre length

of PP/hemp samples

The average interfacial shear strength (IFSS) value obtained for the PP/hemp
samples was 8.7 MPa, indicating a relatively reasonable level of interfacial bonding
when compared to the IFSS values of other natural plant fibre thermoplastic
composites reported in the literature [4, 54]. For instance, the IFSS value for PP/dew-
retted flax samples with MAPP was found to be 11.4 MPa using pull-out testing
[221]. An IFSS value of 7.5 MPa was found for PP/flax-duralin samples using micro-
bond testing [17]. A higher IFSS value of 15.4 MPa was found for PP/hemp
composite samples with alkali treated fibres obtained using single fibre
fragmentation testing (SFFT) [4]. In another work, an IFSS value of 12 MPa was
found for PP/flax composite samples obtained using the fragmentation test [222].
The higher IFSS values obtained with the fragmentation testing is not surprising as
there has been no application of pressure (hot press) in single fibre pull-out testing
(SFPO) compared to the fragmentation testing. It has been previously reported that
the IFSS values obtained not taking into account the application of pressure could be
an underestimation to some degree for the compression moulded composites [35,
54]. This is due to the fact that the use of pressure could help homogeneous matrix

adhesion with the fibre surfaces.
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The critical fibre length (Lc) determined using the average IFSS obtained by means
of single fibre pull-out testing was found to be L. = 0.85 mm. An almost close value
of Lc = 0.83 for a composite containing alkali treated hemp fibre with a matrix of
polypropylene has been reported in the literature [54]. Figure 6.17a shows the
scanning electron micrographs of hemp fibre surfaces before the SFPO testing. As
can be seen, the fibre surfaces appeared to be rough due to the HT alkali treatment,
as evidenced by the striations on the surfaces [2]. Figure 6.17b and 6.17c show the
fibre surfaces after the SFPO testing. As expected, the fibre surfaces appeared to
have reasonable fibre wetting by the PP/MAPP matrix as strong covalent bonds can
be formed between the OH groups present on the fibre surfaces and the MA
functional group of MAPP [5].

Using the Von Mises yield criterion, the shear stress (tm) required to bring about

matrix tearing was estimated using the following equation [223, 224]:
Jm
Ty = E [:63)

where, @,,, is the tensile strength of the matrix (PP/MAPP). The average tensile

strength of the matrix was found to be 14.8 MPa. Thus, the estimated T,,, based on

the above equation was 8.5 MPa. It can be seen that the average IFSS obtained is

slightly higher than the estimated T,,,, suggesting that the composites are most likely

to fail by matrix tearing, assuming that all the fibres are longer than the critical fibre
length. However, in fact, there are a significant proportion of fibres in actual
composites which are below the Lc (see Figure 6.15). Therefore, during tensile
testing, fibre pulling-out will also occur. Furthermore, the estimated IFSS value is
based on the average fibre strength obtained from the single fibre tensile testing. In
actual composites, there are a significant proportion of fibres which could have failed

at much lower stresses than the average fibre strength.
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Figure 6.17: Scanning electron micrographs of single hemp fibre surfaces: (a) before
single fibre pull-out testing (b), (c) after the pull-out testing.

6.4 Chapter Conclusions

Different polymer sheet thicknesses and stacking arrangements were investigated to
improve the mechanical performance of the polypropylene matrix composites
through achieving high fibre content. It was found that decreasing the overall
thickness of fibre mats between two polymer sheets within the stacking arrangements
of composites and so decreasing the distance the polymer needs to travel improved
the fibre wetting through the composite and therefore improved the tensile properties
of the composite. The maximum mechanical properties (tensile properties, flexural
properties and impact strength) of the composites were found at a fibre content of 60
wt%. The tensile strength and Young’s modulus of the composites were found to be
44.8 MPa and 6.2 GPa, respectively; the flexural strength and flexural modulus of
the composites were found to be 97.6 MPa and 3.6 GPa, respectively and the impact

strength of the composites was found to be 18 kJ/m?.
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7 Chapter Seven

Conclusions

7.1 Effects of alkali treatment

Two different alkali treatments (high temperature and ambient temperature) were
carried out in order to produce fibre mats from high strength hemp fibres using
dynamic sheet forming (DSF). Although the chemical composition of fibres was not
directly assessed, from single fibre testing, it was found that the high temperature
treatment increased the fibre tensile strength compared to that of untreated fibre,

whereas the ambient temperature treatment reduced the fibre tensile strength.

The increase in tensile strength of the high temperature treated fibre can only be
explained by the removal of weak components (as supported by FTIR, TGA, SEM
and change of diameter) and thus the remaining material is stronger. Furthermore,
the removal of weak components from the fibre cell walls could be leading to close
packing and alignment of cellulose chains. This was supported by the higher
crystallinity index for the fibre after the high temperature alkali treatment compared
to untreated fibre. The close compaction could have enhanced the adhesion between
cellulose microfibrils, thereby providing better fibre tensile strength towards the
loading direction compared to untreated fibres. The ambient temperature treatment
also removed some of the weak components (as supported by FTIR, TGA, SEM and
change of diameter) and increased the crystallinity index of the fibre, however,
resulted in a significant reduction in fibre strength, suggesting that cellulose
degradation had occurred during the ambient temperature treatment. This was further
supported by the lower crystallinity index for the two-hour ambient temperature
treated fibre compared to that of untreated fibre; the lower crystallinity index was
most likely due to the increase of amorphous cellulose content as a result of cellulose
degradation. Earlier studies have reported that chemical reagents first react with the
chain ends at the surface of the crystallites, as they cannot diffuse into the crystalline
region, thus limiting crystalline damage to open some of the hydrogen-bonded
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cellulose chains. The chemical reagent then diffuses into the crystalline region,
reacting with the cellulose and simultaneously generating more amorphous cellulose
(cellulose degradation) [225, 226].

Granulation after the high temperature treatment further improved the fibre
separation and only this well-separated fibre could be successfully formed as a mat

using dynamic sheet forming.

Overall, the high temperature treatment seems best for the production of strong and
stiff fibres because the low temperature treatment is most likely to bring about
degradation of the crystalline cellulose chains in the microfibrils or bonding between

cellulose microfibrils before sufficient removal of weak components from the fibres.

7.2 Effects of nozzle geometry on fibre orientation and assessment

of fibre orientation

With the goal of improving the alignment of fibres within the mats produced using
DSF, the effect of nozzle geometry (contraction ratio and exit shape) on fibre
orientation was investigated. The orientation of fibres within fibre mats were
assessed using ImageJ and X-ray diffraction (XRD). Image analysis using ImageJ
and XRD analyses supported that reasonable alignment of hemp fibre produced using
DSF had occurred. It was found that the contraction ratio is the main nozzle
geometry factor influencing orientation compared to the exit shape of a nozzle. Also,
the alignment of fibres within the mats was found to increase with the increase in
contraction ratio of nozzles, although the improvement was only statistically
significant for extreme cases (lowest versus highest contraction ratios of the nozzles
which successfully produced sheets). Improved fibre orientation obtained for
dynamic sheet forming was indicated by higher values of coherency factor (0.31
compared to 0.23) and Herman’s order parameter (0.511 compared to 0.464) for the
fibre mats produced using the modified (highest contraction nozzle) compared to
those mats produced by the manufacturers nozzle (lowest contraction
nozzle).Polypropylene matrix composites reinforced using selected mats (highest and
lowest orientated mats) with different fibre contents were tested parallel and
perpendicular to the fibre loading direction. It was found that the tensile strengths of
the composites made with the fibre mats produced using a nozzle of higher
contraction ratio tested parallel to the main fibre alignments direction were higher

than those composites made with the fibre mats produced using the current nozzle in
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DSF (lowest contraction ratio nozzle). At a fibre content of about 30 wt%, the
average tensile strength of the composites made with the highest orientated fibre
mats was found to increase by about 11 %.

7.3 Effect of surface treatments on fibre mats produced using DSF

The effect of surface treatments (stearic acid vapour and cellulose nanocrystals) on
fibre mats and the potential of these mats as reinforcements in polypropylene matrix
composites were evaluated. The stearic acid vapour treatment reduced the
hydrophilicity and slightly improved the thermal stability of fibre mats. The CNC
treatment was found to bind the loose fibres together within the mats effectively and
improved the integrity of fibre mats during handling. Untreated fibre mats were too
weak for handling and also below the accuracy limits of the equipment to provide
reliable tensile testing data. In contrast, the 2 wt% CNC treatment (CNCs in water)
by spraying had improved their tensile strength.

The composites with MAPP exhibited the highest tensile strength. In the absence of
MAPP, the composites with fibre mats treated with SA appeared significantly
stronger than the composites with alkali treated fibre mats only. This indicates that
SA could act as a coupling agent to improve the strengths of the composites, but not
as effective as maleic anhydride polypropylene. Although the composites made with
a combination of SA and MAPP did not exhibit any additive benefits for tensile
strengths, however, the lower standard deviations observed for the composite tensile
strengths with the combination of stearic acid and MAPP treatments, as indicated by
the error bars, suggest more homogeneous fibre-matrix interactions throughout the
composites compared to the other composites. After coupling with MAPP, the tensile
strength (increase by about 15 %) and Young’s modulus (increase by about 16 %) of
composites (15 wt% fibre content) increased with the incorporation of CNC treated
fibre mats (treated with 2 wt% CNC in water). However, with increasing fibre and
CNC contents, the composites with CNC treated fibre mats showed declines in
tensile strength and Young’s modulus or no reliable data was acquired for these
tensile properties. This is thought to be due to the very poor consolidation of
composites in the presence of CNC; the CNC films formed between the fibres hinder
the flow of polymers resulting in poor wetting of fibres by the matrix materials

thereby decrease in these tensile properties of the composites.
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7.4 Effect of sheet thicknesses and stacking arrangements on the

mechanical properties of polypropylene matrix composites.

The mechanical performance of composites was improved through increasing fibre
content from 30 to 60 wt%. It was found that decreasing the overall thickness of
fibre mats between two polymer sheets within the stacking arrangements of
composites and so decreasing the distance the polymer needs to travel improved the
fibre wetting through the composite and therefore improved the tensile properties of
the composite. In this work, a repeating stacking pattern (repetition depends on the
fibre contents) with a minimum of only two fibre mats between two polymer sheets
(thickness of 0.29 mm) was found to provide the highest mechanical performance for
the composites (tensile properties, flexural properties and impact strength). The
maximum mechanical properties (tensile properties, flexural properties and impact
strength) of the composites were found at fibre content of about 60 wt%. The tensile
strength and Young’s modulus of the strongest composites were found to be 45 MPa
and 6.2 GPa, which is about 3.0 and 6.9 times higher, respectively than that of the
control sample (PP/MAPP). At this fibre content, the flexural strength and modulus
were found to be 98 MPa and 3.6 GPa, which is about 3.4 and 3.6 times higher,
respectively than that of PP/MAPP. The impact strength of the composites at this
fibre content was found to be 18 kJ/m?2.

Based on the outcomes, it is believed that the objectives of the research set at the
beginning of this thesis have been met upon the completion of this study. It can be
conclusively said that the fibres mats produced using DSF can effectively increase
the potential of hemp fibres to be used in future applications as a result of improved
composite mechanical properties due to improved reinforcement efficiency.
Depending on the application, where higher composite tensile properties and
dimensional stability are required, the combination of MAPP and stearic acid

treatments can be considered.
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8 Chapter Eight

Recommendations and Future Works

The research outcomes have set an important platform to improve further the

mechanical performance of polypropylene matrix composites reinforced with aligned

short hemp fibre mats. Some recommendations for future work have been proposed.

In this work, hemp fibres were treated to a maximum of only 120 °C with
fibre to solution ratio of 1:8. The treatment increased the strength of the fibres,
suggesting better packing of cellulose chains occur for high temperature
treatment. Also, the treatment resulted in well-separated fibres for the
production of fibre mats using dynamic sheet forming. However, further
investigations could be carried out to improve the fibre strength and fibre
separation further. Effect of higher temperatures and different fibre to
solutions ratios on the tensile strength and Young’s modulus of the fibres

could be further investigated.

Hemp fibre mats in this work were produced using dynamic sheet forming
with constant variables, except nozzle geometry. The influence of other
variables such as rotation of the drum, the force of pump and thickness of
fibre mats on fibre orientation and composite mechanical properties, could be
further investigated. Moreover, as aforementioned, fibre separation should be
improved using chemical or mechanical separation methods to make use of
nozzles with very high contraction ratios to further improve the orientation of

fibres within the mats produced.

Extending image analysis to three dimensional. Three dimensional imaging
of the fibre mats using confocal laser scanning microscopy or X-ray

computed tomography (CT) followed by image analysis may be carried out.

Composites with CNC treated fibre mats were not successfully produced with
high fibre contents. Thermosets, such as epoxy, may be trailled for the
production of composites as they generally provide better wetting of fibres
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compared to thermoplastic such as polypropylene matrix. The alignment of

CNCs after spraying could be investigated.

The mechanical properties of composites using a combination of alkali
treatment, coupling agent and surface treatments (SA and CNC treatment)
could be investigated. The use of X-ray photoelectron spectroscopy (XPS)
and Secondary ion mass spectrometer (SIMS) for surface characterisation
after treatments could be carried out to further investigate the effects of

treatments
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