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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
compoges, 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 emgaged the expansion of their use in recent times.
However, there are still significant issues, including tHiemited mechanical
performance, that limit the ability to compete for future use. Amongst natural
fibres, hemp fibres are an attractive altereatreinforcement to synthetic fibres
due to their favourable mechanical properties as well as availabitigitionally,
compared to other natural fibres, hemp fibres are more valtabilee bicbased
economy dueo its environmental benefisuch as cabe grown without pesticide

and high yield of technical fiboreS’he hemp is cultivated in most of the EU

countries.

However, b improve hemp fibre composites to further eg@ synthetic fibre
composites,research is required. Presented in this thesis experimental
investigations on the properties of polypropylenatrix compositeseinforced

with hemp fibre mats produced using dynamic sheet forming (DSF) to align the
short fibresused in the matsThe overall aim of this research was to improve the
medanicalperformance 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 frorhigh strength fibres using DSBne at ambient and one

at a higher temperaturélhe ambient temperature treatment wasied out using

a solution of 5wt% sodium hydroxide (NaOH), whereas the lgtemperature
treatment was carried out using a combinatbb wt% sodium hydroxide and 2

wt% sodium sulphate (N8Cs). The fibres were granulated either before or after
the treatment and the effect of granulation was evaluated. Treated and untreated

fibres were assessed usisiggle fibre tensile testing§-ray diffraction, scanning



electron microscopyYSEM), Fouriertransform infrared spectroscofyTIR) and
thermogravimetric (TGApnalysis. It was found that the high temperature alkali
treatment increased the tensile strength of the fibres by about 51 %, sviierea
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 tempeature treatment. Additionallygdynamic sheet forming (DSF) was
found tobe 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, fited to the dynamic sheer former (the machine) and trialled to
produce fibre mats. For the assessment of orientation, control samples, including
highly aligned control sampland random mats, were produced. The alignment of
fibres within hemp fibre mats wassessed using ImageJ (OrientationJ) aimedyX
diffraction. Fibre orientations were quantified, mainly by means of coherency
factors from image analysis of mi croscop
order parameter from analysis of results using XRzsehtechniques 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 contractios eatd
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 machineAlthough here was a trend of increasing fibre ori¢iota

for nazzles withtheincrease ircontraction ratie, however it was only sigificant

for extreme cases¢zzles with théowest and highestonitraction ratios)the exit

shape of a nozzle was found to have less influence on fibre orientation. A
coherency factoof 0.23a nd Her mands 0 of d44wapobtairedne t er  (
for the matsnadeusing the current nozzla DSF compared to 0.11 and 89for

the random mats, respectivelgdicating the potential of DSF to produce aligned

fibre mats Improvemeniattanedfor fibre orientation in this works indicated by



the hghervalues ofcoherency factof0.31 compared to 0.28nd Her mands or
parameter(0.511 compared to 0.464ptainedfor the fibre mats made usiray

high ontraction ratio nozzle anpared tothose mats made using tre current

nozzle in DSEFThe improvement was further supportedabputll1 % increase in

tensile strength for the composites with 30 wt% fibre madsleusing the high

contraction ratio nozzle comparedthe tensile strength for tese compositewith

fibre matsmade using the currenbzzle 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. Ehfibre 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 assessedSEWJ-TIR, Raman
spectroscopy, swelling studies, water retamtiesting, 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 maleigdaite polypropylene
(MAPP) coupling agent and the stearic acid vapour treatment compared to
composites with alkali onlyThe improvement with SA treatment was apparent
only in composites without the MAPP coupling agent. The combination of SA
and MAPP didnot 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 fibegrix interface with SA treated
composites compared 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
waterbased spray and drying step, which inseghthe tensile strength of the
fibre mats with 2 wt% CNC in water. In composites with 15 wt% fibre mats and
with 2 wt% CNC treatmentthe tensile strength dn Youngds modul us
compositessignificantly increased by about 15 and 16 %, respectively. In
contrast, composites with higher fibre contents (25 or 3%)véxhibited poor
consolidation when CNC treated fibre mats were used. This poor consolidation

believedto related toCNC films formed between the fibres in the treated fibre



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

insufficient wetting of fibres by the polymer

In order to improve the mechanical performancearhpositeghrough high fibre
conten different polymer sheet thicknesses and stacking asraegt were
investigatedGenerally, the strength and stiffness of fibre composites are expected
to increse with increased fibre contenprovided these composites have
reasonablénterfacial bonding between matrix and fibras the fibres aresually
stronger and stiffer than the matrix. Howevaritial attempts to increase fibre
contentabove 30 wt% resulted itkeclinesof tensile propertiesf the composites.
Scanning electromicrographsof tensile fracture surfaces of these composites
revealed insuf€ient wetting of fibres by the matrix materidt was found that
decreasing the overall thickness of fibre mats between two polymer sheets within
the stacking arrangements of composwudsch decreased the travelling distance
of polymer improved the fibe wetting through the composite and therefore
improved the tensile propertie¥he strongestomposite producetiad a fibre
content of abou0 wt% At this fibre contenttensile strengtge nd Youngos
modulus of the composites were found to 38 and 6.9 times respectively,
higher than the control samples (PP/MAPP), while figuresiléxural strength
and flexural modulusvere 3.4 and3.6, respectively.The interfae of the
PP/hemp composites waassessed using a single fibre pult test. The
compositewas found to havanaverag interfacial shear strength 87 MPaand
a critical fibre length of 08Bmm.
In conclusion, the investigation demonstrated that aligned short fibre mats could
be produced from high strength hemp fibres using DSF. The penficerof these
fibre mats in composites can legroved in the following ways:

1 Improving fibre orientation using a nozzté high contractionratio for

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

vapourtreatmentnd spraying ocellulose nanocrystaland

1 Improving stacking arrangement/sheet thicknéssallow high fibre
contentin composites while obtainingffective reinforcement and good

fibre wettingand enhanced mechanical performance.
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1 Chapter One

Introduction

1.1 Overview of Composite Materials

In response to the demand\ariousmanufacturingndustries folow densityand

high performancestructuralmaterialsat low cost different composite materials have
been developedl]. Today, many industries, particularly aerospasportsand
automdive, are quite dependent on fibrenfgrced polymer compositdg, 3]. The

main potential advantage of fibre reinforced polymer composites, commonly known
as polymer matrix composites (PMCs) over conventistralcturalmaterals 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 cait ne

energy savings and reduced operating costs.

The reinforcement fibres in PMQ=n be either synthetic (humamade) or natural

and are often encapsulated in a more ductile matrix matetralmost cases, the
reinforcement is stronger and stiffer ththe maitix. Natural fiores have beeof
increasing attentiofor 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 reinfargisynthetic fibres such as gld4s

A composite material may havenaetal, ceramic, intermetallic, polymer, carbon
cement matrix[5-7]. The matrix holds thefibres togetherand transfes applied
stresses from the composites to the filviasthe 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 compo3ite strength characteristic of
1



the interface between the fibres and the matrialss important in determining the
properties of the compositeSubsequently, somether parameters which can
significantly influence the properties of the composites Hre size, shape
orientation distribution of reinforcementand the direction at which the force are
being applied When easonable interfacial strength is establishezhegally, the
volume fractionof constituentss regarded aanimportant parameter influencirtge
propertiesof a compositeAdditionally, in order to suit the application, the volume
fraction isa readilycontrollable manufacturing variable by which the properties of a

composite can be alter¢s.

The reinforcements in a compositanbe fibrousor particulate When @mpared to
particulate reinforcements, the fibre reinforcements bring about greater
improvements in various properties thie matrix material, especially strength and
stiffness. Thusthe high performance fibre reinforcements areyreater focus of
research in recent timgg, 9, 10] Fibres such asacbon, aramid and glass are the
commonly used synthetic fibregith carbon andaramid used in compos#e¢hat
require high performance with extremely high tensile propermiesverthelessthe

most commonly usedyntheticfibres in compositesare glass fibreslue to their
lower cost and acceptable tensile propertdestural fibressuch as hemp, flax, jute
and kenaf are the commonly used +wemod fibres in compositeR2]. Increasing
environmental awarengssoupled with the increasing demand for casipe
materials hasencouraged the use of natural plant fibres (NPFs) as reinforcement in
PMCs especiallyto replace synthetic fibregn 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 cordim 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 majobenefits, including their low cost and easer@nufacturgl12,

13]. In a composite, the reinforcement fibcarries most of the applied load

providingmost ofthe stiffness ad strength téhe composit¢l4]. Thus,theselection
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of fibres with reasonable mechanical performancesisential Another important
criteriato beconsidered with the selection of natural fibres is their lagallability
with long transport distancesncreasing the overalénergy consumptionn the
production of a compositgl5]. In order to obtain an environmentally friendly
composite, the selection of the matrix is also importaith biodegradability or
recyclability as consideration§&enerally,PMCs consistof either a thermoplastic
matrix or a thermoset matrix. Thermosets cannot beeked once cured, whereas
thermoplastics can be repeatedly te@] enabling recycling. Amongermoplastics,
the most common matrices adopted for tia¢ural plant fibore compositeSPFC3
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 Idensityandcost NPFs can be classifiedtom

two broad categories: wood and Aenod fibres[16, 17] Nonwood fibres such as

flax and hemptend to be stronger tharowad fibres andalong withtheir low density

canin some case$iave comparable drigher specific tensile properti¢san glass
fibres[16]. When compared to synthetic fibres, NPFs are renevaaidéavefewer
concers associatedvith health and safety duringandling andnarufacturing[18].
Additionally, when sourced from plantt)e rapid growing NPEsuch as heman

be potentiallyconsidereccarbon dioxidgCO,) neutral All plants utilise CQ when

they growanda similar emissiof CO, occurs when the fibres are burned after their
service life[10], whereas, processing synthetic fibiegnergyintensive and usually
generate€£0O,[19]. Tablel1.1 represents the specific properties comparison of hemp
and glass fibore’s can be seen, hemp fibres have
Most of the interior parts in automobiles amainly designedfor low densityand

high stiffness [17], and hempfibres are welsuited for tls application [20].
Research findings have shown that the composites madatafal fibres perform
better or werealmost similarin terms of specific propertieehen comparedo
composite made of synthetiglassfibres[11, 21] A detailed comparison between
composites reinforced with the glass and natural fibrefunher discussedn
Chapter 2
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Table 1.1: Specific properties comparison of hemp and glass fibrdd, 17

Property Hemp fibres Glass fibres
Density (g/cm) 1.48-1.55 2.55
Tensile strength (MPa) 550- 1110 1400- 3000
Youngds mod 58-70 70
?&Sglﬁgfg’%gtrength 370- 740 800- 1400
Specific Yo 3947 29

modulus(GPa per g/cr)

A composite wher@olymersarereinforced with NPFs can be referred to as natural
plant fibore composites (NPFCs). The natural plant fibore compogdssess many
advantages over conventional synthetic fibre polymer compositdé3CEFsuch as
lower density, lover cost, higler specificY o u n g 6 s andcack mbrel ssistainable

as they can be processed with low energy consumgfi6h Excellent price
performance ratios with environmental sustainability benefits have resulted in
increasing adoption of compression moulded natural fibre thermoplastic components
in the European automotive industf¥]. A life cycle assessmergtudy, which
comparedunderfloor panels made from SFPGsith those made fronNPFCs
reported that the NPFCwere more attractive in termsf lower environmental
impacts[12]. Although NPECs have the potential for many engineering applications,
further research is required to improve their durability (Hergn performance),
mechanical performance arfde retardance for successful commercialisation in

more demanding applicatiof®, 4].

The applications of natural plant fibre compositesanous industries are presented
in Tablel1.2. As mentioned before, most of the automobile interior parts are designed
for weight reduction and stiffneg47], thus making natural fibore 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 ba _ Ford, Opel, Peugeot,

o ) Automotive

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

Volvo

Surfboard, kateboard,

o Sports/Automotive Bcomm®
automotive interior parts

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

) Casings for rasical
Bio-based granulates _ _ Aqvacomp
instrunentgAutomotive

Natural fibre pellets for AutomotiveNon- _ )
S . _ HIB-Trim Part $lutions
injection moulding automotive

1.2 Research Rationale

As with all composites hie mechanical performance of NBP$-not only depends on
the properties of its constitueriiat also depergbn the fibre orientation, distribution
of fibres within the matrix as well as fibre/matrix interfaces and fibre cofiéjt
Previous research outcomesaggest theébest mechanical properties agenerally
exhibited by the composites when the fibres are aligned to the loading dif@€tjon
24, 25] There arevarious alignment techmjues developed by researchers to
manufacture aligned short fibre reinforced polymer composites, whitthbe
discussed in detail in Chapter 2. Natural fibres can be fabricataahiber offorms
such as long yarns (produced by spinning processes), braidéex] woven and
nonwoven matschoppeestrand (with a binder)and chopped randommats (no
binder) However, iterature reportshatrandom mats are commonly used as they are

low cost[26]. It hasalso beenreportedin the literaturethat to further reduce the
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environmental impacts on the productionNRPFs as reinforcements in composites,
the key considerationvould be toprodu@ alignedNPF reinforcementsvithout the
requirementfor energyintensive spinning operationg12]. Research outcomes
suggest dynamic sheforming (DSF), a typical paper production method, has the
potential for the production afhort fiore mats with preferential alignment with
respect to drum rotation directidq27, 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 betweetihe hydrophilic natural fibres and
hydrophobic polymer matrices, which commonly leads to their poor mechanical
performance[29]. Additionally, weak fibrematrix interface increase the moisture
uptake of these compositeghich affecs their longterm performancgs]. For good
interfacial bonding to occurthe 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 fibaad the matrixmodifying the fibre surfaces by
chemical or physical approaches and modifying the matrix by addition of a coupling
agent. However, theraeonly limited works for thermoplasticeinforced withnon

wood aligned fibre mats produced using B&nd thaee studies were conducted with
polylactic acid (PLA) matri{16, 27, 3033]. Therefore, more research is required to
developcomposites with thesaligned matswhich could improve thanechanical

performancef composites

In the present study, research has been conducted to address some of the issues
mentioned aboveAlkali treated hemp and harakeke fibres have been reported as
used for the production of DSF majf4, 16, 34]but the tensile strengths of these
treated fibres were reduced compared to raw fibre due to the weakening of structural
component$16, 27, 35, 36] Thereforeafibre processing approagmoducingshort

aligned hemgdibre mats from high strength fibres using DS&swmtroduced. Efforts

were made toincreasethe performance of fibre mats produced using D&F
reinforcemerg in compositesThe nozzles supplied for dynamic sheet forming
commonly have a roundeectangular exit shape with a low contraction ratio.

However, based on the literature, it was expected that nozzles with higher
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contraction ratio$37-39] and a circular exit shagé0, 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 dired@esearch has shown

that treatment withstearic acidcan be carried out via solution or vapour phase
methodg42]. The most popular is by solution, which involves dissohatagric acid

in an appropriate solvent (most commonly in an ethyl alcohol soluf®n$g].
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
treatmentsand coupling agent2, 4], no research has been carried out to assess
stearic acid vapour treatment of fibre mats for reinforcement of cotepd3ifferent
approaches are being used by researchers to modify natural fibre swritices
nanocellulose: culturing cellulose producing bacteria in the presence of natural fibres,
dipping natural fibres in a suspension containing bacterial celluldeavéa 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 Hine processing of mat#&dditionally, studies were caed 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 performanoé compositesThese methods for improving the tdasi
properties of the composites were carried out though environmentally friendly

methods.
1.3 Research Objectives

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

strength hemp fibres using dynamic sheet forming.



3. Toimprovethe orientation of fibres within the mats proddausing dynamic
sheet forming.

4. To improve the performance of fibore mdty means of surface treatments
(stearic acid vapour and cellulose nanocrystats) toassess the effect of
thesetreatments on theechanicaperformance of composites.

5. To improve tke mechanical performance of composites throbigjh fibre

contens.

1.4 Thesis outlines

This thesis is divided int@ight chapters.Chapter 1 givesn introductionto the

study, including research rationale, thesis objectives and an outline of the thesis.
Chaper 2 presents relevant literaturiacluding a short description of different
methods used to mafacture short fibre compositeShapter 3 covers the work done

to produce high strength hemp fibres with better separation by means of alkali
treatment. Chapr 4investigateshe effect of nozzle geometry on the orientation of
fibres within the DSF matdg:ibre orientationwas assessadasing ImageJ and -xay
diffraction methodsand the #ect of fibre orientation on tensile properties are also
discussed in tii chapter. Chapter 5 covers the effect of stearic acid vapour and
cellulose nanocrystal treatmentsn the mechanical properties of the composites.
Chapter 6 investigates the effectabfeet thickness and stacking arrangement in the
production of composite® achieve high fibre content in compositéhe effect of

fibre contents on theariousmechanicaproperties theeompositess alsodiscussed.
Chapter 7 draws the main conclusions of the studies. Finally, Chapter 8 suggests

some recommendations and fietwvorks 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
sustanable development have encouragbd use of NPFCsas an alternative to
conventional composites. The main constituents of NPFCs include ibieges &s the
reinforcement and oftepolymer basedmatrix. Plant fibres are formed sustainably

by photosynthesiand 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 aswood fibres and
wood fibres, of which nofwvood fibres such as flax, hemp, jute, kereaid harakeke
(Phormiumtenax) are stronger. The matrix contains and holds taet filbres in
place and transfetbe appliedoadsto them.

Plant fibres are lignocellulosiand the presence of numerous hydroxyl groups make
them hydrophilic in naturf29]. Polymeric matrices, although generally hydrophobic,
are preferred for NPFCs due to their low density and ability to process at low
temperature$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 [#8g44] Due to tls
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 prigeerformance ratios at low weight and

environmentally friendly characteristics are making NPFCs increasingly popular in



the automotive and construction industri@d, 45] Other than these industries,
NPFCs are also found in aerospace, spoftge products, machinery, toys, funeral
articles, packaging and cases for laptops and moplled2, 46, 47] However,
moisture absorption, limited interfacial strength between the hydrophilic fibre and
hydrophdoic matrix, poor fire retardance and sojtimal 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 populasytithetic

fibres due to their availability as they are grown in many countries amdea
harvested in shoperiods and are lsigher 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 asnary plant fibores and secondary plant
fibres. Some fibresuch 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 {product.
Plant fbres can be split as follows by botanical type

1. bast fibres (from the outer portions of stalks) such as flae, hemp, ramie
andkenaf
leaf fibres such as banansisal, agavaand pineapple
seed fibres such as coir, coti@mmd kapok
core fibres (fom stalks) such as kenaf, heaud jute

grass and reed such as wheat, camd rice and

o 0k w0 N

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

To manufature 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 strugte, harvesting time, extraction method, treatment and storage
conditions. Among the different types of plant fibres, bast fibres have the highest
specific moduli and tensile strengthehich is considered to be mainly due to their
higher cellulose contenand their cellulose microfibrils aligned more in fibre
direction[4]. Table2.1 shows the mechanicptoperties of some NPFs.

Table 2.1: Mechanical properties of some of the NPFE2, 4]

_ Specific Specific
Tensile Young _ _
Density  tensile Youngos
NPFs strength modulus
(g/cm®)  strength modulus
(MPa) (GPa)
(MPa/gecm?®)  (GPa/gcm®)
Flax 3451830 27-80 15 2301220 1853
Hemp 5501110 5870 15 370740 3947
Jute 393800 1055 1.315 300610 7.1-39
Harakeke 440990 14-33 1.3 338761 11-25
Sisal 507-855 9.4-28 1.315 362610 6.7-20

Hemp is one of the most utilised bast fibres. It exhibits high tensile strength
ranging between 55@nd1 110 MPa, specific Youngos
39 and47 GPa/geni [4], and also environmentally friendly sindecan be grown
without pesticides and herbi@d[48]. Hemp is being considered asutable NPF
reinforcement for use in the ment research because itsf 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 (psychoactivemidal) content
below0.6 %. It is a fast growing annual plant, which has a height of upnt¢®525

m) and stem diameter between 4 & mm|[2]. It has separate maldapts and
11
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female plants. Male plants are taller, more slender andasithall 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 Figure2.1. Each dried stalk consists of a hollow core
(call ed o6hur do) towho af the totad weight.i Theubiast fibre, 5
composite interest, is located between the hurd and epidemmish contributes

25 to 30 % of the total dry weightfaa stalk[5]. Apart from the aforementioned
general classification of plant fibresiet bast fibres are of two typgstimary and
secondary bast fibres. Primary bast fibres are larger, stromgd 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 rmovbfmm) and

25 um (10to 51) um respectively2].

Figure 2.1: Dried hemp stalk.

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

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

Natural plant fibres consigirimarily 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

Figure2.2. Each repeating cellulose unit contains three hydroxyl groups [(Z%H)

12



CH,OH CH,OH CH,0H

H OH H OH

Figure 2.2: Chemical structure of cellulos€5].

Hemicellulose has a branched structure with short lateral chains as shown in
Figure 2.3, containingdifferent five and six carbon ring sugars such as xylose,

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 solutida8].

Figure 2.3: Chemical structure of hemicellulosqd49].

Lignin is a complex hydrocarbon polymer and has an aromatic structure as shown in
Figure2.4. In the plant, lignin provides the struatiand alsca 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 fibresratdces in NPFCs

[50].
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Figure 2.4: Chemical structure oflignin [29].

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

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

Moisture content in plant fibres varideom 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 watereptedhe hydrophilic
tendency of plant fibres affects the mechanical performance of NPFCs, thereby
limiting the applications of plant fibore composites. However, the moisture resistance
can be improved bghe reduction ohydroxyl groups from the fibre celall through
various chemical treatmen#, 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 secondeeyl walls [29, 53] as shown
schematically inFigure 2.5. Each cell wall is mainly made upf cellulose,
hemicellulose and lignin. It consists of multiple layers of helically wound cellulose

microfibrils in an amorphous matrix of lignin and hemicellul{ige

14
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Figure 2.5: Schematic diagram of a NPH54].
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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 pemtient decreases.
Hemicelluloseis mainly responsible for biodegradation, moisture absorption and
thermal degradation of the fibre becawdeats 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
cdlulose conten{44].

2.5 Natural Plant Fibre Composites(NPFCs) and Factors Affecting

their Performance

Nowadays, the international sales volume of polymer matrix composites is
continuously growing55]. Glass fibre is widely used as a reinforcetriarpolymer

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 requiretieior
production[5].

Environmental concerns have forced a considerable interest in making use of
environmentallyfriendly materials to produce edoendly products. Thus, the most
important challenge for scientific research is the development of substitutes having
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lower environmental impact. Carbon dioxide (§®missions due to the combustion

of fossil fuelsarethe main cause of global warmiftQ]. Natural fibres possess the
potential of reducing C&emissions asvell 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 [Em$&b] Natural fibres

are also more easily recycled than glass fibresgtimemonmethod 6r 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 summarisediable2.2.

Table 2.2: Comparison between natural plant fibre composites and glass fibre
compositeg4, 19, 56]

Factors NPFCs GFRCs

Processing machinery damage¢ Low damag Abrasive and increased we:

Health risk Low High

High durability and
N _ can be recycled severe Hard to recycle compared tc
Recyclability of reinforcements .
times without much NPFs

reduction in strength

Inexpensive and low  More expensive and high

End of life environmental impac  environmental impact as en
(potentially CQ 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, 3% fibre)
Raw material cost NPFs are cheaper Expensive compared to
NPFs

Low (35 to40 % less
Reinforcements density weight comparedto  High

glass fibres)

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

composies
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Y o u n gadslus 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, weer penetrates and establistasintermolecular hydrogen bosdvith

fibres reducing the interfacial adhesion betweethe fibre and the matrix [53].
Therefore, research has to mreed out to produce high performance natural plant
fibre composites, which could withstaadonsiderable ammt of impact and exhibit
moderatestrength in comparison to glass fibre reinforced composites. The factors
that have to be considered fortaibing highmechanicaperformancdor NPFCsare

discused 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. Itan protecthe fibres from adverse environments (&vgter, chemicals
and impactproperties) and transfers the applied load to the fibres. NPFCs include

either a thermoset or thermoplastic polymer matiiség

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 thermoplasties 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 eetion of
matrices in NPFCs are normaliynited to those that can be processed at less than
200 °C, although it is possible to use a maximum of 280for a short duratiofyd,

44].

Thermoplastic matrices offer several advantagespewed with thermosetting
matrices. These include recyclability, easier control in processing, high impact
resistance, low cosgreaterresistance to moisture and some industrial solvamnds
flexibility in design (molecules in a linear chain can slideroeach other) compared

to thermoset matrices (crebsked) [51, 58] The properties of some of the common

thermoplastics used are listedTiable2.3.
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Table 2.3: Properties of common thermoplastic polymers used in NPF(J4.2, 59]

Water _ . lzod
, _ Tensile Elastic _
Thermoplastic _ absorption impact
Densty 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  21.426.7

Low Density

0.910- 0.925 <0.015 40-78 0.055 0.380 >854
Polyethylene
High Density 0.94-0.96 0.0 0.2 14.571 380 0.4-1.5 26.7-1068
Polyethylene
Polystyrene 1.04-10.6 0.03-0.10 25-69 4-5 11

Polypropylene (P) is the most widely used thermoplastic matrix in NPFCs,
particularly for nopstructural applicatios, because of its low density, low water
absorption, excellent procebdity, goodmechanicabnd electricaproperties, good
biological and chemical resistancand good impact resistance and dimensional
stability[4, 12, 56, 5851].

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 teaforcement througla shearing
action at the reinforcemematrix interface. The effectiveness of load transfer
depends upon critical fibre lengfdefined as the length at which the fibre can be
fully loaded at its centre point as if it were contingoos critical aspect ratio
(defined as the minimum fibre aspect ratio in which the maximum allowable fibre
stress can be achieved for a given Jaalich can be obtained by the equation below
[54];

=L (2.1)
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where,L . is the critical fibre lengthd is the diameter of the fibyey is the tensile

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

Fibre orientation is a major factor influencing compositgfgrmance; research,
largely on synthetic fibre composites, supports thahtgkest strength and stiffness

are achieved in composites when fibres are aligned in the loading dirgg&Zipn
Generally with short natural plant fibore (SNPF) composites, randaatgnedfibre

mats are used as reinforcements due tdbtblegical limits of fibre length and the
difficulty of aligning short fibre. However, there are a number of methods that have
been develped for aligning short fibre, again largely employed for synthetic fibres.
These methods can be broadly classified as wet processes and dry prii&isses
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 dire¢6dn

65] while in the latter, generally, dry fibres along wblymer 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 highemwittalignment
methodq13, 63, 64]

An overview of the main alignment techniguedopted to align short fibres along
with a recently adopted alignment technigue. dynamic sheet formin¢gDSF),
which has beeremployed successfully to produce aligned natural fibre, awat

described in the following sections

2.5.3.1 Discontinuousfibre alignment methods

2.5.3.1.1Dry processes

The two main conventional short fibre alignment techniques used in the textile
industry are cardingni which, rotating rollersas shown irFigure 2.6a, guide the
fibres to produce a fibre web and combing, where the rows of pins in the easmb
shown inFigure 2.6b, align the short fibres. These processes result in matsidack
homogeneous packing and sufficient alignniébt 66}
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Figure 2.6: (a) Carding machine (b) Comb

Alignment of short fibres electridgland pneumataly provides a higher production

rate and a higher degree of alignment than carding and combing. Electric fields are
used in the aligree discontinuous fibre composite process (ADE3]; 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 filalesig with coated polymer
powder are then deposited on a moving bétllowed 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 irFigure 2.7. The ADF process depends on the
conductiviy of fibores and so are generally not relevanshort natural plant fibre

polymer compositesSNPFPCx
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Figure 2.7: An overview of the ADF process

The main pneumatic alignmenmethod used is the glassat reinforced
thermoplastic (GMT) technique. In this method, two orientation plates are used for
the dignment of fibres as shown iRigure 2.8. A mixture of dopped glass fibres

with thermoplastic poder are sprayethrough a tubénto 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 preffg#js

TUBE

ORIENTATION PLATE

COMPRESSION MOULDING

HEATER §
ORIENTATION PLATE | | \ ]

\PERFORATED PLATE

Figure 2.8: A Brief d escription of GMT.

Another pneumatic alignment process reported in the literature involvesnglig
fibres from a fibrous mag$8]. In this technique, a fibrous mass is laid on a screen
Then a high pressuigulsatingcompressed gas jet is discharged fromkibgom of
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the fibrous massthrough a nozzle and law pressure compressed gas is directed
towards the fibrous mass through an opening provided in the middle portion of the
apparatus. The pressure differencause fibre separation and fibres to flow upwards

A specially designedonical annular verticgbassagef the apparatuas shown in
Figure 2.9 results in the alignment of fibres. The aligned fibres are collected at the

top ofthepassageway on a porous closure.

SPECIALLY DESIGNED ALIGNMENT PASSAGE

OPENING

FIBROUS MASS ON SCREEN

NOZZLE

Figure 2.9: Apparatus for fibre alignment by pneumatic means
2.5.3.1.2Wet 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 precipitat
bath. The gel filaments formed are wound onto a draffowed by cleaning and
drying [65, 69]
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Processing with glycerine involves dispersion ofrsfibres in this viscous medium
which is made to flow through a reciprocating tapered nozzle (partial alignment of
fibres) as shown inFigure 2.10, onto a flat gauze bed (wire mesh). The final
alignment occurs as a result ofifl 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 remof#0, 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 increasimgpioduction time and

the ct.

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 dischhgging
fibre suspension through an aligning nozzle onto the inner permeable surface of a
rotating cylindey as schematically shown iRigure 2.11. This centrifugal rotation
causes rapid removal of suspended fluid thereby retainiggna¢nt[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 alignmigi®]. The main

drawback of the centrifugal technigisethat it is a batch production method.
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PERMEABLE SURFACE CYLINDER

NOZZLE

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 litexture is the high performance discontinuous fibre method
(HiPerDiF) [64] which produces a tape or tow type preprdgsthis method, the
suspending fluid is water (less viscous compared to other conventional fluids). A
nozzle, as shown ifrigure 2.12, is used to discharge the fibre suspension to an
orientation head. The orientati head has twparallel platespne of the plates along

with amoving 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 thibre 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). Ina MNS, the middle plate acts 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 aforemeotied centrifugal alignment methods tise
dynamic sheet forming (DSkyhich 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 drumracated inFigure 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 producti¢a7, 73] Once the requirediater wall is obtained,

the aligned mats are produced by discharging the fibre suspension (water and short
fibres) onto a rating drum through a nozzle. The nozate 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;jetwire speed rad and dewatering37, 38, 40] The
present study focuses on nozzle geometry, and keeping allvathi@blesconstant.

The nozzle geometry factors include the contraction ratio and the end shape of a
nozzle. The re of a nozzle is to transfer the pipe flow of the suspension in the
machine to a thin spanwise homogeneous weere the fibres are uniformly
dispersed onto the rotating dru@7, 38] The nozzle not dy helps in uniform
dispersion, but also orientates the fibres towards the main flow direction. The nozzle
geometry phys an important role in thismiform dispersion and orientation of fibres

within the produced matslt has been reported that the extensi 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 orientatidibcés[39, 7476].
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Figure 2.13: Dynamic sheet forner.

At this point it is worth mentiang 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 idependent 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 chacteristic of the fibre suspension. Extensive studies have

been conducted to understand the rheology of fibre suspeifigiins
There are several flow regim§37, 38, 75, 77that occur during the flow of pulp

suspensions through a pipe as illustrated schematicalygimre 2.14. Theseflow

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

Plug flow: Initially, where the plugwall 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 furthieicreasing 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 occulere the interactions
betwesn the plug and the wall cease and there siphey 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 incsed velocity.

Transition flow: Turbulence initiates in the water annulus region. Here, the
permanent disruption othe 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 fibores when wet compared to synthetic fibres allows

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

main orientation of fibres is in the same direction as that of the flbog: studies

involving fibre orientation use the explanation of Jeffgf9] that an ellipsoid like
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particle suspended in a Newtonian fluid experience simple shear[8@\v Fibre
orientation in a simple shear flow has been researched broadly in litd@8uréd,

79, 81] It has been reported that in a simple shear fethannel (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 floection [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 dirddoi83]

As aforementioned, when the fibre mat is produced, the suspension from the pipe
enters a nozzle. The main purpose of the nozzle dsstabute the fibre suspension
uniformly across the full width of its exit cresgction 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 throughazzle is subjected to variable flow
characteristics that could result in complex fibre orientation distributions within a
mat produced. fie change in flow velocities through a nozzle can result in the
formation of different flowcharacteristic§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 endinganigictangular
roundor circular exit crosssection. A contiction ratio is commonly defined as the
ratio betweerthe nozzle inlet area to the outlet af8&]. In DSF, the contraction
section of the nozzleigs in transferring the pipe flow as a uniform homogenous jet
to the rotating drumlt has been reported that the acceleration of flow in the
contraction affects both the fibre flocs and orientation of fibres within a mat
produced37, &4]. This is due to the tendency af ellipsoidlike particle, such as a
fibre, to drift towards the flow gradient plane aralign mainly towards the
acceleratedlow 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 directif@i7]. Some of the causes reported by
researchers which could have influenced the fibre orientation in contractioio due
the accelerated flow includbe flow stresses, velocity gradients, fluid inertia, rate of
strain of suspension in the flow direction (exienal flow) and relaminarisation

(returning to laminatike 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,
relaminarisatiorcould occur[74]. However, the velocity profilegasnot appropriate
to conclude the relaminarisatioj@3].

Overall,depending on the nozztgeometry or shape @stly converging), it may be
concluded that the fibre suspensions undergo both extensional (elongational) and
shear flow(near the wall) During shear flow, there stendencyfor fibres to rotate
towards the direction of shear, similarly, if the flowestensional, the fibres rotate
towards the direction of extensig@7]. Thus, as the contractiaatio of a nozzle
increases, the flow acceleration due to the contracdtioreases the tendency of
fibres tostrondy align the fibre towards the flow directi¢n6].

The currentnozzle availale with the dynamic sheet former is a rectangutamd

nozzle (initially round and gradually decreasing with a more rectangular exit cross
section). It has been reported that a nozzle terminatinganstrcular shape could
produce better alignment compdr to those with slit nozzleplO]. Given the
relationship between nozzle geometry and the alignment of fibres, more research is
required to carry ouor the mprovenent ofthe alignment of fibres within the mats
produced.

2.5.3.1.30ther alignment methods

Alignment of short fibes 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 sidh@®UA device. The standing waves
align the fibres in its nodal position. The main drawbacks are low fibre volume

fractionobtainable in composites using this method.

Injection moulding is one of the main processes used to manufastiare fibre
reinforced polymer compositeSERPCE Alignment of fibres generally occurs due
to interactions between different laygiskin and core layersih the mould. The
alignment of fibres follows the flow direction in boundary regionshefmould due

to the frictionexerted 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 whichmay improve thefibre alignment in the centralegion [5]. Shear
controlled orientation in injection moulding (SCORIM) is a modification mainly
used for aligning short fibres along the flowatdition during injection mouldinfB1].

In this, macroscopic shears are generated with a device fitted between the mould
cavity and nozzle of amjection moulding machine. This device consists of pistons
which oscillate to produce macroscopic shear to solidifying melt inside the eentral

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

A combination of injection mouldg and compression moulding have been used by
researchers to produce alignesthort natural plant fibre polymer composites
(SNPFPC} Injection moulding was initially used to produce cylindrical rods of the
short fibres with polymer matrices. Finally, teo®ds 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 hédnepotential to

print or fusedeposition modelling of aligned SFRP{% 90]. Generally, in this
method, extruded filaments ofi@t fibres with polymer matrices are fed into a 3D
printer to produce (or print) aligned SFRPFG%]. For the filament etrusionfor 3D
printing, initially the matrix (pellets or powder) is melted and mixed with the fibre
and forced out through a digfter 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 filamensectiss

[92].

Among all aforementioned methods, the highest degree of fibre alignment reported
in the literature is + 3 (measured within the prepregs or composites prodiu6d{l)

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 drun®466f the fibres

with in this range). The performance in terms of alignment reported by electric field

and pneumatic methods are + 2070 % of the fibres with in this range) and

+ 52° (majority of the fibres with in this rangeespectivel\{62].
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2.5.3.2 Potential benefits of dynamic sheet forming method

Various forms of shid natural fibres are availablgcluding randomlyalignedmats,

long yarns, braiding and woven textilg3], but literature reports that generally
randomly aligned mats are used as reinforcement in SNPFPCs as they are cheap
compared to other formf4]. However, work carried out at the Univiéysof
Waikato has proved that the dynamic sheet forming method is a potential technique
to produce aligned short fibore maf4]. In that study, he occurrence of lire
orientation in harakeke mats was assessed by determining the ratio of transverse
tensile strength to longitudinal tensile strength indieatgood degree of orientation.

The ratio obtained was Q.®&hen the ratio closes to zero point to the higherekegf
alignment. It was also observed from the optical images and scanning electron
micrographs that the fibre mgtsovideimproved fibre dispersiom the composites

The composites produced with the harakeke fibre mats reinforced in epoxy resin and
with hemp and harakeke fibrespolylactide polymers using compression moulding
had exhibited higher tensile strengths
alignedshort fibre mat$27, 73}

As aforementioned,yshamic 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 prduction of DSF in order to improve the aligan 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 fibeeis mainly due to the
hydrophilic fibres in hydrophobic matrichemical €.g. alkali treatmen®r physical

(e.g. corona and plasma treatmemtg)difications 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 suamadsic anhydride polypropylene
(MAPP) (improves interfa@l bonding) and dispersing agengsich as stearic acid

(SA) (reduces fibrdibre attraction) have been used in PP to modify dispersion as
well as fibrematrix interfacial interactiorrespectivelyf2, 4, 51, 95]
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2.5.5 Porosity

Porosity (air filled cavities) isftenan inevitable component in composite materials.

This can be caused by the mixing and merging of two different mat¢®id)s
Porosity acts as stress raisers in composites, affecting the overall performance.
Therefore, much care should be taken during selection of processing methods for
composites taninimise porosity as much as possibResearch hashownthat the
processing methods assisted with vacuum and compression are the best to reduce the

porosity in compositeg!].

2.5.6 Interfacial bonding between the fibreand the matrix

The strength of the interface hadaage influence on composite properties which
depends on the mechanismd amounof interaction. The mechanisms of interfacial
bonding can be mechanical interlocking (rough fibre surface), chemical lgondin
(presence of chemicdlnctional groups) and intediffusion bonding (interaction
between atoms and molecules). There are possibilities of multiple bonding
mechanisms occurring at an interface at the same [dinelhe interface strength
also depends on the density of bonds. As already discussed, for NIREf@sis
usually limited interfacial bonding at the interface due to polar fibres angy@ian
polymer matries. Thisin turn, affects the stregmnsfer 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 couplirggens [2, 29, 34, 50, 53, 999]. 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 inter{d@g)

Wettability of the fibre by the matrix is most essential for the mditobe 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 fibrenatrix adhesion[100]. However, NPFs due to their

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

surfaces possessing lower surface energy than that of matrices.

Coupling agents (also known as compatibiley 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, chemicaupling agents and
biological), used to improve interfacial bonding of NPFGs described in the

following sections.

2.5.6.1 Physicaimethods

Corona, plasma and heat treatment are the three main physical treatment methods
used on reinforcing fibreurfaces Structural and surface properties of the fibres are
altered by these methagdwhich mainly enhance the fibreatrix interface via
improved mechanical bondin2]. However,these method®ften 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 temgrature and pressure. In addition, prolonged treatment times may
result in a fibre with a significantly roughened surfaghich enhances the bonding
between fibre/matrix. This treatment improves wetting between fibres and matrices

which would improve theomposite strength and stiffnd491, 102]

Plasna 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 lowdensity polyethylene compositgy.

Heat treatments affect both the physical and chemical composition of natural plant
fibres. The cell wall undergoes pyrolysihen theprocessing temperatuigtoo high

which often needs to be avoidd81]. Time, temperature and gas composition in the
oven are the main atrolling 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 €f#gcts
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2.5.6.2 Chemicaimethods

Chemical treatmentsivolve reactions between fibres and reagents, inclualikeji,

acetyl, silane, benzyl, acryl, stearic acid, maleic anhydride, permanganate, peroxide,
isocyarate, titanate, and zircond®@ 4, 29, 43, 55]The most populareatmentsare

alkali, acetyl and silangt]. The majorityof 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 factor®?R 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 improvedriatéal adhesions compared

to other common treatmerj, 31, 61, 97, 98, 104, 105]

2.5.6.2.1Alkali treatment

Among different chemical treatments, the alkali treatment with sodium hydroxide
(NaOH) is one of the most wetly used treatments. This treatment removes
hemicellulose, lignin, pectin, wax and fat from the NPFs. The remaoval
hemicellulose, lignin, pectin (cementing materials) from the NPFs sesulfibre
separation anénhances exposure of hydroxyl groups loa fibre surfaceshereby
improving interfacial bondingndfibre roughness and increag thermal stability

[4, 50, 98] Modest treatments have been seen to bring about increased cellulose
crystallinity which isconsidered to be because of removathe abovementioned
amorphousmaterials, whereas harsher treatmehéwve been shown to convert
crystalline cellulose to amorphous celluloBeg(ire2.15) and possibly result in chain
scission106].

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 researcivbish occurs between fibre cell

wall and NaOH(sodium hydroxide)are represented iRigure 2.16. The hydroxyl

(OH) groupsin the fibre break down and react with telamolecules (HOH). The
water molecules are thus driven out. The remaining reactive groups in the fibre (i.e.
Fibre celtO) may form Fibre-cell-O'Na" groups between the cellulose molecular
chains which could significantly improve tensile properties dfet fibres. However,

alkali treatments commonlycarried 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 NaOH29].

These alkali treatments have been carriedbyutifferent researchers in different
ways including at ambient temperature (AT) as well as at high temperature (HT). AT
treatments have many advantagesch as simplicityJow cost and can be easily
carried out in large volumescompared to HT treatmenwvhich requires fully
controlled methodOushabi et al. investigated the effect of alkali treatment on date
palm fibres with arious concentrations of NaOH @ %, 2wt %, 5wt %, 10wt %)

at 25 °C for one hour and found an increase in tensile strengtht@fpalm fibres
compared to raw fibrgd07]. Mishra et al. reported that alkali treatment at 30 °C for
one hour with 5wt% NaOH concentration resulted in better strength for sisal/glass
fibre polyester hybrid composites compatedlOwt% NaOH[108]. Mohanty et al
carried out alkali treatment for sisal fibres at 30 °C witht% NaOH for one hour

and reported a slight improvement in mechanical properties of sisal/polypropylene
compositeg109]. Table 2.4 lists some of the recent works on AT and HT alkali
treatment of hemp fibredés it can be seenof different high temperature treatments
significant improvement iraveragetensile strength was reported for hemp fibres
treated with 5wt% NaOH and 2vt% Na&SO; (sodium sulphate) at 120C with a
holding time of 60 minutes compared tov® NaOH and untreated fibréa8].
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Table 2.4: Some of the ecent works on alkali treatment of hemp fibresor 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 matg[110]
Immersed pralried hemp fibres
in 5wt% NaOH solution for 30 Hemp fibre

minutes, *FSR1:20

Average tensile strength of the filsre

increased97]

Hemp fibres were soaked in 0 %

4 %, 6 %, 8% and0 % for 3 )
All treatments reduced the tensile

hours at room temperature. NaO i
Hemp fibre strength{111]

solutions were prepared in water
ethanol mixtures.

Interfacial shear strength increase

Hemp fibres were treated with as a result of alkali treatment,
5wt% NaOH and 2wt% N&Os Hemp fibre/polylactic acid thereby improving mechanical
solution in *SSCs at 120 °C for 6 properties of composs produced
minutes [30]

) ] 93 % of lignin was removed after th
Hemp fibres were treated with )
treatment. Improved tensile strengt

5wt% NaOH and 2wt% N$Oz Hemp fibre/epoxy R

solution in *SSCs at 120 °C for 6 and Youngos mo
) fibre/epoxy compositef60]

minutes

Two different alkali treatments. Ir

first method, fibres were treated 5wt% NaOH and 2 wt%N&Os

with 10wt% NaOH to a maximurr treatment improved tensile strengtl

of 16C for 45 minutes in *SSCs and Youngod6s mod

FSR- 1:6. Inthe second method, fibre separations of fibre bundles

5wt% NaOH and 2wt% N&Os Hemp fibre were also resulted with both methoc

solution in *SSCs to a maximum of alkali treatment§98]

of 120°C for 60 minutes, FSR:7

Three different alkali treatment; 5wt% NaOH and 2 wt%N&Os

5wt% NaOH, 10wt% NaOH, improved fibre separation. Average

5wt% NaOH and 2wt% N&Cs, Hemp fibre tensile strength of the fibre reduce:

solutions in *SSCs at 160 for [31]

30 min

Note the following: * SSCs stainless steel canisters and FSRbre to solution ratio.
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Prior to DSF, god fibre separation is needeéllkali treated hemp and harakeke
fibres have been reported as used for the mtomluof DSF mat$4, 16, 34] but the

tensile strengths of these treated fibres were reduced compared to raw fibre due to
the weakening of structural componefi6, 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.

2.5.6.2.2Acetylation

Chemical treatment of fibre with acetic anhydride is an effective methoetioting

the innate hydrophilic nature of natural fibrd3uring acetylation treatment, the
acetyl functional group (C#€0OO0) reacts with the hydroxyl group of natural fibres
forming ester bonds. This increase the hydrophobicity of treated fibres, thus
improving dimensional stability of the composifd42]. It hasalsobeenreported in

the literature that the treatment removes unwanted materials from the fibre surface
resultingin arough surface which enhances mechanical interlocking with the matrix
[29, 43]

Kabir et al.[106] studied the effect of acetic anhydride treaht on hemp fibres and
reported improved thermal stability at the temperature range of32B0C.
Zafeiropoulos et alf42] found that the acetylation using acetic anhydride increased
the surface free energy of the treated flax fibres. Bledzki €tl 8] studiedthe
properties of treated flax fibres reinforced polypropylene composites and noticed an

improvement in tensile, stiffness and flexural prdipsrof the composites.

2.5.6.2.3Silanetreatment

Silanes are a range of chemicals with chainsSafls. The silanebased coupling
agents areommonly used to modify fibre surfacdhey are hydrophilic compounds
based on a silicoomolecule with different organicgroups attached5]. These
coupling agents can form ashaidge between the fibres and the matrix, which
improves fibre-matrix adhesion.In the presence of water under acid catalysed
conditiors, silanols(Si-OH) are formed by the hydlysable alkoxy group of silane.
These silanols may react with the hydroxyl group of the fibres and/or with

subsequent dryingand condense themselves on the fibre surfaces forming a
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macromolecular network?9, 114] Hong et al.[115] reported that this treatment
increased tensile propertiestbe jutePP composites due to the improved adhesion

in the interface.

2.5.6.2.4Stearicacid treatment

The chemical formula of stearic acid (SA) is (§8H.)16COOH). Generally, stearic

acid in ethyl alcohol solution is used to modify the fibre surface. Theniché
reaction that euld takeplace between stearic acid and NPFs is showiguare2.17.

The carboxyl group-COOH) present in stearic acién reactwith hydroxyl groups

of the fibre to form an estg¢29]. The esteritation 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
reducesfibre-fibre interaction, wherebynore dispesion of fibresis possible in
polymer matrices compared to untreated fibres. It is also reportethithateatment

can also removeome of the nowrystalline constituents from fibres (wax, oi[&D].

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 fiemical reaction between fibre cells ad stearic acid[29].

Another stearic acid treatment reported in litergtuvehich eliminates the
requirement ot solvent is thevapou phase treatmenthis treatment is carried out
in a preheated oven. The fibres are placed on a fine mesh, directly above a stainless
steel container containirgjearic acid[42, 116] Studies by Zafeiropoulos et {2,
116, 117]reported that stearic acid treatment by employing vapour procedaxon f
fibres reduced their polar interaction abilifurther, it was reported th#te stearic
acidvapour phasé&reatment improved the interfacial stress transfer efficiefdhax
fibre/isotactic polypropylene composites by the irgatanglement of stea acid
chains with the matrixTorres et al]118] also reported increasenterfacial shear
strengthfor stearic acid treated sisal fibre in polyethylene mdiyix23% compared

to untreated fibresAlthough stearic acid &s detected on the treated fibsarfaces,
no ester bond formation wasvealedin FTIR. Different approache® stearic acid

treatment are summarisedTliable2.5.
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Brodaet al.[60] studied the formation and properties of polypropylene/stearic acid

composite fibres and reportelat stearic acidslows down the PP crystallisation

creating a mesphase in addition to the crystak and the amorphous phases of pure

PP.This could result inpartial entanglement of long aliphatic tailsstéaric acidnto

PP structurg¢60, 119] It is also reported thatsmall portion of SA crystallises do

the polypropylene fibre surfacg0]. Overall, stearic acid has the ability to act as a

bridge between the natural fibre and polypropylene comgmsit

Table 2.5: Different approaches for stearic acid treatmen{29, 42, 116118 120, 121]

Fibre - matrix

) Application methods Outcomes
composites
Solution Process
4 % exhibited maximum
Stearic aid in ethyl alcohol solution tensile strength, increase
Sisal/glass/LDPE  (1,2,3,4,5,6,7 % weight of fibre) hydrophobic character of
dropwisecontinuous stirring sisal fibre, good
dispersion of fibres.
Alkali treated fibres soaked in 1% Improvement in thermal
Banana/PP

Jute and sisal fibres

alcohol, 1 h

Mixed 3% stearic acid in polymer melt

(HDPE)

stability

Tensile strength
increasedy 9 % and

5 % forHDPE/sisal and
HDPE/jute fibre

compositestespectively

Vapour Process

Flax fibre/PP

Dried fibres are placed on a mesh abov
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)

At 105°C and 36 h
reduced water absorpti
tendency of fibre,
improved stress transfer
efficiency at the

interface.
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2.5.6.2.5Nanocellulosdreatment

The strength and stiffness of a NPF relates to the cellulose microfibrils. Depending
on the fibre (source), the cellulose microfibrils range from 1 ter®5n width and

1 to 9um in length[122]. These thread like bundles of cellulose molecules contain
amorphous and crystalline regionBigure 2.18). The extraction ofnanemeter
diameter cellulose or nanocellulosem various sources (algae, sea animal, bacteria
and plant biomass) includes multistage processes involving chemical and/or
mechanical method®epending on the isolation meith the nanocellulose may be
categorised into three typesellulose nanocrystals (CNCsgellulose nandibrils
(CNFs) andbacterial nanocellulose (BNCH)23]. The CNCs are mainlylained 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 thenterfibrii hydrogen bonds or interfibril
molecues 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 conflidns
125]. Typical sizes of CNC range fromt@ 30 nm in width (diameter), whereas CNF
range 20 to 30 nm in wid{i26]. On the other hand BNCs range from 50 to 100 nm

in width and several micrometrén length [127]. CNCs are highl crystalline

compared to CNFgue to thepresence of amorphougsllulose material in CNg-

LR

Fibre

W

T 7
. /
/ N

Amorphous region

Crystalline region

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 therbyyl groups present on the
surfaces. It has been reported tkktiFs could form entanglements and network
structure throughout polymer matricd8]. However, he highly fibrillated nature

of CNFs could resulin fibre agglomerabn that could limi the reinforcement
capability in polymer matrices compared to CNC26, 128] Recent researchas
proved thatnanoellulosecan also be used as a binder to produce rigid and robust
NPF preformg129]. 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 BQbiological growth)has been reported to improve the interfacial
adhesion between the fibres and the matrix. However, this method requires long
culturing times (arounfive days) and expensive reactors. Another method reported
is the slurry dipping, in which the fibres to be modified are dipped into a suspension
containng BC, followed by vacuum filtration, consolidation and dryjag0]. It has

been reported that BC bisdheloose fibres inthe natural fibre preforms and the
composites with these preforms exhibited higher mechanical performances compared
to composite 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[Madgr
However, all these methods are themnsuming and requis additional processing
stages to producerabust NPF preforms

The mechanical strength of the dried hemp fili@s produced using DSF is weak,
with only friction holding the loose hemp fibres together. The strength of the mats
can be improved using nietds such as needle punchinipserting barbed needles
andpulling fibres through the thickness fitire websto consolidate it into a mabr
spraying a polymer solution ontbe fibre mats, although this requires substantial
infrastructure or use of sants [91, 129] An alternative method reported in
literature is a nanocellulose treatmexanocellulose (NC) witta highly crygalline
structure has been considered to be used to modify thepfibyener matrix interface

[123, 124, 13Q] High surface area, aspect ratio, stiffness and strength, and
sustainability of nanocelluloge making t popular in composite applicatiofs31].
Additionally, the improved fibrenmatrix adhesions oained for some of the
nanocellulose reinforced polymer compositE®4, 127] prompt to assume that the

interface can be improved with nanocellulose additions. Howevere research is
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required to perform this alternative treatment in a teffective manner to upgrade
the properties of DSF mats, thereby wguling the propertiesf polymer matrix

compositeseinforced with these mats.

2.5.6.2.6Couplingagents

Maleic anhydride (MA) grafted polymers are the most commonly used coupling
agentfor lignocellulosic fibres As mentioned previously, coupling agent acts as a
bridge between the calbse fibres and the polymer matrices. MAnctional grougs
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 coupimethod to improve interfaadi bonding in PP
matrix NPFCs[2, 4, 29] MA grafted polymer is used as an additive during
processing. Thismproves wettability of the fibre as well as bonding thereby
increasing medanical performance of the composites. The chemical reaction,
between malei anhydride grafted polypropylene (MAPP) and the fibre surfaces
shown inFigure 2.19. MA functional groupsinteractwith the fibre surfac OH
groups)throughcovalent anchydrogen bonding. Thieng polymer chains of MAPP
thencombines with the unreactive PP matrix by means of chain entanglefbent
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Figure 2.19: Chemical reaction between fibre cells and MAPR29].

Increases in mechanical performancenafural planfibre thermoplastic composites

(NPFTC)with the inclusion of MAPP have been reported by many researf@jets
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has been previously reported that a MARRE 950P, Honeywell Iirnational 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 redudéd 132]

2.5.6.3 Biologicalmethods

Retting and fungal treatments are the most commonly used biological treatonents
modifying natural fibresRetting is a contited 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 areapin the field to partially degrade

[5]. Retting duration is very important as under retting can result in ipledenfibre
separation and oveetting can weaken the fibrg¢S]. 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 Sibtater,
incubation of the fungi added fibres. Afterwards, they are washed and dried in an
oven. Fungal treatment removes rmilulosic contents such as wax from fibre
surface by the action of enzymf9]. It also roughens the fibre surface by removal

of cellulose, hemicellulose, and lignin, thereby providing better interlocking for the
matrices with the fibre surfa¢@9].

2.5.7 Processingtechnologieg(manufacturing technologies)

Common manufacturing processes of natural plant fibre thermoplastic composites
(NPFTC) include injection moulding (IM), compression moulding (Chkind
extrusion[47]. Properties of NPFTCs depend upon the ufacturing process and

their processing parameters such as temperature, pressure and speed of processing
[4]. These parameters should be prudently selectdtkatength ofNPFCs depends

upon fibre length (which careduceduring processing), temperature (degradation
above 200C), and orientation of the fibres obtained during the processing.

Thermoplastis usually in pellet form and chopped (short) plant fibaesthe raw
materialsfor 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 istous
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 mouldingpossess potential advantages over other manufacturing
processeshigh reproducibility and low cycle time have made it popular4].
NPFTCs are mduced 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 iatty can be a singlscrew or twinscrew

[2]. In an extrusionprocess, thermoplastidbeads or pelletsare softened and a
single or twin screw mixes it with plant fibreBhe compression force exerted by the
screw or screws pushes the mixture through alisiproveddispersion of fibres has
been shownto occur withtwin screw extrudersvhen compared tsingle screw
extruders [4]. Composite granulates, continuous production of denshed
products or components are produced by the extrusion prfiglesSompounding
processes (blending of polymer matrices and natural fibore components, generally in

the form of pellets) are gaining attention in the automotive ind{&5ly

Ideally, composites with high strength are produced by increasingnibena of
reinforcement in the matrix. However, 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 iofproved alignmentthe longer einforcement

fibres and the higher fibre contents possjBle

Previous studies have demonstrated that compression moulded polymer composites
made with the mats proded using DSF exhibited higher mechanical performance
compared to other short fibre processing techniqdes27, 73] However, the

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

increasing fibre content.
2.6 Fibre Orientation Assessments

The orientdon analysisparticulaty in NPFCs is challenging particularly due to the
innate variability inthe crosssectionof natural fibresFibre orientation (alignment)

is characterised statistically as fibre orientation distribui@®3]. Many researchers
characterised the fibre orientation by the optical section md84 for which the
composite samples are cut and polished in order to capture the micrograph of the
fibres left on cross sectiofi35]. 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 alsateghan the literature, but

the low absorption index of the polymers makes the identification of fibre orientation
more difficult [134]. Fibre orientation factork() is also often reported in literature

to indicate the degree of fibres aligned to the loading directibn;=Q) for
composits with highly orientated fibres. However, making and testing of composites

IS time consuming.

Image analysis has also beenrfduto 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 pealemieined orientatiofl36]. Orientation
analysis employing ImageJ (NIH, USA137], an image analysisoftware via
OrientationJ plugn (EPFL, Switzerland), has been employed by some researchers to
determine the distribution of governing fibre orientation angl&8-140]. However,
ImageJ as an opeource softwarehas more potential due to its availability
compared to other image analysis software. Effective fibre orientation assessment
using XRD has also been reported in the literatlid-143]. This X-ray diffraction
(XRD) can provide mean diffraction patterns of the samples from which the
preferred orientatioof the crystalline component tfe cellulose can be determined;

to quantify the alignment of fibres with fibore méi<i4].
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In previous investigations into DSF mats made from hemp and harakeke fibres, the
preferred orient&n of fibres has been determined by analysis of optical microscopy
images (either with visual observatiofi$] and ratio of transverse and longitudinal
tensilestrengtls of the fibore mat§36]). Furthermore, composites with the DSF mats
were tensi tested parallel and perpendicular to the main fibre alignment direction
[36, 73] and estimation of fibre orientation factors from the tensile properties of the
compasites have also been reported in the literafbyd 6, 36] However, testing of
fibore mats or composites is tirm@nsuming. And also, only limited literature
discussing the assessment of orientation of natural fibresmége analysis can be
found, with none for orientation assessment using XRD. Therefore, neg@arch is
required to make use of the available potential 4&ffective techniques that would

be ideal for quantifying the degree of fibre alignment of natural fibre nidus.

description of these assessment methods are prowvidled following sectios.

2.6.1 Fibre orientation assessment using ImageJ

OrientationJ plugn is based on structure tensor; a matrix derived from the gradient

of an imageFor the assessment of every input im@geges can be either optical or

scanning electron microscopidhis sdtware utilises a cubic B spliA@terpolation

by computing the continuous spatial derivatives in x and y directiéigsire 2.20a

and 2.2M). A histogram with th&e parameters provides information on general

distribution of fibres and predominant orientation anglesresponding to maximum

intensity orfrequency of pixel orientationd38-140]. The structure tensor for each

pixel is represented as, a 2 xatrix as shown below [9].
J = <fx,fx>w <fx,fyv>=w

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

Wherefx and fy are partial spatial derivatives of the imatfe:;, v) andw is the

observation window. This structure tensor decomposition provides eigenvaugs (

andawmin) and eigenvectors by which this plugfeatures local orientation, coherency

and energy of every pixel of an image. The eigenvalues of the structure tensor
provide information regarding the distribution of gradients witkn through

paraneters energy (E) and coherency (C). Through these values, one can determine
the | ocal predominant orientation (d) <cor

eigen vectofFigure2.20c) of the structure tensor.
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Figure 2.20: (a) Original image (a DSF mat)(b) Image showing the fibre edgegc)
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 betweenthe difference and sum of the largestnfay and smallest & min)
eigenvalues respectively. Generalljignedstructures possess higher energy values

and coherency close to 1 (C is bounded between 0 afitB9) 146] Qualitative

visual representations (oar coded maps) of orientatiofriure 2.20d) are also
possible in @entationd with HSB mode; Heengle of orientation, Saturation

coherency and Brightnegsput 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 materigdls47]. Most solids are crystaie in
nature, but crystal orientations are not always predeigure 2.21 shows the
schematic illustration of preferred orientation and random orientation in a
polycrystalline meerial. As aforementioned, the DSF has the pgaiemo 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 orientatidimerefore XRD can be used to qutify

the texture in the specimen samplesare with systematic orientation.

Polycrystalline material Polycrystalline material with
with preferred orientation random orientation

Figure 2.21: Schemidic illustration of orientation .

2.7 CompositeTensile PropertiesPredictions

From a perspective of fibre length, the fibre reinforced composites may be classified
as continuous and discontinuous fibre compositesuber of theoretical models
have been developed and reported in literature to give good approximations, they are
often used to predict strength of continuous fibre composyest of the strength
prediction models are based on the assumption that féseesontinuous and are
aligned axially to the direction of applied lo§s]. 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 §aajeHowever, it should be
noted that in discontinuous fibre composites, the tensile propeftitne 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. AdditionalPFCs diameter variation along the
length of the fibres is also a significafsictor. 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 propertésaxially aligned short fibre
composites. According to this modelensi | e strength and Younc

calculated using the equation:

Oc = 0fVf + Ol (2.4)
E.-= Efﬂf + E. v, (2.5)
where Xandvar e the tensile strength, Youngos

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

O0m0Os

= 2.6
%c Jmﬁlf + Jf Vi ( )
Ee=—m% 2.7
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The Hirsch modelas shown by the equations 2.8 and B®ased on a combination

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

to discontinuous fibre composites. An empirical fitting parametés,introduced in

this model, which can be considered as anaation of the stresgansfer efficiency

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

and stress amplification at fibore end$e value ofx 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 HaplinTsai model has been previously reported b usal by several
researchers to determine the strength of polymeric blends consisting of continuous
and discontinuous phasgsi8]. 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 directidd6]. This model is a sem@mpirical 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 mqdtnsile strength can be

predicted as follows:

1+ qnvf)

2.10
T (2.10)

JC-ZD'm(
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1+—(m*ﬁf) (2.11)

Om (2.12)

S . S (2.13)

such thair is the relative strength of the fibre and the matrix. The shape fitting

parameteg; for circular crosssection is given by:
¢= — (2.14)

where,l is the length ofhe fibre in the direction of loading aridis the diameter of

the fibre.

The HaplinTsai model was modified furthgll49] in order to account for the
amount of fibre incorporated into the matrix as well as fibre arrangement as shown

by the equations:

m) (2.15)

% = Om (1 — g
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1+ e
E-=E ( ) 2.16
c m l_nxl.ljt?f ( j
where:
1_¢mﬂx
Y= 1+(?) Uy (21?)

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, respectiviedyndg can be determired by

equations 2.12 and 2.14, respectively.

Coxds model i's amongst the earliest mo d e
discontinuous fibre composites. According to this model, the tensile properties of

short fibore composites can be predicted simitarthe 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 (%)
E.= Efvf 1 Bl + E, v, (2.19)
2
where
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bl | =k

21,
B=\—"x (2.20)
EsAs ln;

wherer, G, .l are the radius of fibre, shear modulus of matrix and length of the fibre,

respectively. Andi. and R are the area and centre to centre distance of the fibres.

For squaregpacked fibres,
1

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

If ( b lidlatge, the value of reinforcement effectiveness reduction factor approaches

unity and the reduction factor tends to zedwen the value is small.

Krenchel further modifies the Cox model to takéo account the orientation of
fibres by incorporing a factor for fibre orientation, )The orientation factor has a
value of unity for axially aligned fibre composités2 for randomly orientated fibre

composites and 0.375 for planar random configurdtié, 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 lengfttthe fibres is above or below critical

length of thefibre(L_). The minimum length at which the stress in the fibre reaches
the fibre tensile strength is tertheas the critical fibre lengfiL_ ). This can be

determined experimentallfrhe most common techniques used to determine are the
pull-out test or a fibre fragmentation tg5t 152] wherethe citical 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 strengtlid) average fibre diameter aijd,) the interfacial

shear strengtht is clear thatimprovement oft;results in lowet ..

According to this model, a stress transfer efficiency fadtgrwasintroduced into

the basic Rule of Mture equatioranddetermines the stress transfer efficiency from

matrix to fibres. The equatio2s4 and 5 were further modified as

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

with k. wasdetermined using the following equatjon

L
Forl<Ll. k,= T or
c

Le
ForL=> L. k,= 1_£

The BowyerBader model proposed a model basedtlmn Kelly-Tyson modified
Rule of Mxtures, which predicts the tensile strength of short fibore composites by
considering the sum contributions of different fibre lengths-(siilzal and super
critical fibre length, as well as that of matrix.

To enable th strength prediction of composites containing fibres orientated in
different directions, a simple numerical fibre orientation fadka) (vas fitted to the

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

Oc =0sVs kg k. + OpUpy, (2.25)

54



Ec=Esvskgk, + Epvp (2.26)

As mentioned before, ithe Kelly-Tyson modelthe average fibre length is used.
Instead of this, e effect of fibre éngth distribution on composite telesproperties

was taken ito account in the BowyeBader model

V;0¢L; L,
o= kg Z[ ] anaj I—E + 0,V (2.27)

where,L; and Lj are the suizritical and supecritical fibre length respectively, and

v; andv;, are the wlume fractions of these swutritical and supecritical fibre

lengths, respectively.

2.7.1.1 Limitations associated with strength prediction models

Table2.6 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 studyable2.6) assume that the fibres withthe 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 ¢(alre) 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-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 viyee. 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

predictiong[153, 154] Fibre orientations within a composite are not easy to measure

as the fibresare 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 basedfibre orientation distributions within the composites
[155].

Table 2.6: Main models and the associated assumptions used for the prediction of
tensile strength of the compositef32, 156]

Models Main assumptions

1 Reinforcing fibres have perfect interfacial bondi

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

1 Iso-strain conditions exist for fibre and matrix.

1 Fitting parameter (X); between 0 and 1, fitt

empr i cal |y to experi me

Hirschos Model supposed to represent the stress transfer betwee
fibre and the matrix, considering fibre orientatic

fibre length, and stress amplifications at fibre end:

f  Shaping fitting parametec): to fit this model to
Halpin-Tsai Model experimental data depending on the fibre geom:
and loading direction.

M Introduced further a facto¥; to enable bettel

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

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

1 Perfect interfacial bonding between fibre and ma

Cox Model
perfect.

1 Included a factor to account for the effectiveness

load transfeat the interface.

1 Introduced further a fibre orientation factory Khas
value 1, 0.2 and 0.375 for axially, random and pla
Modified Cox (Krenchel) Model random configuration for  fibreeinforced

composites, respectively.
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Kelly 1 Tyson Model

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

Composites properties are same as those of

matrix (PP) properties.

Similar assumption to the Cox model in terms
load transfer, but further assumed the str
increases linearly with disbce from the fibre end
up to the yield stress, at which the stress at
interface is assumed to be constant untitssain
conditions exist of which fibre stress levels and -

shear stress at the interface is 0.

Critical fibre length (L) is consideed; the minimum
length at which the stress in the fibre can reach

fibre tensile strength.
Lci determined using SFPO testing.

The tensile properties of the composite depend ¢
fibre stress transfer factor, K This factor
determines stress transfefficiency from matrix to
fibre depending on whether the average fibre ler

is above or belowd.

Modified Kelly i Tyson Model

Similar to above, fitted further a fibre orientatic
factor (Ks). The common values for the factor are

given in modified Cox model.

BowyerBader Model

Take into consideration the sahtical and super

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

An orientation factor, Kmay be applied to accour
fibres not orientated to the loading directions -K
independent of strain and is same for all length

fibres.

The interfacial stress transfer is independent of

loading angle.
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2.8 Chapter conclusiors

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 f{grHs
However, discontinugs 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 direc§¢64, 71] Commonly,
randomly orientated preforms are used as reinforcement in short (discontinuous)
natural fibore composites (SNPFCs) due to the difficulty in aligning short fibres.
However, mechanical performance can be improved by the alignmentesifitihe

main loading directionGenerally, br orientation of fibres, two main approaches are
used: dry and wet processes. Of these, a higher degree of orientationehas be
reported for wet processeBynami sheet forming, a wet process, mosiged in

paper production has proven to be an effective way to prodatewith reasonable
alignment.However, more research needs to be carried out to optimise the fibre mats

production to improve the potential use of these mgt®lymermatrices.
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3 Chapter Three

Alkali treatment of hempfibres 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 formin§KpP Alkali treatment of hemp
fibre was carried out at ambient and high temperatUree alkali treatments used
are modifications of selected alkali treatments from the literature that report
improved tensile strength for NPHS, 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 fibe was obtained from Moffett Orchards Ltd., New Zealand. The
bast fibores were hand separated from the stalks. The chemicals used for the
experiments were sodium hydroxide (NaOH) and sodium sulphitg&S@Jasupplied

by Sigma Aldrich New Zealand

3.2.2 Alkali tr eatment

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

hours) with a fibre to solution ratio of 1:8. The temperature inside and outgde t
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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°24at the end of the treatment. For high
temperature trment, fibre and a solution ofvid% NaOH and 2vt% NaSOs with

a fibre to solution ratio of 1:8 were placed in stainless steel canisters (FR{LsE (

3.1b). These canisters were then positioned inside a laboratory scale pulp digester
controlled by a proportionahtegratderivative (PID) system as displayedHigure

3.1b, which was set to operate with a tHeenperature prdé as shown irFigure3.2.
Granulation was either conducted before or after treatriiéetfibres were washed

with clean water and filtered through a sieve after the treatments at least six times,

before being dried in an oven&Q °C for 48 h.

(b) TR
AARRER UA 1 |11 :

- y Ty PROCESSVALUE
'R | ) L

WY

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 33797 5 : Standard Test Met hod for Ten
Modulus for HighModulus SingleFilament Materials[158] was followed to
determine the tensile strength and Young?o:
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. Twanillimetre thick cardboard was used for mounting tabs with a

gauge length o2 mm as schematically representedkigure 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: Schematicrepresentation 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 ifrigure3.4, by means of an Olympus BX60F5 opticaicroscope

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 tenstiested using an Instre4204 universal testing
machine after burning off the supportisgles using a hot wire cuttérhe test was
carried out at a rate @5 mm/min with a 10 Moad cell. Thirty samples were tested
for each treatment and system comptia was determined experimentally to obtain

Youngds modul i according to t#eFpthmcedur e

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 fibre [31, 132, 159, 160]Here, the rearranged twarameter Weibull
cumulative distribution expressiqgh32, 159] as shown beloywas used to analyse
data obtained for different single fibre testing statistically.

1
Inln ( ) = wing —wine, + InL (3.1)
1-p,
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wherew is the Weibull modulus (shape parameter) andharacteristic strength

(scale parameter). These parameters are important as they descdiséithaionof
the fibre failure strengtivherew describeghe variability, a low value ofv indicates
high variabilitya n d is the stress at which the probability of failure of unit length is

1

0.632 (Xexp €1)) [160]. A Weibull plot ofinin(ﬁ) versusing provides a
—Fr

straight line with gradient and interceptr, at inin (—1 1P ) =
~Fr

3.2.4 Scanning electron microscopy of hemp fibre surfaces

A Hitachi S4100 SEM was used to obtain micraghs 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
(PANdytical). For the measurements, the fibres were chopped and pressed into a

disk using a cylindrical steel mould. The scanning range was betWeerl 35 by

empl oying CuKU radiation (&=1.54 nm) with
mMA respectivelyCrystallinity index (¢ ) of the fibres was calculated using the Segal
method[161]:

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

wherelzoois the maximum intensity of th€@0) lattice diffraction pealof cellulose )
and lam is the minimum intensity of diffractiomt an angle at 18.3%presenting

amaphouscontent132].
3.2.6 Fourier transform infrared spectroscopy

A PerkinElmer Spectrum One spectrometers used to obtaimfrared spectra of
untreated, AT/one hour treated and granulated after HT treated hemp fibres. Hemp
fibore 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
(potassiim bromide) using a hydraulic press by applying 8 tonnésfrassure 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 treatedemmp fibres was carried out using a PerkinElmer
simultaneous thermal analyser STA 80Data were obtained at a rate of T'min

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

3.2.8 Fibre mat production

Aligned fibre mats Eigure 3.5a) were produced using a dynamic sheet former built

by Canpa, Canad#&igure3.5b). To produce fibre mats, fibre suspension (approx. 5g

in 10 litres of water) was made. This suspension was then pumped by the dynamic
sheet forner through a reciprocating nozzle onto a rotating drum covered with a wire
mesh which acts as a cushion for the deposited [ffjrel'he 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 hempfibre mat (b) Dynamic sheet former.
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3.3 Results andDiscussion

3.3.1 Tensile properties of fibres

Hemp fibres have a complex layered structure, containing primary and secondary
cell walls. These cell wallgonsist 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 treatfdhts

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 théT treatment. It has been found that reduction in fibre diameter is
due tothe removal of hemicellulose and ligni29, 103, 111, 157]Although no
specific studies were carried out to measure the hemicellulosgnor tontent 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
NaSOs assists NaOH in the removal of lignjis]. 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 samplesStandard devitions are shown in
parentheses Number of fibres tested for each batch = 30.

Hemp samples Fibre Maximum load A;\;ir;l%e Young's
diameter/um /N strength /MPa modulus /GPa
uT 303 (10.6) 0.30(0.14) 517 (355) 7.4 (4.7)
AT/one hour 299 (6.7) 0.30(0.18) 436 (236) 6.4 (2.7)
Granulated
before HT 214 (4.3) 0.25(0.08) 781 (428) 12 (4.4)
Granulated
after HT 224 (5.8) 0.28(0.13) 833 (577) 12.3 (7.3)

From the tablated results, it can be seen that the HT alkali treated fibre exhibited
higheraverage ensi |l e strength and Youngds modul u

treated fibres, whereas tlhweraget ensi |l e strength and Young¢
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by the AT alkali teated fibre were lower than for UT fibre. This suggests that the
resulting structures of the treated fibres depend on the alkali treatmeniVisexl.
compared to UT fibres, the average tensil
fibres improved by about 54nd 62 %, respectivel{rhe increase imverageensile
strength for HT alkali treated fibre compared to UT fibre is thought to be due to the
removal of weak components (netrengthening components) evidenced by the fibre
diameter reduction after the &tenent. 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, thesy providng better tensile properties for HT
treated fibres towards the loading direction compared to UT treated f[8itpsAs

can be seen ifable 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 thoughto be due to the degradation of the crystalline cellulose
chains in the microfibrils or bonding between cellulose microfibrils as affected by
the AT treatmenf31, 162]

St u d etast(siasistical hypothesis tesjas @rried 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 angpezkmental average tensile
strength are displayed ifiable 3.2. As expected, the characteristic strength has the
same trend as that of average tensile strer@glaring in mind that natural fibres
commonly possess much larger variability in physical, chemical and mechanical
properties compared to synthetic fie@1], low Weibull modulus representing a
high distribution of fibre strength was expectad seen herdhe Weibull modulus

for the fibres varied from 68 to 2.05. These values are comparable with those

reported in the literature for cellulosic fibrigs, 132]
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Table 3.2: Comparison of Weibull parameters with experimental tensile strength for
hemp samples

Hemp samples Weibull Characteristic Average
modulus/w strength/MPa, Qo tensile
strength IMPa

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 Cellulosecrystallinity index (I¢)

Crystallinity index indicates the degree of crystallirafycellulose[163, 164] The
X-ray diffraction profiles (curves) of UT, AT/one hour, AT/two hours and granulated
after HT treated hemp fibrege shown irFigure 3.6. Thel. values were calculated
from maximum and minimum intenss of diffractionfor each profile which are
around 2afd2d 22, eFectdely and are displayedlinble3.3.

Table 3.3: Crystallinity index for hemp samples

Hemp saamples 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 ifmable 3.3, alkali treatmentsmproved thel. values except for
AT/two hours. The highel. value of HT alkali treated fibre compared to the UT
fibre would be expected due to the removal of-opystalline materials and possibly
better packing of cellulose chains within the figégd. Although the I 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. Thissisgge
that chain scission could have overridden the influence of increased crystéli@ity

30, 50, 97] It has been reported elsewhere that the degradation rate of cellulose in
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alkali is influenced by fibrillar mqohology, a more ordered physical structure
impedes degradatiofi65]. This supports the production of betpercked cellulose
chains with HT treatment which would have impeded the diffusion of alkali reducing

cellulose degrdation compared to AT alkali treated fibres.

3000 -
......... uUT
2500 1 =« = AT/One Hour
%'; 2000 AT/Two Hours
S
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=
g
£ 1000 -
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0 T T T 1
0 10 20 30 40
Diffraction angle -2 Theta (Degrees)

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 regionsl 7301740 cm! and 12001300 cmt indicate the
hemicellulose and lignin components through the presence of C=0 linKeifes
167]. Peaks at 173¥m?, 1252 cm' and 120 cn? for the UT fibresbecame 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 tredt fibores compared to AT
alkali treated fibre$50, 106, 166, 16870]; the peak at 1232 cfncorresponding to

the GO stretching vibration of lignin reduced after the alkali treatsie3itmilarly,

the smaller peakis the range between 1280 ¢rand 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 filji&’]. The intensity of
peaks between 1630 chand 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 hydroxgroups[171].
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Figure 3.7: The FTIR spectra of untreated, AT/one hourtreated, andgranulated 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 lossoccurs:between 50 and00°C due to evaporation of moisture in the
fibres, between 200 an850 °C due to hemicellulose decomposition aretween

300 andb00°C (450 °C)mainly due to degradation of lignin and cellul¢$é2-174].

Figure3.8 andFigure 3.9 show the TGA thermograms and iglet loss summary for

UT fibres andAT and HT alkali treated fibres. Frofigure3.9, it can be seen that

the initial 10 % weight loss occurred only287 °C and 329°C for the AT and HT

alkali treated fibres respectively compared to 288for 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 unstablmponents (hemicellulose and pectin)
being removed from the fibres due to alkali treatmgjt with more removal
occurring with HT alkali treatment compared to AT treated fibres as suppoyted
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 thisrignin
fibre from further weight loss above 360 [Z5]. In addition, at higher temperatures,
it was found that the weight pemtage loss was higher for HT alkali treated fibres
compared to AT alkali treated fibreSigure 3.9). This higher weight percentage loss
for HT alkali treated fibres above 360 Up to 450 °Csupports that the greater

removal oflignin from the fibre was by HT alkali treatment compared to AT alkali
treatment5, 16].
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Figure 3.8: TGA thermograms for UT, AT/one hour treated, and granulated after HT
treated fibres.
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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 seé&igure

3.10a, the UT fibres are mostly bundle form; substances known to include lignin,
pectin, hemicellse and other nestrengthening components are localised on their
surfaceq16]. Alkali treated hemp fibres appedrt® have undergone some degree of
fibre separation known to occur due to the removal of some of these components
(Figure3.10b, 10c and Dd). However, it was found that the AT treatment resulted in
very little separation of fibores compared to the HT alkali treatnfégte 3.10b). It

was also found that the fibres granulated after HT alkali treattravere more
separated compared to the fibres granulated before HT alkali treatment, which is

evident fromFigure3.10d compared téigure3.10c.

LRSI 1L 1)

5.0kV 11.4mm x700 SE(M) 50.0u 5%.\/ 1.8mm x700 SE(M)

c

510KV 11.5mm x700.SE(M). 50.0um | 5.0V 11.5mm x700 SE(M)

Figure 3.10: SEM images of hemp fibre surfaces (a) UT fibre (b) AT/onkour 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 TZDusing 5wt% NaOH and 2vt% NaSG;,
with a fibre to solution ratio of 1: 8, [
modulus of hemp fibres by 3% and 626 respectively compared to untreated fibre.

I n contrast, tensil e s tmbem tegeraterentcbated o un g 0 s
hemp fibre were lower than that of untreated fibres b§olénd 14% respectively.

SEM, XRD, FTIR and TGA analyses support that the high temperature treatment
removes more noestrengthening components from the fibres compareahtbient

temperature treatment. Improvement of fibre strength with high temperature alkali
treatment compared with the reduction of fibre strength obtained with ambient
temperature alkali treatmeatong with increased crystallinity index for fibre after

the higher temperature treatment sugdpester packing of cellulose chains occur for

high temperature treatment providing better stesice to cellulose degradation.

Overall, significantly aligned short hemp fibre mats from high strength hemp fibres

was praluced 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
matsproduced usinglynamic sheet formind his chapter describes the work carried
out to assesthe effect of nozzle geometr{contraction ratio and exit shapeh
orientation for thelynamic sheet formingrhe orientation of fibresvithin the mats
produced was assessed using Image@rientationJ) and Xray diffraction.
Composites were produced wittelectedfibre mats (fibre mats produced using
lowest and highest contractioratio nozzle$ and were tensile testdd assesshe
effect of orientation. Details ofmaterials 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 treatfid@ntas described

in Chapter 3 weraisedto produce fibre matsPolypropylene random copolymer
SKRX3600 supplied by Clariant (New Zealand) Limited{ma melt index of 18
g/10min andwith a density of 0.9 g/chwas used as the matrix. The coupling agent
used was AC 950P maleic anhydride polypropylene (MAPP) supplied by
Honeywell International Inc., USAVeroWhite 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;jetwire speed ratio andewatering37, 38, 40] The
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present study focuses on nozzle geometry and keeping all\v@hablesconstant.

The nozzle geometry factors include the contraction ratio and the end shape of a
nozzle.The contractia ratio of each nozzle was calculated as ttie & the cross
sectional areat the inlet to that at the eXit5]. The current nozzle used for dynamic
sheet forming is rectangularound exit nozzlewith alow contraction ratioBased

on the literature, it was expected that nozzles with higher contractios [i&i39]
andacircular exit shap@0] would result in improved alignment of fibres within the

matsproducedcompared to theurrent nozzlditted to the machine.

Nozzle details, including the nomenclature used, are givdialde 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 kwo as throat) okachnozzle beginsAmong the
nozzlesall circular(or round and two rectangularound(R35 and R2¥texit nozzles
were witha converging boundary profildéom the contraction sectiotowardsthe

exit as can be seen Figure4.1la. The othertwo rectangular nozzled56 and R4p
were with slight diverging profiles from the contraction section towards the exit
However,it should be noted thategardless of the converging or diverging profile,
all the nozzles had smaller ext area compared to the inlet ar€dgure4.1b shows

the schematiaepresentation athe current nozzlga rectangularound exit nozzle

used for dynamic sheet formingigure 4.1c shows the photograpimage of all the

3D printed nozzles usedor the present studyfhe 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 thrabhghHlow 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 1®m?¥s. Then,mean flow velocity of the suspension in m/s at

the exit of each nozzle was calculated using the equatlelow.

= — (4.1)

wherv@é ©0Bs the fgbowolvemetit 40 f Dodéxicareadfe and
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 indude the wall

thickness of 3 mm
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Table 4.1: Nozzle details

Inlet area/ _ _ Flow velocty Flow velthy

Nozzles mm?2 Exit area/ Contraction gat the entry of at the exit of

rnm2 ratio each nozz|e1 ead nOZZIe,
m/s m/s

A A

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 1.42
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 abbreviad i ons & R& #orext shaper@ctangeldr-eound and

circular, respectively. Then u mb er f o | réferana tinegexitaréa®f a nozzle; rectangular

round represented by R and circular represented by C.

4.2.3 Production of fibre mats

The alignedfibre mats(Figure 4.2a) were produce by dynamic sheet foring. The

production details are described in Section 3&l8nozzles listed iMable4.1, were

trialled for the production of mat3.he matprodu@d were then cut into sizes of 150
x 300 mm and theavendried at80 °C for 48 hours.

For comparison purposes in alignment assessment, twivok@amples were

prepared.Highly aligned control sampléFigure 4.2b) was preparedby carefully

wrapping hemp fibre bundigbemp bundlesaround a rectangular aluminium piece

in the DSF rotationdirection The random control sample, i.e. the random mat

(Figure 4.2c) wasformed by hand. For thishe fibre suspasion (10 g fibresin 10

litres of watel)) was pouremnto a screewith very fine holesvherethe water flows
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out through the screen and the fibres were deposited onto the screen tanfang

a mat. The mat was then removed awxdn dried at 80 °C fot8 hours.

ol NS 1T GRS

300011 2hnas %35.SE(N) 1.00mm

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

4.2.4 Assessment of orientation

4.2.4.1 Orientation assessment of fibre mats using ImageJ

Assessment of orientation (alignment) of fibvesre carried out using Imagadd
X-ray diffraction. All the optical microscopicimageswere captured using a Wild
M3B stereomicroscope attached with Nikon Digital-BBlc cameraand scanning
electron microscopi¢SEM) imageswere capturedusing a Hitachi $I000 Field
Emission scanning electron enbscope operated at 5 kRrior to theSEM analysis
matswere mountd onto an aluminium stulusing acarbon tape and sputter coated
with platinum.For theimage analysis usingmageJ(OrientationJ)[140, 175] both

optical Figure4.2a,4.20 and4.2¢9 andscanningelectron microscopicHigure4.2d)
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imagesof fibre mats produced using DSiere separately assessebhe principles
behind this Imageanalysis tool areprovided in the Section 2.6.IThe fibre
orientation distribution profiles obtained using tl@rientationJ plugn were
interpreted using three approaches: the predominant orientatiors padkthe
coherency fact@ the ratio between maximum and minimum frequencies, and the
full width at half maxmum (FWHM). Twenty five imageswere analysed for each
batch.

4.2.4.2 Orientation analysis using-Xay diffraction

For the assessment of orientation of fibres using XRi&ctra were obtained using

an EMPYREAN diffractometer system (PANalytical) fitted with a CulX-

raytube) each sample was prepared, as showrignre4.3. The sample was then

placed parallel and perpendicular to theay beams fothree minute d s can i n
transmission modes ranging from 5 ° to 45 ° using a currenvaltabe of 40 mA

and 40 mV.The scanned signals were detected and recorded to provide the
characteristic peaks using anrXy detector From these scans, the most intense
diffraction plane was chose2® f or al | t he samp£23s,; def i
The sampl e was t hen gaabng the darapie arowd608) p h i (a
for six minuteswi t h 2 d f i x e d 208 tplaneth ebtaih thgazimothal t he (
diffraction profile For the calculationazimuthal diffraction profileof each mat was

normalised with the minimum intensity of diffra@h as is common in literature

[147, 176] Threeanalysis approaches (methods) were used to interpret the azimuthal
intensity profiles of each matatio of maximum to minimum peak intensity

Her mands ordeandpagraenet ef ). PWwoldsampies were ( -

measured for each batch.

Her mands order parameter (f) and the degr

the equations displayed bel¢®43]

3= cos?y = —1

4.2
f . (42)
where,

< costy>=1—2< cos*8 > (4.3)
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[1(¢)cos*(¢)sin(P) de

< cos°@ == 4.4
cos [ 1(2)sin(®) d® (#4)
180 — FWHM
= 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: Photographsof a sample prepared for XRD analysisNote the following:
top view (left) and bottom view ¢ight).

4.2.5 Production of PP/MAPP sheets

PP blendedwith MAPP (7.149 MAPP/A00y PP were formed intoshee$ using a
ThermoPrism TSEL6-TC twin screw extrudeattached witha sheet di¢coathanger

type) as shown irFigure4.4. The design fundamentals of the extrusion daatger

type sheet die can be found in the literat[iré7]. The five heting zones at the
extruder barrel temperatures were set at 145 °C (feed entrance), 160 °C, 155 °C, 160
°C, 170 °C feedexit). The twin screws were operated at 45 rpm (revolutions per
minute) maintaining torque less than %) The produced sheetdter albwing to

cool down to room temperatureere cut to 150 x 90 mm to allow them to fit in a

compression mould. The sheets were then stored in qealethylendbags.
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Sheet Die ]

Extruded sheet ]

Figure 4.4: Blending PP and MAPP as Beetsusing a ThermoPrism TSE16-TC twin
screw extruder.

4.2.6 Fabrication of composites

The PP/MAPP sheets and the fibre mats were weighed and arrangddcks s
between two Teflon sheef® prevent adhering to the mouldyrfthe production of

composites

Table 4.2 shows thestacking arrangementd 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 asRR#M@#PPsamples (at

170 °C for 5 nnutes at 1 MPa). Since the fibre matss easily distorted, the
consolidation of PP/MAPP sheets with the fibre nshiguld be carried out carefully.

It was ensured tha®P/MAPP sheetsvere fully meltedbefore slowly applying
pressure Insufficient meltingis believel to distort fibore mats, whickould reduce
composite mechanical performanédter hot pressing, the mould wesmoved from

the hot press anallowed to cool down to room temperature with a weight on the top
of the mould (a steel block of 10 kgCompositesamples were thertaken out and
weighed The final fibre weight percentage was determined from knowing the weight
of fibre mats placed in the mould. ABamples were therstored in sealed
polyethylene bagsThe stacking arrangements of polynstieets and fibre mats in

the mould were according to the literature [16].
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Table 4.2: Arrangements of PP/MAPP sheetand fibre matsinside the mould

*
No. of No. of Targeted . Arrangements of PP Fibre
. . Fibre and fibre mats from .
PpP* fibre fibre wt% loading
Samples* wit% bottom to top of the -
sheets mats (approx.) direction
mould
PP/MAPP 4 0 0 0 4PP
R46-15 15.7 1PP*1MAT/1PP*
C1015 4 3 15 14.5 1IMAT/1PP*/1MAT/ Parallel or
R46-15-P# 15.5 1PP* Perpendicular
C10-15-P* 15.6
R46-30 29.2 1PP*/3MATS/1PP*/
C10-30 3 ® 30 29.3 3MATS/1PP* Parallel

Note the following: P* fibre mat perpendicular relative to DSF rotation direction and PP* =
PP/MAPP.** | n t he abRandCi ar e fthe rempdaomposites in which the mats
were produced using a rectangulatrround and circular exit cross section nozzlesespectively.
Thefirst number f Rlot @w irnegf edesit crose settibtneareaf the nozzleand the
final number following @R or Cérefers to thetargeted weight percentage Wt %) of fibres.

4.2.7 Tensile testing of composite

All the samples wereut into tensile test pieces of approximately 150 x 15 [hé)
31] and thé& edges werground using a fine abrasive pagergive a smooth and
uniform sections fothe testing Procedures detailed in ASTM D 6883; Standard
Test Method for Tensile Properties of Plastics was followed for testing the
specimensln advance of tensileesting, dlthe samples were conditioned at 23 °C +
3 °C and 50 % + 5% relative humidity for at least 48 hofirsinstron4204 tensile
testing machine fitted with a 5 kN load cetbs used for the testinghe cgauge
length of thespecimens was 80 mrAn Instron 268-112 extensometer with a gauge
length of 50 mm was attached to the central part of the test speciorethe
measurement of strainThe specimens were tested atceosshead speed of

1 mm/min. A total of five samples were tested from eactich. The pecimens
without fibres were tested only to maximum stress point becausxagssive

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

4.3.1 Production of fibre mats using different nozzles

As aforementioned, difirent nozzles were trialled for the production of fibore mats
using DSFAn example of a complete mat produced using DSF is shovgure
4.5. The production ofnats was successfulsing dl the nozzlegTable4.3), except
R56 and C6 Instead of a complete mahet use of R56 nozzle resulted ibré flocs

or clumps(Figure 4.6) onto the rotating drupbelievedto be due tahe relatively
very large exit area of this nozzleompared to other nozzl¢¥able4.1). The large
exit areaof a nozzlecan lead to low flow velocityTable 4.1) of fibre suspension
throughthe nozzle resulting infibre clumps It has beerpreviouslyreported that ta
low flow velocities, the fibre suspension behaves like a plug flow, whereffiree
interactions areaminant, resultingn fibre flocs. As the flow velocity increases and
reaches a sufficient range, the filfitere interactions become insignificant due to the
flow stresses, and permanent disruption of the plug (floos) occurd38, 76, 84]

It hasalsobeenpreviouslyreportedthat the flow charactesiics of a fibre suspension
depend on the flow velocity37]. In contrast to R56the fibreswere found to
frequentlyclogging up inside the C6 nozzle pelievedto bedue tothe relatively very
small exit areaof this nozzlecompared to other nozzlgsee Table 4.1). This
suggests thatwith the current operating variables for DS&rther well-separated
fibres (small size fibres)re required for thesuccessfulproduction of fibre mats

whenusing rozzles with very small exit aresa

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 completehemp 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 bre mats using ImageJ

4.3.2.1 Using optical microscopic images

Figure4.7 shows the fibre orientation distribution profiles obtainedtfiermats and

fibre bundles Highly aligned control sampleysing OrientationJ plugn available

with ImageJ softwareCommonly, the orientation is indicated by the predominant
peak of an orientation distribution profiJ&38, 139] As can be seen iRigure4.7,

the profile obtained for the random métise matsn which the fibres arenostly at
random anglgsappeared to have a relatively small broad peak (almost a flat curve).
In contrast, the profiles obtained for the fibre bundied fibre matsappeared to

have a relativelysharp predominant peaksound 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 simea fmats However, the

profiles obtained for the mats produced using DSF weledively widerindicating

that the orientations of fibres within the mats are distributed in different directions

with a significant proportion of fibres aligned to the preddrdirection[85, 86]

Normalised Frequency
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Figure 4.7: Graphs representingfibre orientation distribution profiles obtained for the
hemp fibre mats made using DSF with different nozzles and control sample®ptical

microscopic images of the fibre mats were used for the analysis.

In addition to thecalculation ofpredominant or prefeed orientation of fibres in an

image, the OrientationJ program also calculated 6 coher ency

factor

orientation[178]. This factor is calculated based on the amount of pixels that are in

line in a particular diretion and is boundetween 0 and 1; with 0 and 1 indicating

isotropic and anisotropic orientations, respectivgly9]. The oherency factors

generated by OrientationJ plugare represented ifiable 4.4. As can been, the
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highestcoherency factors wermabtained for the fibre bundles followed by the fibre

mats produced using DS3dtherandom mats

Amongthe fibre mats produced using DS#th different nozzlestherewas a trend
of increasing fibe orientation for nozzles with increasing contraction ratso
indicated by the increasing predominamientationpe& heights(Figure 4.7) and
coherency factor¢Table 4.4), but it was only significantor extreme cases (lower
versus higher contraction ratios)lso, theexit shape of a nozzle was found to have
less influence on fibre orieation as there wago significant differences (confirmed
by St u-est)nnt fibre orientationbetweenthe matsmade withnozzles of
similar contractia ratics (R46, C46 and R35, C35)Vhen compared to the current
nozzle(R46), coherency factor was found to increase by about 35 % with the C10
nozzle. Theseresultsindicatethat theexit shapeof a nozzleis lesssignificant for
fibre orientation in DSFPrevious studies haweported thain a simple shear flow,
nozzleexit area largelgffecs the alignment of fibresf the nozzle exit areés large
although fibres near to the wall are aligned towards the flogction, at the centre,
fibres are aligned perpdicular to the flow directionin contrastjf the nozzleexit
area is smallthe coreregion slowly disappears and increasestdmeency of the
fibres in the suspension &dign towards the flow directioii74, 82, 83] It has also
been reported thdibre suspension experiences extensional ftwe b the sudden
flow accelerationchange in velocityof suspensiohby the contraction section of a
nozzleandcanresult inmorealignment of fibregowardsthe flow direction[39, 74
76].

Qualitative visual representations of orientation distribution (colour coded afiaps
local angles) are also available with OrientationJ in HSB mode:tiu@ngle of

fibre orientation,Saturatiorcoherency and Brightnesaput image [137, 175] The

colour coded maps obtained fitre highly aligned control sampleéhe random mat
andthe selected mats (R46, Cifypduced using DSFRre shown irFigure4.8. The

data visualisations are in good agreement with the data acquired for the orientation
distribution profies. As can be seen, apart from the fibre bundles, the fibre mats
made withthe C10 nozzle Figure4.8d) revealed more orientated fibresvards 0°
compared to the random maigure 4.8b) and the fibremats made with th&46

nozzle Figure4.8c).
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Table 4.4: Coherency factors generated by Orientationdplugin, the calculated
frequency ratio and FWHM of the fibre orientation distribu tion profiles using optical
microscopic images

Average
Contraction Average max/min

Samples* . coherency  SD SD FWHM SD

ratio f frequency

actor .
ratio

Random mats - 0.11 0.04 1.80 0.21 - -
Fibre bundles - 0.36 0.12 259 883 2500 0.98
R46 1.70 0.23 0.03 242 053 7388 7.09
R35 224 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 67.83 7.08

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

maximum.

DSF rotation direction

L >

Figure 4.8: The colour-coded maps obtained with OrientationJor: (a) Fibre bundles (b)
Random mats and (c), (d) Fibre mats produced usingR46 and C10 nozzles, respectively
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The frequency ratio, i.e. the ratio of maximum to minimém@quency, for the
aforementioned fibre orierttan distribution profiles aralsoprovidedin Table4.4.

The reported average frequency ratio could be considered as an indication of degree
of orientation of fibres within a maAmong the matgroducedusing DSFwith
different nozzlesthe mats made with the C10 nozzle exhibited the highest average
frequency ratio. The nozzles of similar contraction ratio but with different exit shape
(i.e. rectangularound or circular) were ats compared based on the average

frequency rati@nd no significant differences were observed.

Thefull width at half maximum(FWHM) is commonlyused to describe the width of

a peak at the mifleight position[180]. Generally, a profile with low FWHM
indicatesa high degree of orientatioifhe FWHM obtained using a Gaussians fit for
each fibre orientation distribution profilesge Figure 4.7), exceptfor the random

mats are also presented ihable 4.4. The flat profile for the random mats made
FWHM difficult. Unsurprisingly, the lowest FWHM washown for the fibre
bundles. Among the fibre mats produdeusing DSF with different nozzles, a
decreasingtrend for FWHM was shown with increase in contraction ratio of
nozzlIl es. However, s t atest) slid not supportasigréfitagts i s

differences between these results

4.3.2.2 Usingscanningelectron micrographs

Figure 4.9 shows the scanning electranicrographs(SEM) of hemp fibre mats
produced using DSWwith different nozzlesAs can be seen, it is hard to have clear
visual differences betweatistributions of orientationef fibres within the matsThe
micrographs bselected fibre mats (R46 and C10) were assessed using OrientationJ.
The dataobtainedwas analysed usinthe threeaforementioned approacheBhe
results were relatively consistent with that found €@rentationJanalysis with
optical microscopic imagesigure4.10 represerd the fibre orentation 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 n€aa#ditative visual
representation of fibre orientationisttibution within these matsan be seern
Figure4.11. As expectedthe scanning electron micrograppsovidedbettervisual
distinction of orientation of fibres within the selected mats compared to the optical

microscopic imags (Figure 4.8c and 4.8d compared tBigure 4.11). Table 4.5
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displaysthe generated coherency factor, calculdtequency raticand FWHM of
the fibre orientation distribution pfiles for these mats. The trends were similar to
the results obtained for tloptical microscopieémages of theefibre mats

DSF rotation direction |———»

Figure 4.9: Scanning electron nicrographs 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 noza€R46 and C10)Scanning electron
micrographs of the fibre mats were used for the analysis

Table 4.5: Coherency factors generated by Orientationlugin, the calculated
frequency ratio and FWHM of the fibr e orientation distribution profiles using SEM

images
. Average Average
Contraction Average
Samples ratio coherency SD frequgncy 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
LII
-90¢©

Figure 4.11: Colour coded mapsobtained for the scanning electron micrographs of the
selected fibre mats using OrientationJ pluginR46-top and C1Gbottom).
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Overall, the trend of increasing fibre orientation for nozzles with iasiag
contraction ratiovasmore consistent with the fibre orientation distribution profiles
and the frequency ratio approaches compared to the FWHM approach.

4.3.3 Orientation analysis using Xxray diffraction

Generally, the cell walls of natural plant fioredRFs) 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 fibreqicafly, native cellulose
consists of crystalline andtafnating amorphous regiofi$44]. Figure 4.12 shows

t he 2 d:the rawdiffifadtien patterrandresultantdiffraction patterrof a hemp

fibre mat Theraw diffraction pattern data (raw data) is a combination o§tet{ine

and amorphousantributions The amorphousackgroundwas estimatedfrom this

raw data by fitting a power trend lirie the data points from the regionsdjcated

by orangecolourin Figure4.12) outside of the main crystalline cellulose pedkse
estimated background was then subtracted flaraw datakor all the sampledhe

most intense diffraction plane wa20() plane of cellulose I. The selected200)
planewas then monitored during scans where the fibre mats on the shoigé

were rotated around thgh i ( O )176]aresulttng in an azimuthal diffraction

profile for each mat.

Figure 4.13 shows the azimuthal diffraction profiles tiie selected fibre mats
produced using DSF and random mais can be seen, the azimuthal diffraction
profiles for the mats produced using DSF indicate that 2086) (crystal planes had
preferred orientatin distribution around 9@nd 270°. In contrast, there were many
peaks distributed over 360 ° for the random mats, suggesting no clear preferred
orientation of theZ00) crystal planes. This again supports the potential of dynamic
sheet former to alignires along the preferred direction. It was found that the fibre
mat made with the C10 nozzle exhibited a more preferred orientaietuthal

diffraction profilecompared to th&bre mats made wittR46 nozzle
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Figure 4.12 X-ray diffraction pattern of a hemp fibre mat using Cu KUradiation.
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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
providedin Table4.6. The average inteitg ratio indicated an increasing trend with
increasing contraction ratio However, a significant difference (confirmed by
St u d etast) was foand only between the fibre mats made with the C10 and R46
nozzles. Alsono significant differences were olrged between nozzles with similar
contraction ratidout with a different exit shapa,e. rectangularound or circular.
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been

reported

t hat

Her manos

order

degree of orientation of the cellulose chain awektive to some other axes of

interest. Generallyf =1 for completely aligned and f & for randomly orientated

[142. Her mand s

order

parameters

(f)

c al

diffraction profiles are summarised Trable4.6. In good agreement with the ImageJ

results, more pronounced orientation of fibres was observed for the mats made with
.t he

t he Cc10

Unsurprisingly, the lowest (f) value was observed for randons mdicating a very

nozzl

low degree of orientation.

e

as

ndi

cat ed

The full width at half maximum (FWHM)and egr ee of

by

orderi

the azimuthal diffraction profileof the fibre matsare also presented iFable 4.6.

ng

Generally, a low FWHM of azimuthal diffraction profile indicates a high degree of

orientation[141]. The FWHM anddegree of ordering indicated an increasing trend

with increasingcontraction ratiphowever, were found to be statistically insignificant

usingtheSt u d etest 6 s

t

Table 4.6: XRD assessment of orientation of fibre mats: & erage intensity ratio and

Her manods

o r d,&WHMpaad dagree of erientation.

Samples* Conrgfi‘g“o” .?Yeeﬁ?ﬂf SD " oder . SD  FWHM  SD o'?leegniiﬁc? :1
ratio parameter ().
Random mats - 1.346 0.135 0.139 0.094 - - -
R46 1.70 1.904 0.064 0.464 0.033 582 21 6767
R35 2.24 1.988 0.079 0.446 0.047 579 13 67.83
R24 3.23 1.994 0.052 0.402 0.016 572 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 0.018 577 11 67.94
C25 3.13 2.122 0.098 0.418 0.039 571 1.6 68.28
C10 7.50 2.278 0.156 0.511 0.005 531 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 camposites

Figure 4.14 shows ypical stressstrain curves for compositerade with selected
fibre mats(selected based on the orientation analyaisig with that for PP/MAPP
(the control sample) focomparison purposesilhe composites containinfibre
content ofapproxmately 15 wt% were tested parallel and perpendicular to the main
fibre alignmentdirection (he preferred direction) As can be seerthe control
samplesextended in a ductile manner to high strain without fail, whereas the
incorporation of fibres causdtie sampleso fail in a brittle manner without much

noticeable yielding.
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& o4 R46-15-P . PPIMAPP
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0

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Strain

Figure 4.14: Typical stressstrain curves for PP/MAPP and compositesreinforced with
approximately 15 and 30 wt% fibre loaded parallel and perpendicular to main fibre
alignment direction.

Figure4.15arepresents thensile strengthof fibres as a function of fibre content and
loading directiorfor the compositesComposite 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 conterferom the resultstican be seen that, for the
composites tested parallel to the main alignment direction, the tensile strength
increased with mincrease in fibre contenthe 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 approximatel$ and11 % higher than the respective composites made with the
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fibore mats produced using the current nozzle, R46. Increased tensile strengths
obtained here is believed to be due to the improved fibre orientation
(a)
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Figure 4.15. Graphs representing (a) Tensile strength and(b) Tensile strength/weight
percentage* of various compositesested Weight percentage = weight percentage of
fibres.

Unsurprisingly, thecompositedestedperpendiculato theman alignmentdirection
exhibitedlower tensile strengthsompared to those composites tested parallel. In the
main fibre alignment direction, composite properties are known to be strongly

dependent on fibre properties and the fibratrix interface. Howeve in the
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perpendicular direction, properties are more dependent on therfdire interface

and the matri§16, 181] Furthermorejn this direction, the diameter of the fibre is
very smallrelativeto the critical fibre length to bring aboténsileload in the fibre
[16]. Moreover it is most likely thatthe 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 directi¢85].

Figure 4.16a and 4.16b represent Youisgmodulusand Youn@gs modulus/weight

percentage of fibres as a function of fibre content and loading direfdrothe

composites As expected,Young 6s  ohd8/MAPR sincreased with the

inclusions of the fibresThis s due to the factthdti br e possesses high
modulus (see Table3.1) han PP/MAPP Similar to the tensile strengtlY,oungs

modulusof compositesested prallel to the main fibre alignmendirection were

higher compared to thoseompositestestal perpendicular According to the

St u d etest, these ate no significamcreases n Youngods modul us of
made with fibre mats produced using the @i2zzle compared to the composites

made with fibre mats produced using tRé6 nozzle Howeve, the averagedest

results suggest that o u n g 6 s ahthd godmpositesnade with fibre mats

produced usinghe C10nozzleare slightly superior.
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Figure 4.16. Graphs representing: (a) Youngs modulus and (b) Younds
modulus/weight percentage* of various composites. Weight percentage = weight
percentage of fibres.

4.4 Chapter Conclusions

Nozzles with different geometries were dsw producehemp fibre mats using
dynamic sheet formingrhe orientation of fibres within these mats was investigated
using ImageJrad X-ray diffraction analysedt appears thatdih techniques were in
good agreemenshowingthat dynamic sheet formingds the potential to produce
alignedshortfibre mats.In the results, althougtinerewas a trend of increasing fibre
orientation for nozzles with increasing contraction ratio, it was ateyistically
significant for extreme cases (losfversus highst contraction ratioof the nozzles
which successfully produced shgeisxit shape of a nozzle was found to have less
influence on fibre orientationmproved fibre orientatiombtained for dynamic sheet
forming was indicated by higher values afherencyfactor (0.31 compared to (BP
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and Her manos @Or5tlecompaped to8.464 tfoe the fibre mats
produced usinghe higlest contraction nazle compared to thosenats produced
using the lowest contraction ratio nozzle (tbarrent nozzle The improve fibre
orientationwas further supported by an 11 % increase in tensile strength for the
compositesmadewith 30 wt% fibre mats produced usinipe highest contracton

ratio nozzle compared tthe respective composites made with the fibre mats
produced usig the current nozzle, R46verall,the orientation of fibres within mats

produced usingynamic sheet formingasbeenimproved.
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5 Chapter Five

Effect of surface treatments of aligned hemp
fibre mats onthe performance ofpolypropylene

matrix composites

5.1 Introduction

The main objective of this study was to improve the performance of fibre mats
produced using DSFThe hemp fibres that underwent aigh temperature (HT)
alkaline treatmentas described in Chapter ®ere used for the production of fibre
matsusing DSF Further treatments with stearic acid @etlulose nanocrystalsiere
carried onthesefibre mats separately and assessed. Composites wele it
different fibrecontents upgo a maximum oB0wt%. This chapter describekework
carried outto assess the effects of stearic aaiml cellulose nanocrystdteatments

on the performance @olypropyleneeinforcedwith treated fibre matsThis chapter

is divided into two parts

I. Effect of steac acid vapour treatmenbn the properties of fibrenats
produced using DSF and their potential use polypropylene matrix

composites.
II.  Effect of cellulose nanocrystal treatments the properties ofibre mats

produced using DSF and their potential use in polypropyleragrix

composites
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5.2 Part |: Materials and Methodology

5.2.1 Materials

Stearic acid in powder formwith molecular weight of 284.48 g/mol was purchased
from Merck Schuchardt, Germarnhe 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 girtoldhat described in
Section 3.2.8

5.2.3 The stearic acidvapour treatment

Prior to stearic acid (SA) vapour treatment, tinee mats to be treated were dried
overnightat 80 °C.The SA teatment for the mats was carried out using a vapour
process. A predetermined 4 gstéaric acid waspreadonto an aluminium traylhe
fibre matsto be treatedvere lefton awire meshthatwastemporarily fitted to the top

of the tray as shown irFigure5.1. The setup wasentirely covered using an oven
bagand sealed, antthen placed in a preheated o\&ri05 °C for 36 hthe treatment
time and temperature were selected from a previous shadyreportd improved
stress transfeior NPFCs[42]. After the treatment, the mats weremovedfrom the
mesh and then ovedried at 50 °C for 12 h The weight percentage gain from the
treatment vas calculated based on the drgight of the untreated fibre mats.

Oven bag . K

Wire mesh  [@-—-voeeee

/ SA powder

I

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 methodusedfor the production oPP/MAPP sheets ag similar to thatescribed
in Section 4.25

5.2.5 Assessment of fibre mats and composite morphology

The fibre mat surfaces antdemicrostructure of theéensilefracture surfaces of the
samples wereassessed using a Hitachi4300 field emissionscanning electron
microscopeoperatedat 5 kV. All samples were mountexh aluminium stubs using
carbon tapes antthen sputtercoated with fatinum to make them conductive before
observation.

5.2.6 Fourier transform infrared spectroscopy

A PerkinElmer Spectrum One spectrometes used to obtain the infrared spectra of
the samples. Thébre mat samples were ground to finewder using a Retsch
MM400 ball mill. The ground powder for each sample was then mixed and
compressed with KBr (potassium bromide) using a hydraulic prdesnoadisc for

FTIR analysisNeat stearic acid was also analysed.

5.2.7 Water retention value test

The fibre matsurfaces were characterised by measuring the water retention value
(WRYV), following a method previously reported for characteridiibge surfaces
with stearic acidreatmen{95]. For thetest,500 mg offibre mat was placed ia test
tubewith 3 ml of distilled water and shaken for 10 minutes. That was manually

taken out from theest tubeandthenthe wet weightof the mat (w,) was measured.

The matswerethen dried in aroven at 105 °C for 24 h to obtain tHey weightof

themat(w,). Three replicatsamplesveretested for each bata@nd average valge

arereported. Thdollowing equationhas been used to determitne water retention

value

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

Neat PP andPP/MAPPsheets and fibre maisere assessed for contact angle. A
simple custom experimental set up, as schematically showrigure 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 wiaten)

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

temperatue. The measurements were repeatedhi@etimes for each batch.

Figure 5.2: Schematicdiagrams of contact angle measurement set up.

5.2.9 Production of composites

Compositeprocessingvas conducted according to the method described in Section
4.2.6 Composites withfibre contents ofapproximately15 and 30 wt% were
prepared for this workAn example of a moulded compositeshown inFigure5.3.

Neat PP samplewere also produced for comparison purposeacks of neat PP
samples werbeated and pressed iat 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 contentfabricated by compression
moulding.

5.2.10Tensile testing of composites

Tensle testingof composites was conducted according to the method described in
Sectiond.2.7. Details andabbreviation®f the samplesisedcan be seen ihable5.1.

Five samples for each batch of composites were tested.

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

Sample Abbreviation
NeatPolypropylene PP

PP blended with MAPP coupling agétite control) PP/MAPP
PPmatrix compositereinforced with alkalitreatd hemp PP/Ht

Eg’rnm;tr|x compositereinforced with alkalistearic acidtreated PP/HESA

PP/MAPP matrixxompositereinforcedwith alkali-treated hemp PP/MAPP/H#

PPMAPP compositereinforced with &ali-stearic aciedreated

h PP/MAPP/HSA
emp

Note the following: ¢Hérefers tohemp fibreandt h# & ol | owi ng Onddinai s equal
weight percentage ofibres in compositesFor instance, H15 =15wt% hemp fibre in
composites
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5.2.11Thermogravimetric analysis

3 mg and 15 mgampleswere taken from eactype of fibore matand composite
respectively and analydeusinga PerkinElner STA 8000 as described in Section
3.2.7.

5.2.12Swelling studies

Swelling studies werearried outto evaluate the interactiobetween the fibre and
matrix in composites. The test wasnducted according to the method reported in
the literature[16]. Toluene was used as the solvent for immersioror Ro the
immersion of samples with nominal dimensions36fx 5 x 3 mmthe dry weights
(initial weights,w) of three replicate samplegeremeasured. Theamples were then
immersed inthe solventat room temperature for 48 hourafter immersion, the
sanples were taken out and wiped with a soft cloth. Then the weight of solvent
absorbed was recorded and average values have been repoetsedelling index of

the composités calculated using thiollowing equation[183]:

A
Swelling Index, % = ﬁ x 100 (5.2)

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

5.3.1 Microscopic evaluation of hemp fibre surfaes

SEM micrographs of hemp fibreurfaces are shown Figure5.4. As can be seen in
Figure 5.4a, theuntreated fibreqgUT) are in fibre bundle forms. In contrastgh
temperature alkalireatedfibres (HT) appeared to have undergone separations from
their bundle formgFigure5.4b) due to the removal of localised components oir the
surfaces, revealing a rough texture with adangimber of grooved-{gure5.4c) [4,

31]. It appears that thetearic acidvapourtreatmen (HT/SA) smoothed the fibre
surfaceqFigure5.4d compared td-igure5.4c). Furthermoreit may be seen thdhe
fibre surface appeard to be covered by a thin layefThis thin layercould be
attributed tothe presence of steariacid which has been depositexh the fibre

surfacesSimilar observations ka been reported elsewhdd?, 116]
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To further investigatehis deposition,the fibres treated withalkali only and further
treated with stearic acisvere separately exposed to electron beams under high
magnification for the same exposure time (5T$)ree replicate samples were tested.
An interesting observation was thée stearic acid treated fibrappeared to have
undergone less damage than that of #ifiali only treated fibreqFigure 5.4f
compared tdrigure 5.4e). This is thoughtto be dueto thepresence oétearic acid
which could have hindered the damage.

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 speatof untreated YT) andfibres treatedwith alkali only

(HT) have been provided ineStion 33.3. Figure5.5 shows thespectra ofibre mats
without stearic acidHT) andwith stearic acidHT/SA) and neastearic acidA few

minor differences can be seen between the spectrinefibre mats In the spectra of
neatstearic acigdhigh intensity peaks wermetectedat 1705, 1470130Q 1733 and
12281235 cm', which arecommonlyassignedn literatureto thecarboxylc 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 obh Qkbups at 2850 and

2920 cm' [184, 185]were more pronounced in the spectra of fibore mats with stearic
acid than those without stearic acid supporting the presainstearic 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 1004300 (GO) cm? [186]. However, such peaks weenot 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 vapdiiv]. 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 gai
in the fibre mats obtained after the SA treatment was around 0.54 % and so the

presence of ester bonding between stearicamwidthe fibre was inconclusive.

60 2

30 A

40_'.{

17 4 T T T |
2800 2850 900 2950 3000 3030 3100
Wavenumber/cm!

20 A

o - TNy

400 300 1200 1600 2000 2400 2800 3200 3600 4000
Warenum ber/em!

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 acidNote the following: HT
- high temperature and SA - stearic acid

105



5.3.3 Water retention values
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Figure 5.6; Water retention valuesof fibre mats: fibre matstreated with alkali only
(HT), fibre matstreated further with stearic acid (HT/SA).

Figure 5.6 represents the averageter retention valueBNVRVs) obtainedfor the
alkali treated fibre mats only (HBndfibre mats further treated witBA (HT/SA).
As can beseen, the water retention valwas significantly lower for the SA treated
fibore mats compared to the fibre mats without SA. This indicates thafikiee
surfaces become less hydrophilic with tdeposition of stearic acidThe long
hydrocarbon chain of SA (18 carbon atoms) could have provided protection of fibres

from water since it is itself quite hydropholp2].
5.3.4 Contact angle measuremerst

Theoutcome of all measurements made for contact angles of neat PP and PP/MAPP
sheets and fibre mats without (HT) and with SA treatment (HTEA&)presented in
Table 5.2. As expected, e neat PP films exhibited the chasaistics of
hydrophobic surfacewith a contact angle of 116 °@Vhen PP was blended with
MAPP, a significant decrease in the contact angle (88 °) was obsdisds most
likely due to the polar functional group (MA group) available on ghdaces of
PP/MAPP sheetas a result of blendingp]. It has been previously reported that the
availability of polar functional groups on the film surfaces influences wettabyity
water[187]. Unsurprisingly, the testduid (water)drop spontaneously spreads onto
to the fibre mat (seeFigure5.7b, left). In contrast, the water droplets were stable on
the fibre mat surfaces that underwent the SA treatnfé@gtie 5.7 b, right). This
could be due to ththin layerdepositedn the fibre mat surfacésee Section 5.3.1)

as a result of thé&SA treatment. This thin layer could have changed the innate
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hydrophilic characteristics of fibrmat sufaces to hydrophobiggesulting ina high

contact angle 0126 °.

Table 5.2. Summary of contactangle measurements Standard deviations are shown in
parenthesesCA = 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 dropet usedin the measurement of CAM (b)
Photograph imagedibre mats without and with the SA.

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

and is nore likely to be in the form of thin layers.
5.3.5 Tensileproperties of composites

Figure 5.8a represents the tensile strengths of neat PP, PP/MAPP (the control) and
various composites teste@omposite tensile strengths normalised by the weight
percentage of fibre is shown igure5.8b to confirm he change in tensile strength

for composites due to SA additiolh.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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St ud e-tedt, Glthough the average tensile strength suggestgtd increase.

Table5.3 represents the percentages of improvement obtained in the average tensile

strengths of composites from fibre inclusion, further fibmat treatment (SA

treatment but not MAPP, coupling agent (MAPP) and the combination of SA and

MAPP, along with thee values for composgevith alkali treated fibre matenly (no

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

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

mats only
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Averagetensile

Sample strength/MPa Improvement/%
PP/H15 17.7 -
PP/H15/SA 204 15.3
PP/MAPP/H15 23.1 305
PP/MAPP/H15/SA 22.9 294

The improvement in tensile strengths for composite with fibres treated wilbh8A

not MAPP) from various studies seen ihe literatureis believed to be due to
improved compatibilityresulting fibre wetting by the matri{42, 116, 117] As
aforementioned, the fibre surfaces appeared tdebg hydrophilicafter the SA
treatment Thus, the treatment could have facilitated beftgerfacial compatibility
between the fibre and the matrhanh the composites with fibres with alkali treatment
only [188, 189] The possible interactions between the fibre surfaces, steariaratid

the matrix are shown ifrigure’5.9a. The SA could react with available OH groups

on the fibre surfaces to form ester bor{d90]. 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 dobionto the fibres. The volatiles

can desorb easily at the processing temperature of NPFCs, resulting in voids leading

to the pooffibre-matrix interfaces [23].
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Figure 5.9: (a) Possible interactims of stearic acid, natural fibre and PP (X 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 hteractions 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 thgreatestimprovement for interfacial shear
strength between the fibre and the matrix, which havétéded better stress transfer
through strong bonding to the fibres. This is due to the anhydyidap (MA

monomers)available with theMAPP which can reacstrongly through strong
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covalent estelinkage plus potential hydrogemith the hydroxyl group preent on
the fibre surfacesHgure5.9b). Additionally, the long polymer chains of MAP&an
interact with thePP by means of chain entanglementius, the MAPP coupling
agent actingas a bridge between the matrix and the fibnegroving the fibre-
matrix adhesions,leading to the improvel tensile strengths for the composites

comparedd the compositegeated with alkali only

Although thecomposites witlthe combination of SA and MAPP did not show any
additive benefits for tensile strengthsterestingly, the standard deviations o

for the tensile strengths of the composites were smaller compared to composites
coupled with MAPP.This indicates thatat the fibre/matrix interface, the MA
monomersof MAPP reactstrondy with the available hydroxyl group (OH)N the

fibre surfacesand stearic acid depositedbn the fibre surfaceis more likely to

facilitate for bettefibre wetting bythe matrix making interactionsnore consistent

Figure 5.10a shows Youn@ modulusfor neat PP, PP/MAPP and all composites

tested.Si mi | ar to the tensile strength, Youn
normalised by the fibre weight percentage as showhigare 5.10b. As for the

tensile strengththe addition of MAPP did not significantly affect Yay® s modul us
of neat PP. Acan be seenpnl y sl i ght i mpr ovement i n
composites wittstearic acid treated fibre maasd composites coupled with MAPP

and the combination of SA and MAPP is obtained.
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Figure 5.10: (a) The Youngs modulus of PP/hemp composites as a function of various

treat ments (the composites wer e approxi mat e
modulus/weight percentage* of composites. Weight percentage*weight percentage of

fibre mats with or without SA.

Figure 5.11 shows stress versustrain curves fothe composites The composite
with alkali treated fibre matsnly failed at lower stressnd larger stia compared to
other compositesin contrast,the composite with stearic acid treated fibres only
composites coupled with MAPP and with the combination of SA and MAPP
improved the loadbearing capacity(stress) indicating improved interfacial
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adhesions with further treatment and wheougled with MAPP and with the
combination of SA of MAPP

25 - ,/ ........ PP/H15 == o= PP/MAPP/H30
Y — *  PPIHIS/SA 35 - — PP/MAPP/H30/SA
W| — — PPMAPP/H15
20 f PP/MAPP/H15/SA A
30 - [
©
25 4
o 15 4
s | g
7 S 15 -
Z
5 10 A
5 -
O T T 1 0
0 0.05 0.1 0.15 ' ' '
. 0 0.01 0.02
Strain, mm/mm .
Strain, mm/mm

Figure 5.11: Stress-strain curves for composites with fibre contentsof approximately:
(a) 15wt% (b) 30 wt%.

Scanning electron micrographsf tensile fracturé surfacesfor composites with
alkali treated fibre mats onlgomposieswith SA treated fibre matand composites
coupled with MAPP and the combination of SA and MAPP are showfigare
5.12a to 5.12d. As can be seehetomposits with alkali treated fibre matsenly
(Figure 5.12a) appeared to have large holes, showing a weegpk fibre/matrix
interfacial adhesion. Thelis a large number of unbroken fibres sticking out loé t
fracture surfaces indicatingjuch fibre pulout due to inadeae fibre wetting by
the matrix In contrast,it can be seen ifigure5.12b that thecompositeswvith SA
treated fibrematsslightly improved thdibre/matrixinterfacialadhesionThe further
treatment with SA cdd have providedoetter access for PP matrix to impregnate
around the fibresAlthough these composites showed better fibre/matrix interfacial
adhesiorcompared to thoseomposites wittalkali treated fibre matsnly, thereare

still large protruding fibre and gaps Ieeen the fibres and the matrix

It can be seen ifrigure 5.12c that theaddition of coupling agent (MAPRjreatly
improved the fibre/matrix interféal adhesion Theae isless evidence of fibre pull
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out, and the matrix looks as if to have adhered strongly to the fibre surfaces,
indicatinggood fibrewetting. Very few shortfibres can be observeat the interface
asthe majority of the fibres are covered up by the mattixan also be seen théiet
compositewith the combination of SA and MAPFifure5.12d) appearedo have

almost similar fibrématrix interfacial adhesions

5.0kV 12.4mm x300 SE(M)

b

,'}_k

RN
, : S
5.0kV 12.0mm x350 SE(M) 100um 5.0kV 12.2mm {eoo SE(M)

Figure 5.122 SEM images of tensile fracture surfacegor composites:(a) with alkali
treated fibre mats alkali only (b) with fibr e mats further treated with SA, (c) with
coupling agent MAPPand (d) with the combination of SA and MAPP.

5.3.6 Thermogravimetric analysis of fibre mats and composites

The TGA curves for the fibrematswithout (HT) and with SA treatment (HT/SA) are
shown inFigure5.13a. 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 SAréatment 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
treatmentA similar finding has been previously reported; the SA vapour treatment
had a profound effect on the thaal stability of the fibore4188]. 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 residugl91]. However, as the thermal degradation of d¢edlic 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 witle coupling agentwithout SA and with

the combination of SAand MAPP are shown inFigure 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 MARIy and
combination ofSA 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 thearatiop

of fibres caild immobilise the free radicaformed as a result dhe initiation of
polymer degradation, improving the thermal stability of compogit82]. Similar
observations where PP matrix reinforced hemp composites displaying higher
degradation temperatures compared to neat PP has been previously rid@3ied

The dight improvementin thermal stability for the composg&vith the combination

of SA and MAPP compared to composgevith 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 $img index [16]. This is related to the
presence of voids at weak interfaces, commonly promoting solvent yprkel95]

As can be seen iRigure 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 intérfacia
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 6s test).
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Figure 5.14: Swelling index for hemp compositesfipre content of 15 wt%). Immersion
of samples was 48 h.

5.3.8 Part 1 - Conclusions

For the stearic acid vapour treatment, the weight percentagg@ah%) of the
fibres after the treanentindicatesthat stearic acids most likely toaffect only the
surfaces not the bulk Scanning electron micrograplu$ the fibresurfaces revealed
that the treatment smoothed fibre surfacearthermore after the treatmenthere
weretraces of matgal coveed on thefibre surfacesjndicatingthatthe stearic acid
is most likely to be depositedn the surfaces as a thin layéihis was further
supported by themproved thermal stabilitgbtained forithe fibres after the treatment.
The drastic incrase in water contact angle ftire fibres treated witlstearic acid

indicates thathe treatment strongly redwuheir polarinteraction ability

The composites with maleic anhydride polypropylenepling agenexhibited the
highest tensile strengthn the absence ahaleic anhydride polypropylernmupling
agent, thecomposites withstearic acidreatedfibres appeared significantly stnger

(15 %) than the compositeswith alkali treated fibre matenly. This indicates that
stearic aciccould actas a oupling agent to improvthe strengths of the composites,
but not as effective as maleic anhydride polypropylexithough he composites
made with a combination of stearic acid and maleic anhydride polypropylene did not
exhibit anyadditive benefits for énsile strengthghere was a noticeable reduction in
the standard deviationg tensile strength valuelletween the test sampleghis

indicategpotentially more reliablgvetting of fibres by the matriwith the addition of
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stearic acidStearic acigdbeing low cost and renewableould be a viable alternative

to MAPPIin applicationsvhere maximising strength is not the only parameter being
optimised.Additionally, the stearic acid vapour treatment could be considesed

this treatmentequired only a snilaamount of stearic acid anchn 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 netdasiwvely more
compatible with thé?Pmatrix.
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5.4 Partll - 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 Chagter
5.4.2 Cellulose nanocrystalstreatment (CNC)

Two CNC suspensions were investigated: one with 1 wt% CNC and the other with 2
wt% CNC in water To prepareeachCNC suspension, a predetermined amount of
CNC was added to distilled water and heated up to 7qFi@ure 5.15a). The
mixture was continuously stirred for half an hour, mi@ning a temperature rangé
about60 to 70 °C until it formed a homogeneous suspension. This suspension was
then allowed to cool down to room temperathedorebeingtransferred into a small
container. The treatment was carried out by sprayiigure 5.150 shows the
spraying system used for the treatmefite set up to éld the small container

containing CNC suspension and a coenomlly available trigger spray attachment.

CNC
Suspension

Small
Container

Nozzle Tip
Fibre Mat

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

Based on preliminary trials, while spraying, thistance between the spray nozzle tip
and he fibre mats was maintained 450 mm toprovide good coverage for CNC
suspension onto the mats. Five sprays were made on each side of thdtenat
spraying @ both sides, the mats were owdmed for 3 h at 105 °CThis approach
delivered 0.088 g (= 006) and 0.190 g (+x 0.007) of CNCs onto the fibre maits 1
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and 2 wt% CNGQreatmentsrespectivelyAfter oven drying, the mats were stored in

sealed polyethylene bag
5.4.3 Fourier transform infrared spectroscopy (FTIR)

The fibrematswere ground to fine pogr using a Retsch MM400 ball mill. All the
samples were mixed and compressed with potassium bromide by applying a pressure
of 8 tonnes/cr to prepare the sample discs for the analysisPerkinElmer
Spectrum One spectrometgas used to obtain infrared sp& of pure CNC, fibre

mats without (CNCO0) and with CNC treatme(NC1, 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 amplesto beanalysedwere placed on an aluminium foiland the hser power

was set to 206 of maximum Raman spectra were acquired using a PerkinElmer
RamanStatiod00R spectrometerquipped with an aicooled CCD detectoRaman
spectraof pure CNC, fibre mats without (CNCO0) and with CNC treatm¢@tsC1,
CNC2)wereobtained. Bch 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
(PANal ytical) f i-tay telbe The ifitrehmata forCGanalysié WvereX
prepared as described ie@ion 4.2.2. Fibre mats without (CNCO) andith CNC
treatments (CNC1, CNC2) weraaysed.

5.4.6 Production of PP/MAPP sheets

PP blended with MAPP were formed into sheets using a LabtechLTZHXA0-44
twin-screw extruderThe 11 heating zonesf the extruder barrel were sat155 °C

(feed entrance), B6°C, 165 °C, 16 °C, 165 °C, 170 °C, 1D °C, 170 °C, 170 °C,

170 °C and 170C (at exit). The rotating screspeed was set to 45 rpifthe sheets
produced were cut to 150 x 90 mim.order to reduce thiicknessof thesepolymer
sheets they were presseldetween two aluminium ptes inside a hopress The

plates were lined with Teflon® sheets to avoid polymer sheets adhering to the plates.
The time, applied pressur@nd temperature wer® min, 1.5 MPa andl140 °C,

respectively After cooling down to room temperature, thelymersheets were cut
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to the size of the moulfl50 x 90 mm)used for the production of compositesd

stored in sealed bags
5.4.7 Fabrication of composite materials

Composite processing was conducted accordirthaeanethod described in Section
4.2.6.Table5.4 represents thetacking arrangements and the abbreviations used for
composies.It should be noted that th@mposites containing fibre content of about
25 wt% with 2 wt% CNC wakeatedat 170 °C for 5 minuteand pressedt 1 MPa
(H25CNC2) or 2MPa(H25CNC2*).

Table 5.4: Abbreviations used for PHMAPP and composite samples

Targeted Thickness of Production
Samples fibre Stacking arrangements polymer sheets] process of
wit% used/mm polymer sheets
PP/MAPP - 4PP* 0.56 Extrusion
H15CNCO
1PP*/1MAT/1PP*/1MAT/1PP .
H15CNC1 15 S1MAT/1PP* 0.56 Extrusion
H15CNC2
Extrusion
H25CNCd 1PP*/1MAT/1PP*/1MAT/ +
1PP*/1IMAT/1PP*/
H25CNC2 25 1IMAT/1PP*/1MAT/1PP*/ 029 Pressed
H25CNC2# 1MAT/1PP* betwe_en two
aluminium
sheets
1PP*/3MATS/1PP*/ .
H30CNCO 3MATS/1PP* 0.56 Extrusion
H30CNCG
H30CNC1
30 Extrusion
H30CNC¥
+
H30CNC2 1PP*2MATS/1PP*2MATS/ 0.29 P q
1PP*/2MATS/1PP* ' resse
H30CNCZ between two
aluminium
sheets

Note the following: In the abbreviations,6 H6 ref ers to hemp fibre and the
is equal to the nominal weight percentage of fibres in compositeSNCO = composites without
CNC, CNC1 = composites with 1 wt% CNCtreated fibre mats, CNC2 = composites with 2 wt%

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

A Hitachi S4700 scanning electron microscope, operated at 5wads used to
examine the surfaces @ibre matsand he fracture sdaces of compates Prior to
SEM observation, all samples were mounted on an aluminium stub using carbon tape

and coated with platinum.
5.4.9 Tensiletesting of fibre mats and composites

Tensile testingf fibore matswas based on Tappi standard T 404&2n An Instron

4204 unversal testing machine fitted with a N0load cell and a crosshead speed of

1 mm/min was used for the testing. Ten strips of 150 x 20 mm were cut feom th
fibre mats for each directiotgngitudinal and transverse to the rotation direction of
DSF (fibre dignment direction). The mats were conditioned at 23 + 1 °C and 50 % +
2 % for 48 hours, prior to testing. Average tensile strengths for each dire@ren w
calculated and are reported as the breaking load divided by the width of the strip. The
orientationof 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
unidirectionalorientated, the ratio approachefl@8]. Tensile testingpf composites

was conducte according to the method described in Secti@v4.

5.4.10Thermogravimetric analysis (TGA)

Thermogravimetric analysis of the compositgghout CNC (H15CNCO) and with
(H15CNC2) treatmentwas carried out using a PerkinElmer simultaneous thermal
analyser STA 800 instrument A scanningrange of 40 to 500C with a constant

heating rate of 10 °C/miand air flowat 20 ml/minwere used to obtain the data.
5.4.11Swelling studies

The detailoof swelling studiesire similarto thatdescribed irSection 5.212.

5.5 Results andDiscussion

5.5.1 Microscopic evaluation of fibre matswith and without CNCs

The surfacesof fibre matswith and witrout CNCs were observed by means af
scanning electromicroscope (SEM)As can be seen iRigure5.16a, thereappeared
to have large number of grooves the surfaces of fibres without CN@yealing a

rougher texturascommonly seen in literatufer alkali treated fibre§4] (detailed in
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Section 3.3.h Figureb.16b clearlyshowsthe presence abd-like CNCson the fibre
surfaceslt appears that a thin layer of CNCs films are covering the fibre surfaces.
The CNCsdepositedveremeasured using ImageJ softw§t87] and found to have
averagesizesof 15 (£ 6.6) nm in with and 226 (x 66) nm in lengthirhese
dimensions are consistent with that previously reported for cellulose nanocrystals
supplied from the same manufactufg96]. Strong interactiondetweenCNCsand
natural fibre surfaceare expected due to tladfinity of cellulosic materialshrough
hydrogen bonding122, 197] a large number of hydroxyl groups available on the
CNCs and the fibre surfaces pronstee potentialfor hydrogen bonding between

them.

Figureb.17a to 5.17e showhe scanning electron micrographsfiddre mats without
(CNCO0) and with CNG(CNC1 and CNC2)The fibre mats without CNC appeared
to have manyaps between the fils¢Figure5.17a). In contrast, the fibre mats with
CNCs appeared to havein films formed between the fibres. Alsmcreasen CNC
content (from 1 to 2 wt%jvas found tdfill more gaps between the fibréEigure
5.17b compared tdrigure 5.17c). The films formed between the fibresithin the
mats indicatedhe potential of CNCs to act as binders to hold loose fibres together
The films formed between the fibres couddso be an mdication of the self
organising capability of CNCEL22]. It appeardrom the micrographhat the films
formed between the fibresonsistedof severalstacksof thin CNC films Eigure
5.17e).

The CNC was deliveretly the manufactureas powder form and are likely to be
prepared from wood pulp by sulfuric acid hydrolygl96]. 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 rep|ka&js

The fibre matafter the treatmentsere oven dried at 105 °C for 3 hours. During the
drying process, the evaporation of the suspending fluitefiveakesplace resulting

in deposition of CNCs onto the fibre surfaces and formatiotiiaf films between

the fibres.It has beempreviouslyreported thathe most notable property of CN@s

the ability to seHassembleand form as a filnwhile water evaporatinfom a CNC

suspension sprea@nto a substratfl99]. However,it is less likely that the CNCs
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were formed as uniform film throughout the et as the CNGreatment was carried

out by spraying

(@)

§.0kV 9.0mm x30.0k SE(M)

(b)

!

5.0V 7. 1rmiac30.0k S5

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

5.5.2 Fourier transform infrared spectroscopic analysis

Fourier transform infraredpectroscopic analysigsas carried out to understand the
chemical composition of pure CNC and fibre mats with andowit&@NC treatmers.

The spectra of the samples analysed are showigine5.18. Thepeaks in the range
125






























































































































