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Abstract

Throughout the past decadrolypropylendPP) hasbeen used as a favoured matrix
material with different fibres being used as reinforcenmmeatitomotive composites

One of the most popular fibres for reinforciR matrix is Glass fibre (GHue to its
strength and impact resistance. More recently there has been interest expressed in
further reducing the weight of the vehicle and the environmental impact of the
vehicles lifecycle. One plausible way to reduce téenvironmental impadbof the

vehicle is by replacin@F with lighter andmore@nvironmentally friendly fibre®

In orderto develop environmentally friendly composites to be used in the automotive
industry it is vital to have an extensive understaigdir the fibre reinforcement

propertiesand howit contributes to the overall composite performance.

In this thesisfull characterisation of threenvironmentally friendlyibres,
Polyethylenelerephthalate (PETlax and Sisal, wrecarried outand an insight

into the inteaction between the fibre under investigataom thePPmatrix is given.
Further to thisan investigation intthe accuracyoi si ng t he f i breds
calculateNaturalfibre (NF) propertiesvas carried outdue toNF beingnoni

circularin cross section

Characterisation of the fibre properties was carried out using various techniques.
Single fibre tensile testvereused to investigate strength and modulusauth fibre

It was found that using the actua@rosssectonal areaCSA) of the Natural fibres

gave more accurate results than assuming circularfyrofr he hermoelastic
properties of the investigated fibres were determined through a combination of

experimental measurements and micromechanical modelling. Dynamic mechanical

di



thermal analysis and thermal mechanical analysis techniques were employed to
characteris unidirectional fibrgpolyester composites over a range ofanftfs

loading angles. The results were inpato a number of micromechanical and semi
empirical models. It was found that the investigated fibres were highly anisotropic
with the fibres longiidinal modulus being greater than the fibres transverse modulus

over a range of temperatures.

Single fibre pull out was used to investigate the interfacial shear strength (IFSS)
between the fibre under consideration and PP matrix containing varioustpgesen

of maleic anhydrid@olypropylendMAPP). It was discovered that the IFSS
increased when the M#PcontentincreasedThe IFSS was found to be low even

with 10% MAPPand this was revealed to be caused byathisotropic nature of the
fibre. Furthermoe, it was found that assuming circularity F in determining IFSS
gave less accuracy than using the actual perimeter dfRh€herefore it is highly
recommended that when possible the actual perimeter and area should be used to

calculateNF properties.

In order to use the fibres under consideration in compgsitegthod to obtain the
composite fibre weight fraction has to be investigated. The traditional method cannot
be used as the matrix is burnt off leaving the reinforcement fibres behind however
the matrix and fibres being considered have similar thermal characteristid3StThe

was found to give reasonakdgcurate results for obtaining the weight fraction of

composite.

Along with the investigation into fibre weight fraction, the fibre morphology
between the PP matrix and reinforcemfidames wasexamined It was found that no

transcrystallisation occurred in RPa melt flow index (MFI) of 47



Contents

Decl aration of Aut he.nt.i.c.i.ty..and.. Aut hor 0:

ACKNOWIEAGEMENTS.....ciieeeiiiiiiiiee e e e erenr e e e e e e e e e e e e e e eeeees i
Y 0153 1 = Lo PP PO PP PPPPPPP lii
NOMENCIATUIE. ....ceiiiiiiieii e vve e e eivnee e eeeee e e eneneee s VT
[ o ) T T U Xi
LISt Of TADIES. ....uuiiiiiiiiiiiiii e XVi
Chapter 1: INtrOUCHION...........uuiiiiie e e e aeeer e e e e e e e e e e eeaeaeeaen 1
1.1 BACKGIOUNG......euiiiiiiiiiiiiiiee e e 1
1.2 ProjeCt OBCHVES......uuuuiiiiiiiiiiiiieiiiceesiiiire et e et e e e e e e e e rmmmre e e e e e e e e e 6.
1.3 THESIS OULINE......eiiiiiiiiee e rrer e e 9
O ] (=T =T [0SR 10
Chapter 2: Literature REVIEBW. ........coooiiiiiiiiiceeee e e 12
2.1 INtroductory REMAIKS. .......ccoiiiiiiiiiiiieieee e 12
2.2 Polyethylene Terephthalate................ccooiimmn e 12
2.2.1 BaCKgroUNG..........cooiiiiiiiiteee e 12
2.2.2 ChemiCal STrUCTULE ... ...uiiei e eeeeeee e eeeeeeenne e e e e eeneee 14
2.2.3 FOMUIALION. ...t eeseeeeeeeee e 14
2.2.4 SHUCKUIB. ...ttt e et nmme et e e e e e e et e e e e e e ennnas 17
2.2.5 Fibre ManufaCturing............oooeeimiiiiiiir e 19
2.2.6 Mechanical PropertieS.........cceeiieeie e e e ceeeicce e eeeeeeeeeee e 24
2.2.7 Polymer COMPOSILES.........ccoeeeiiiiiiiiiiimcme e e e eeeraaa s 28
2. 3NATUFAl FIDIE.....eeeiiiiiiiiiiee e eeees 31
2.3.1 BacKkground..........ccoooiiiiiiiieeee e 31
R B A O =T 01 1Y PSSP 31
2.3.3 SHUGHI. ... et e et m e e e e e e e e e e e e e ennnas 34
PR O 1 - T 1[0 PP PPPPPRR 35
2.3.5 Mechanical Properties.........cccocuviuiiiiiiieeeie e 37
2.3.6 Natural Fibre Reinforced Composites..........cccceeevveevvieeneeeeeniineeenn 40
2.4 FIDIE ANISOIIOPY . ..eetieteiieiiiiiiieee e et eet et e e e e s mnne e eaees 42
2.5 INtEITACE......ccoi i e e e e e enennn e D
2.5.1 Single Fibre Pull QUL TeSL.......uuuuiiiiiiiiiiiii e 46



2.6 TransSCrystalliSAtiON.............uuuuuuuiiii i e e e e e e e errnrs e e e e e e e e e eees 48

P 10 11 111 4T 2 PP UPPPTRRTRPPPT 50
2.8 RETEIENCE. ... .ot e e e e 51
Chapter 3: Irtial Characterisation of Fibres...........ccccccoiiviiieeee 60
3.1 Introductionary REMArKS..........cuuuiiuuimiiiiieeeiiiiiiieee e 60
3.2  Experimental Programme............ooooiiiiiiimmmn e 60
3.2.1 Single Fibre Tensile TestiNg.........cccccuuvurimiiiieemiiiieeee e 61
3.2.3 Differential Scanning Calorimetry (DSC).........uuvvviiiiiiniiieeeveiiinnnn 70
3.2.4 Thermogravimetric ANAlYSIS (TGA)......uuuuiiiiaiie e 74
3.3 ReSUlts and DiSCUSSION......cceeeeeeiiiiiiieiiieeee e et eeeeeeeeeenee 74
3.3.1 Polyethylene Terephthalate.............coooviiiiiiean e 74
3.3. 2 NAtUIal FIDIB....eeiiiiiiiiie e eerree s e e e e e e eeeeneend 83
34 SUMIMIATY. ..ttt e e e e et e e et e e aneea e e e e e e e e e eeeeeeeenesen s mnne e e 100
3.5 REIBIBNCES. .. ..o ettt e e e e e e e e e e snennes 101
Chapter 4: Characterisation of the Thermoelastic Properties of the Fibres..104
4.1 Introductory RemMaArkS........ccoooeeieeeiiiiiiieeei e 104
4.2 Experimental Programmie.............ooovvviiiiiimmmeeeeeeeeeeeeeeesevi s smmmeeeeeennens 104
4.2.1 MALEIIAIS. ...ttt ieeet ittt e e et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s aaane 104
4.2.2 Sample ManufaCturing........ccccoeeeeeeeiiiiieeeii e 105
4.2.3 Dynamic Mechanical Analysis (DMA).........cceeeiiiiieeeeeeceeeccee e 113
4.2.4 Thermal Mechanical Analysis (TMA)..........oooviviiiiice e 117
4.2.5 Fibre Volume Fraction............ccccoiuiiiiimmmniiiiiiieeeeeeee e 118
4.3 Micromechanical and Semi Empirical Models.............cccoovvvvvieeenennnnee. 119
4.4 ReSUItS and DISCUSSION.......uviiiiiiiiiiiiie e ceeeiiieee e e e e e e e simmne e e e e e 124
4.4.1 Fibre volume Fraction............ccooeeeiiiiiiiccceeeeeeeee e 124
4.4.2 Dynamidviechanical Analysis (DMA)...........oooiiiiiiiiiiiiinenn e 125
4.4.3 Thermomechanical Analysis (TMA).......ccccciiiiiiiiiicee 137
4.5 SUMMIATY. ...ttt ee e e e et ettt e e e e s e b emnnne 145
4.6 REIEIENCES.......c e e ettt e s e e e e e e ennaes 146
Chapter 5: Interfacial Shear Strength...........ccccooiiiiiiicc e, 148
5.1 INtroductory REMAIKS. .......ccoiiiiiiiiiiiieieee e 148
5.2 Experimental Programme...........oooiiuiiiiiiimeeniiiiieieeee s 148
o R |V = 1 (=T = | 148

Vi



A =1 g DTS o] ] 1 o o 149

5.23 Sample Preparation............cccooiviiieieieemn e eeeeeeeammmr e 149
5.2 4 TeSE RIG.cciiiii ettt 154
5.2.5Single Fibre Pulbut Study..........cccooiiiiiiiiiiiiieeeeeeeeeee 156
5.3Results and DiSCUSSION.......ccceeiiiiiiiiiiiiineee e e e e e e e eeeeeeeannes 158
5.3.INatural Fibre Study..........coooeiiiiiiiieiiceee e 158
5.3.2 SISl StUAY....uvviiiiiiiiiiiie et 160
5.3.3 FIaX STUAY....uuuiiiiiiiieeee e 165
5.3.4 Polyethylene Terephthalate Fibre Study................cvvviiicccvieiiiinnnne 172
5.3.5 Low Interfacial Shear Strength..............viiiiiceciiiiiie, 179
5.4 SUMIMI@TY. ...ttt et e e et emen e e e e e e aa e e e e e e eeaas seanes 181
5.5  REMEIENCES.....cceeiiiiiiiiiiiie et vttt e e e e s seeesss s s e e e e e e e e e e eeeeeeennnanns 183
Chapter 6: Effect of Fibre Weight Fraction in Composite Performance........ 185
6.1 INtroductory REMAIKS. .......ccciiiiiiiiiiieieee e 185
6.2 Experimental Programme...........cccooiiiiiiiiiemme e 185
6.2.1 MALEIIAIS. ...cciiiiiiiee e e 185
6.2.2 Differential Scanning Calorimetry (DSC).........coovvvvivviiiiiceeeeeennns 186
6.2.3 Crystallisation and Transcrystallisation................cccceeviccceeeevevnnnnnn. 192
6.3 Results and DiSCUSSION..........cceeiiiiiiiiiiimee e e e e 195
6.3.1 Differential Scanning Calorimetry..........ccccceeiiiiiiicecciciciciee e, 195
6.3.2 Transcrystallisation and Crystallisation of PP.................cceeveeeen. 206
5.6 SUMIMIAIY...ceuiiiiiiii ettt rerer e e e et e e e et e e e anmmr e e easaeeeen e e e esnn s annneeees 213
6.7 REIEIENCES. .. ..ot eeeees 215
Chapter 7: Conclusions and Future WOrK.............ccoooviiiieeeiii e, 216
7.1 Introductory REmMArKS.........uueueiiiiiiie et eeeeeeeee e 216
7.2 KeY FINAINGS....coiiiiiiiiiiieeee et ere e e e e e e 216
7.3 ContiNUING WOTK ....coooiiiiiiiiie e 222
7.4 REIEIENCES......cceeeiieeeeeeeeeeee ettt rme et e e e e e e e e e e annnnns 225

Vil



Nomenclature

Frax Maximum Force

P Fibre Perimeter

le Embedded Length

A Fibre Area

D Fibre Diameter

E Youngds Modul us
L Gauge Length

E* Complex Modulus

EO Storage Modulus

EO Loss Modulus

Em Matrix Modulus

E; Fibre Modulus

E: Longitudinal Modulus

E> Transverse Modulus

Ee Off axis Modulus

Ei Fibre Longitudinal Modulus
= Fibre Transverse Modulus
Vi Fibre Volume Fraction

Vm Matrix Volume Fraction

W; Fibre Weight Fraction

0 Longitudinal Poisson Ratio
0 Fibre Longitudinal Poisson Ratio
G2 Shear Modulus

Gaof Fibre Shear Modulus

Gm Matrix Shear Modulus

viii



Z Interfacial Shear Strength

A Fibre Strength
A Residual Radial Compressive Stress
” Density

” Linear Density

4 Af Damping Factor

| Fibre Longitudinal Thermal Expansion
| Matrix Thermal Expansion

| Longitudinal Thermal Expansion

| Fibre Transverse Thermal Expansion

Ts Matrix Stress Free Temperature
Tt Test Temperature

F Fibre Packing Factor

d Fitting Parameter

aHn Melt Enthalpy

aH. Crystallisation Enthalpy

aHn 100% Crystalline Enthalpy

DSC Differential Scanning Calorimetry
MAPP Maleic AnhydridePolypropylene
PET Polyethylenel erephthalate

PP Polypropylene

IFSS Interfacial Shear Stress

TGA Thermal Gravimetric Analysis
TMA Thermal Mechanical Analysis
DMA Dynamic Mechanical Analysis

CSA Cross Sectional Area



CTE Coefficient of Thermal Expansion
MFI Melt Flow Index
NF Natural Fibre

E-GMA Ethylene Glycidyl Methacrylate
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Chapter 1

Introduction

1.1 Background

Composite materials have been around for many centuries and have bei@raused
wide varietyof applicatiors. Cne of the first composites manufacturealsfrom mud
and straw, which was used as bricks for building applicafijngn 1935 Owes
Corning manufacturedglass fibre reinforcethermoseplastic composite (GFRP)
thatwassaid to be the beginning ofdustrial composited-ive years after the
discovery of GFRP, World War 1l (WWII) began which provedéa significant
event inthe history ofcomposite. WWII proved to be a majadriving force in the
development of composite materials as compgsitge used on a large scale for
military applicationg1]. Just after the war in 1946, composite materials begaa to b
used commercially witapplicationgnitially in the marine industry. 81953 the
automotive industry started to use compositeth the General Motors Corvette

being the first car to be manufactured with composites in it.

Today, the uses of compositeaterials have increased aheyare being used over a
variety of industries, sucis medical, leisure and enerdwblel.1 below gives

examples of the various industries that use amsites and their applications.



Table 1.1:Example of composite materialapplication in industry [1]

Industry Application
Aerospace Fuselage, wings, helicopter blades,
interior panels, nose cones, tail plane
seats
Automotive Instrument panels, body panetsive
shaft, gears, bumpers
Energy Wind turbine blades, Cross arms,
electrical insulators, panels, switchge
Marine Hull, decks, interior panels
Medical Heart Val\es, Hip replacement, Medica
equipment,
Leisure Caravans, Golf clubs, Skis, Canoes,
Racquets, Helmets, Shoes, Bikes

One industry that has been using composites materials more frequently is the
Aerospace industry. Currently, Aerospace industry is manufacturing aircraft
containing up to 50% by weight of composites, Bell Boeing V22 Ospasging 787
Dreamliner and Airbus A350. Figure 1.1 shows the breakdown of materials used to
manufacture the Boeing 787 Dreamliner and it can be observed that composites

contribute mainly to the fuselage and the wings of the plane.

Other

W Carbon laminate
Carbon sandwich
[l Fiberglass
B Aluminum

[[] Aluminunvsteel/titanium pylons

Steel g5y,

10%

Titanium
15% Composites
50%
Aluminum
20%

Figure 1.1: Boeing 787 Dreamliner material breakdown[2]



Another industry that l&been using composite regularly is the automotive industry.
The automotive industryasbeen increasing the use of composites due to growing
concerns about price and depletion of oil and the European regulations for a cleaner
and safer environment. A solution to this problem is to reduce the weight of vehicles
to improve fuel efficiency whit will reduce the vehicléenvironmental impact.
Reducing the weight of a vehicle by 10% could improve the vehicle fuel efficiency
by 7%[3]. One way of reducing vehicle weight is by using a lighter material with
similar characteristics as theplaced material. This is where composites can be

used as they are lighter than common metals but have similar strength and rigidity.
Composites are lighter than metals due to their low density but are similar when

comparing specific properties. Specifi pr operti es are related

Modulus and Strength per unit mass’(&/,, /") and therefore highespecific

modulus and specific strength means that the weight of components can be reduced.

At presenta variety of materials are being usedtia thanufacturing of automobiles
such as, Steel, Aluminium, Magnesium and Composites (mainly GBRRteel

Alloy is the main material in the automobile and is used in the body of the vehicle.
Steel alloy is used as the leading material asfamiliar to the industry, it has a low
cost and it has a great ability to absorb energy which can be created in a crash. The
other two metals, Aluminium alloy and Magnesium alloy are used as they are
lightweight thus reducing the energy consumption efuéhicle. Aluminium and
Magnesium alloys are mainly found in the engine components of the vehicle such as
the pistons and cylinder head. The automotive industries are also using composites

because they are lightweight, corrosion resistant and have gahénmneal



properties. The most popular composite used in the vehicles is glass fibre reinforced
plastic with the favoured matrix material beiglypropylenePolypropylenas

preferred because of its mechanical properties, processability and low density.
GFRP is used in the interior and exterior of the automobile and has good mechanical
and structural properties. Along with the advantages of GFRP, there are
disadvantages as well such as, high fibre content, cost and poor recyclability.
Recyclability of aubmobiles has become increasingly importarith the

automotive industry looking at reducing the environmental impact of vedicles
complete |ifecycle as well as comphiteci ng
lifecycle andweight reduction of the véties is to replace glass fibre with lighter
andé@nvironmentally friendl§fibres such asegeneratedellulosic (Rayon), natural

(Hemp and-lax) and polymer fibres (Polyethylene Terephthalate).

The work contained in this thesis examines the potential of a range of fibre systems
which could be used to meet the above objective. The fibres that are considered
include polymer fibre, Polyethylene Terephthalate (PET) and two natural fitaes,

and Ssal. These fibres were selected on the basis of their low cost, good recyclability
and low density. The selected fibres have a lower density than Glass fibre but have
good specific properties that could rival and/or replace Glass fibre. The density,
strergth, modulus and specific properties of the investigated fibres and Glass fibre is

presented ifablel.2.

t



Table 1.2: Longitudinal properties and specific properties of fibres

Fibre | Density| Strength Modulus Specific Specific Ref
(MPa) (GPa) Strength Modulus
Sisal 1.5 5117 764 | 9.41 22 | 3401 509 6-15 [1-3]
Flax 1.5 3457 1100 | 27.67 100 | 2307 733 | 18.4-67 | [2-5]
PET 1.4 302-1140 | 6.57 36 2151 814 | 4.61 25.7 | [6- 8]
E-Glass| 2.5 | 20007 3500 70 800- 1400 28 [7]

In order to develop environmentally friendly composites it is essential to have an in
depth understanding of the reinforcement
composite performance. The fibres that are being researched bringlepgds For

example the fibres have a different behaviour to that of Glass fibre. Glass fibre is an

i sotropic materi al meaning that the mat el
(longitudinal modulus = transverse modulus) whereas PET, Sis&llaxdre

anisotropic material An ani sotropic materi al me ans
are not constant but are dependent on t h
transverse modulug)]. Therefore the relationship that can characterise Glass fibre

will be insufficient for the investigated fibres. Another challenge is determining

properties of the natural fibres, Sisal &ldx, as fibre properties are established

using conventiondaesting procedures. Glass fibres and PET fibres normally have a

circular cross sectional area and therefore can produce consistent properties which

are repeatable. Natural fibres, however, arecimular and therefore the normal
technique of usingthei br e6s di ameter to calcul ate f
inaccurate results. The research that is presented in this thesis will address these

issues as well as providing an insight into the interaction between the selected fibres

and thePolypropylenematrix that is currently used in the automotive industry.



1.2 Project Objectives

The principle objective of this programme of research is to create a deeper
understanding of the reinforcement fibre:i
characteristicsvill have on thePolypropylengPP)matrix. The detailed objectives

are noted below:

1.2.1Accurately determine the mechanical properties of the reinforcement

fibres that are under consideratian

The objectivewas to studyhe mechanical properties sugraodulus and

strength of the PET and natural fibres. This objective is extremely iamtort

for natural fibres. As previously mentioned, the cross sectional area (CSA) of

these fibres are irregular whereas PET is circular. Due to the irregular CSA of
natual fibres, the determination of the modulus and strength using standard
techniques that assumes fibres haeecular CSA could cause inaccurate

property results. At present, work carried on natural fibres mainly use the

standard methofassume circulay [8, 12] therefore this research will look

at using the 6actual 6 CSA of naltural f
also investigate if assuming circularity of natural fibre can provide accurate

determinda i on of the fibreds properties.

1.2.2 Investigate the effect of the rei

on the composite properties

Objective twoinvestigated hovthe nature of the reinforcement fibres under

investigation affectthe properties of the composite. The fibres, PET, Sisal



andFlax are anisotropic in natuf@2, 13]Jwhich will have an influence on
the composite properties. Experimewerecarried out on unidirectional
composites at various fibre orientatidngacilitate observation on how the

fibreds nature influences the composi i

1.2.3Determine the thermelastic properties of the investigated reinforcement

fibre.

The above objectivvestigate the thermelastic properties of the fibre

being considered over a range of temperatures. Due to the anisotropic nature
of PET and the naturabires that are under consideration, simple

relationships to determine properties for isotropic materials are inadequate
therefore further characterisation of fibre transverse properties is required.
Determining the lagitudinal and transverse therelasticproperties of the
reinforcement fibres will assist in effectively predictiig tproperties of the

composite.

1.2.4Determine the interfacial shear strength between the fibres that are

under consideration and th@olypropylenematrix.

The fourth objectivenvestigates the interfacial shear strength between the
fibre and the matrix as it influences the composite properties. Fibre reinforced
composite performance is strongly influenced by the stress transfer capability
of the fibre matrix interface. A crudieequirement for a successful
reinforcement is aeffectiveinterfacial bond which will guarantee load

transfer from the matrix to the fibre reinforcement. Similar to objective one,

this objective will investigate the method in determining the interfabiear



strength for natural fibres. The typical method uses the circumference of the

fibre in calculating the interfacial shear strength (assuming circularity)

whereas previously mentionathatural fibre are not circular. The objective

will investigateu si ng t he natwural fibresd perim
shear strength and provide an understanding of the interfacial bond between

PET fibre and PPwhich has not been researched before

1.2.5 Investigate the effect the fibre weight fractionatomposite system has
on thePolypropylenematrix and investigate if the fibre weight fraction

can be calculated by experimental techniques.

The last objective investigatdde effect the wight fraction of the fibres had

on the composite and whether tiew method in derminingcomposite fibre
weight fractionfor these compositesan be foundAn alternative method for
calculating fibre weight fraction needs to be determined for these composites
asthetraditional technique of burning off the matrix &g the
reinforcementcannot be used due to the matrix and reinforcement having
similar thermal propertiesit has been reported in the literature that the fibres
under consideration can act as a nucleation agent which can cause
transcrystallsation thefore can alter the composite mechanical properties by
changing the interfacial characteristj@$]i [18].

This objective looks into calculating the composiibee weight fraction

through experimental technique, as currently calculatingvéight of fibre in

a composite can be time consuming and tedious. As part of this study on



weight fraction it is necessary to further investigate whether the presence of

fibre affects the crystalline morphology of the PP matrix.

Oncethese objectives are reachsdggestions will be given on the best approach to
determine properties of reinforcement fibres and whether the fibres being considered

are suitable as reinforcement imgoosites for theautomotiveindustry.

1.3 Thesis Outline

The thesis is divided into seven distinct chapters and their outlines are shown below.

Chapter 1 is a background into the research programme, key objectives and the

layout of the thesis.

Chapter Zoresents a literature review of previous research work undertaken by
others relating to the fibre systems that are being considered and includes any
additional information that will aid in a better understanding of the experiments that

have been carried tu

Chapter 3 describes the research undertaken in characterising the considered
reinforcement fibres. This chapter provides full details of the experiments such as
design, procedures and testing approach that were used to characterise the fibres

along withthe results.

Chapter 4 determines the thermoelastic properties of the selected reinforcement
fibres. This chapter provides complete information on the experimental setup, testing

procedure and results.



Chapter 5 presents the findings of the study thatumdsrtaken in looking at the
interfacial shear strength between the considered fibres aRoly@opylene
matrix. This chapter also gives details of the experimental arrangement and

procedure that was used to carry out the investigation.

Chapter 6 desibes the research undertakennwuestigating if the fibre weight
fraction in composites could be calculated using experimental techniques and the
effect of fibre weightifactionon thePolypropylenematrix. This chapter gives details

of the sample prepation, experimental procedure and results.

Chapter 7 presents an overall review of the thesis and summarises key conclusions

along with some suggestions for future work.
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Chapter 2

Literature Review

2.1 Introductory Remarks

A literature review omrePolyethylene TerephthalaeET)and naturalibre is
presented in this chaptérhe chapter provides background information on the
manufacturing processes of the fibres, reviews the literature on thépbopsrties
and the usef the fibres under consideration in composifeseview into fibre

anisotropy, interfacial shear strength and transcrystallinity is also presented.

2.2 Polyethylene Terephthalate

2.2.1Background

Polymers are used everyday and exist in eithetaral €ellulose lignin, protein) or
synthetic (nylon, PVC, mamade rubber) form. The chemical make of a polymer
consists of repeated units with each unit referred to as a monomer. The repeated units
are held together by chemical bonds. These baadls by atoms from a monomer

sharing electrons with another monomer developing a repeated unit, which produces

the polymerdos chemical structure.

One of the most popular synthetic, aromatic and semi crystalline thermoplastic
polymers used to date is Polygiene Terephthalate, PET], [2]. Its popularity is

due to the desirable properties that the material can bring such as low cost, good

12



insulation properties, thermal stability, strength, resistance to the environmient a
recyclability[3], [4]. The main ctrent application for Polyethylene Terephthalate is
consumer bottle manufacturing as it can be recycled leading to a low environmental
impact but it is also used in a wide variety of products such as food packagieg,

clothingand shopping badd], [5]

Polyethylene Terephthalate also known as PET was first patented in 1941 by two

empl oyees of Calico Printerés Associati ol
Dickson. Theydeveloped a concept from Wallace Carothers, who was responsible

for creating Nylon. Whinfield and Dickson also created the first polyester fibre in

1941 whi chTewlan® @aldl ed d&as cl osely follow
fi br e DaalioX®dl[6)6 PET manufacturing has been on an increase since

it was developed and various companies produce the polymer and retail it under

different names. The different trade names for PET can be séablg?.1[7].

Table 2.1: Trade names of PET and Manufacturer [7]

Trade Name | Manufacturer

Arnite DSM Engineering

Diolen ENKA- Glazstoff

Mylar E. I. DuPont de Nemours & Co. In
Rynite Du Pont de Nemours & Co. Inc
Melinex Imperial Chemical Industries Ltd
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2.2.2 Chemical Structure

The chemical make up of Polyethylene Terephthalate consists of hydrogen, carbon
and oxygen with the chemical formulae[GfoHgO4], and shown below iRigure

2.1.

Figure 2.1: PET Structure

PET has a high meltingmperature of approximately Z&Dwith a glass transition
temperature in the range of%5i 90°C which depends on the molecular weight as it

can be polymerisedith a mwbetween 20,000 50,000[3].

2.2.3 Formulation

PET is manufactured from chemicals that can be found in petroleum and can be
produced from two processes. The difference between these processes isupe start

reactions.

The first starting reaction to produce PET is a transesterfication reaction and is
favoured due to easier purificat{@h. The process uses Dimethyl Terephthalate
(C10H1004) and Ethylene glycol (§HsO2) whichis adiglycol ester. The process

consists of two stagel the first stagea polycandensate is formed by combining

14



the diglycolester with oligomers. After the precardateis formed
transesterfication takes place using a small arholumetal salt as the catalystaat
processing temperatuaeound200°C. During the tranesterfication b{&-
hydroxyethyl) terephthalate {(@1140s) and methanol (CkDH) is producedrFigure
2.2. The methanol from the tranesterfication is caumdily being removed as it

prevents chain growtldlueto forming a stable end grou].

The secondtarting reactioio manufacture polyethylene terephthalatans
esterfication reactianPET s produced by reacting terephthalic acid and ethylene
glycol in companyf an antimony catalyst. The pgoduct of thigorocess ibis-(2-

hydroxyethyl) terephthalate and waf8} i [10].

The second stage this manufacturing process is the polycondensa&antionof

the bis(2-hydroxyethyl) terephthalate, a byproduct from both starting reaction
mentioned aboveThepolycond@sation is performed in a vacuum at a temperature
of 280°C with a heavynetalsalt beingusedas acatalyst for the proce$4]. The
polycond@sation procespolymerisedis-(2- hydroxyethyl) terephthalate. The
polymersation big2- hydroxyethyl) tereptinalate produceby producs of ethylene
glycol and Polyethylene Terephthalad&gure2.3. Theby productethylene glycol is
continually removed from the process like the methantiierfirst starting reaction
but can be recycled and used in the fitatting reactioms itis one of the starting

productg10].
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Figure 2.3: Process 1, stage 2polycondensation
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2.2.4 Structure

The structure of Polyethylene Terephthalate fibre is influenced by different
parameters which affects the polymer 6s
affect the structure of PET is the manufacturing process. The temperature of the
processontrols the crystallinity and orientation of the molecules in the fibre.
Crystallinity is related to the structural order of a polymer exidss asthree
dimensionabrder, whichcan be found by using-Kay diffraction.Crystallinity of

PET is extremelymportant as it influences the tensile strength, stiffness, melting

point and the modulus.

PET is a semi crystalline polymer and it can become completely amorphous at room
temperature when quenched from the melt. PET crystallisation iafeiencel by
temperature history and molecular orientation. The determination of the molecular
orientation of a material is extremely crucial as it is used to understand the properties
and structure of a polymgt1], [12]. The rat of crystallisation is influenced ihe
nucleation rate and the rate of crystal growth on the nfidéi The structure of the
Polyethylene Terephthalate is split into crystalline and amorphous segion
Polyethylene Terephthalate has two forms of ethylene glycol linkage; these forms are
trans (extendeddrm of ethylene glycol) and gauelfrelaxed form of ethylene

glycol) [13]. Figure2.4 and 2.5show the structure of the gzhe and trans

confomer. At the starbf PET crystallisation the gauehinkage is dominant over

the trans ethylene glycol linkage but when the PolyettgylEerephthalate is fully
crystallised, the trans linkage is the only ethylene glycol linkage that is p[&3¢gnt

Ajji et al. [12] proposed that Polyethylene Terephthalate fibre structure consists of
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three phases; the crystalline phase, mesophase amghenus phase. The crystalline
phase is when the fibre is completely crystallised and consists exclusively of trans
conformers and the crystal perfection can be increased with the drawing ratio and
rate. The mesophase comprises of trans conformers thahblameystallised but

have a high orientation and can act as a link from the amorphous phase to the
crystalline phase. The final phase is the amorphbasewhich only consists of

gaucle conformers and has a random orientaftiéj.

0\ C/O CH
Hy, — — C
P LW Sl B N
—C CH, 0O 0] CH, /C—
0] 0]
Figure 2.4: Gauche conformer g$ructure
C/O
E CH 0 0
S PN, AR /
/ L W
O O CH, C—
o/

Figure 2.5: Trans conformer structure

Crystallisation of a polymer occurs above the glass transition temperature.
Polyethylene Terephthalate crystallinity is affected by heat treatment. The crystal

size of PET increases initially at the start of heat treating then starts to decrease as

18



heat teating continues. Gupta and Kumar investigated the effect of heat treatment on
the PET structurfl4]. They observed that the crystallinity increased as the

annealing temperature increased. It was also detected that heat treating at low
temperatures theE fibre shrinkage is small. The main effect for small shrinkage is

due to the removal of stresses and strains that have been built in during fibre
manufacture process which causes the fibre to become stable as the molecules start to
relax. As the molecuterelax, longitudinal pulling of the crystallites occurs along the

fibre direction[14]. As the heat treating temperature incregdesmobility of the

molecules increase which causes the shrinkage of the fibre to increase.

Orientation plays an importarntle in the Polyethylene Terephthalate properties

especially on the dynamic mechanical propefti®$. PET has two dynamic

mechanical transitonshi ch are 92 transition and b tr
commonly know a the glass transition. Tlkle t r ahmagpens at approximately

-40°C and thed t r amappens araund 80. Attheb t r athesPolyethyene
Terephthalate modulus changes significantly due to it softening from a rigid glass

like to a rubbetike solid [16].

2.2.5 Fibre Manufacturing

2.2.5.1 Melt $inning

Polyethylene €rephthalatéilamentis manufactured by melt spinning which
produces an amorphous structuvielt spinning is the initial step in the
manufacturing process of Polyethylene Terepthalate fibre and it chdregbulk
material in to a continuous filament. The process of melt spinning starts when the

polymer is melted and pushed through a spinneret then the melted polymer solidifies
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into a fibre and is wound round a bobbin. The melt spinning process camkia see

Figure2.6.

Polvmer Melt

Spinneret

|

=Cold Air =»

|

Solidifying Polymer

Cold Drawing

Filament

Figure 2.6: Melt Spinning Process

The main parameter that is influenced by melt spinning is the orientation of the
molecular chain. Melt sphing produces a filament, which has a crystallisation less
than 1%. Dumbletofl7] looked into theeffectof melt spinning on the orientation

of Polyethylene Terephthalate and noticed that the orientation was induced in the
spinneret but relaxes out immediately after the spinneret stage. Dumbleton also
discovered a mechanism called stream orientation, witclre in the free jet stream
of the melt spinning process. The development of the stream orientation happens
when the molten polymer is a short distance belovsieneret. When the PET is
below the spinnergethe free jet stream necks the polymer leadanthe molecules
being stretched in the direction of motion, this causes the PET to be orientated

Stream orientation occurs above the melting point of PET therefore enough thermal
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mobility could be produced to correct the orientation back to randorffidient

time is availablg17]. Crystallisation rate during melt spinning is s|dlerefore the
structure of the fibre is considered tod@eformed network of entangled molecules

i n which the deformation that has occurr
entanglements increases with increasing the molecular weight of PET and the
distance between the entanglemastisodependent on thmolecularweight of

PET [17] The orientation that is formed during melt spinning can be measured by
fibre shrinkage. Sinkage of the fibre occurs when the temperature is raised above
the glass transition as the molecules achieve enough mobility to relax the strain that
has been introduced in spinnipgpcessThe shrinkage force is influenced by the
thermal expansion ofddethylene Terephthalate. The coefficient of linear thermal
expansion of PET is approximately 48C. Polyethylene Terephthalate is ductile at

room temperature due to parti &aC)[fli.eei ng

The spin orientation dhe PET fibres varies by altering the speed of the bobbin.
Increasing the speed of the bobbin amalecular weight will increasthe

birefringence, shrinkage and shrinkage force. The stretch on the spun fibre is
increased when the speed of the bobbin is increased leading to the decrease in time
for the relaxation of the molecular orientation. Dumbleton concluded that the
filamentright after melt spinning may not be amorphous as many processing

conditions affedt he f i bredl¥]. crystallinity
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2.2.5.2 Cold Drawing

After themelt spinning process the Polyethylene Terephthalate fibres is put through

a process called cold drawing

Cold Drawingwas initially used in the manufactuoéplastic fibres. Julian Hill
discovered the process in 1988ichis similar tothedrawing process for metals.
Thedrawingprocess is achieved after thelymeris spun in to filamentby melt

spinnirg. The filament is then stretchedtby a draw machine whiaeduces the

diameter butincreas¢hef i | ament 6s | ength. The dr aw
filament by using two sets of rollers with the second set of rollers fixed to rotate
faster than the first leading to stretching of the PET fibre and is showigure2.7.

Thef i | a rndia strdcture isamorphous but after drawing the gbaligns and

the crystallinity of the structenncreasesvhich changes the tensile strength and

stiffness.

Melt Spinning

v

Hlampne Roller Set One

C@Roller Set Two

Roll of Fibre

3
//
5

Figure 2.7: Cold Drawing Process
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The draw ratio is the ratio of the cross sectional area of undrawn material to the
drawn material. The natural draw ratio is the amount of strain in the neck of the

material which can be determined by the material hardening characteristics.

Various waks havebeen published on treffect and mfluence of Cold drawingn
Polyethylene Terephthalaté/ard and Allisor{20] investigated the cold drawing
behaviour of PET over various test conditions. It was found that cold drawing can
occur at about50°C whichis approximately 10 below the glass transition
temperature and that rate of drawing can affect the temperature of the drawing
process. At low drawing ratbeat that is produced during the proosgbkdissipate
away from the neck of the polymer quickbading to ndemperature rise. However
as the rate of drawing increasttge process starts to become adialdatiding to an
increase in drawing temperatuk#ard and Allison concluded that the natural draw

ratio of PET was dependent on the temperatfitbe drawind18].

Foot and Wardl19] investigated the cold drawing of amorphous Polyethylene
Terephthalate and discovered ttte@PET natural draw ratio decreased as the
temperature decreased due to the polymer being strain kdiatesmlower

tempeature. They determined that the natural draw ratio is the ultimate stretching of
a polymer network and that thermal motion at high temperatures may reduce the
number of effective entanglements. Foot and Ward concluded that the natural draw
ratio can be muced if the molecular weight is increased and the temperature is

decreasefil9].

The effect of drawing of Polyethylene Terephthakitacture at 3& was

investigated by Bhat and N&iR0]. Bhat and Naikound that as the draw ratio
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increased, the crialinity index also increased. Therefotte38°C the density and

degree of crystallinityf the fibreincreaed with nearly all of the crystalline nuclei

aligned along the fibre axis direction. Bhat and Naik also investigated the effect of

drawing at 20€C. It was found that a thermomechanical process induced

crystallisation at 20t as the chain segments of the fibre in the crystalline region
rotated and aligned along the direction

structure being highly cented and crystallised.

Blundell et al investigated the orientation of the Polyethylene Terephthalate before
crystallisation occurred in the drawing procgxH. It was observed that the
crystallisation of PET depended on the rate of drawing anbehaviour changed as
the rate of drawing increased. The onset of crystallisation at a fast draw rate was
detected at the end of the deformation stage of the drawing process. Increasing the
temperature, decreased the level of orientation at any given atiawBlundell et al
discovered that decreasing the draw rate and increasing the temperature caused a
relaxation effect to occur on the entangled molecular chain system. The relaxation

effect competed with the deformation that was being applied to thdilaEEnt.

2.2.6 Mechanical Properties

As previously mentionedhe mechanical propertissich as modulus, strength and
shrinkageof the PET fibre are influenced mainly by the manufacturing prodéss.
manufacturing condition that influences the streetof the fibre is the draw ratio,

temperature and the spinning speed.

The effect of spinning speed and drawing temperature on PET fibre mechanical

properties was investigated by Huisman and He[2&3}| They discovered that the
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modulus and shrinkageiisfluenced by the crystallinity of the fibre. Increasing the
crystallinity of the fibre increases the modulus and decreases the shrinkage of the
fibre. The crystallinity of the fibre is affected by the spinning speed of the bobbin
which has been mentionédefly in the PET structure section. Huisman and Heuvel
researched the effect of spinning speed on the mechanical properties of PET yarn at
two different drawing temperatures; moderate & high (close to PET melting point).
The spinning speed ranged fromD0Go 5000m/min at 36C with the yarns having

the same diameter. Huisman and Heuvel initially researched the yarn shrinkage and
found that at increased spinning speed, the shrinkage of the fibre decreased. The
reason for the decrease in shrinkage isedl&éd the amount of amorphous region in

the yarn. Increasing the spinniageed decreas#®e volume of amorphouggion

dueto thecrystallinity volume increasing ithe PETyarn [22]. Huisman and Heuvel
then researched the affect the spinning speedrhastoh e f i br edés modul u
that increasing the spinning speed, increased the modulus of the fibre caused by the
fibre exhibiting high crystallinity [22]. The final mechanical property that Huisman
and Heuvel investigated was the fibre tenacity améhs reported that the tenacity

was affected by two important attributes; 1. Molecules folding at the boundary of the
crystal boundarshis is callecchain foldingandcannot contribute to the modulus or
tenacity 2. The tiechain distribution lengthrigure 2.8 shows the structure of the

fibre at low and high spinning speed. It can be observed thathasiigning speeds

the tie chaingre long and have a board distribution compared to the low spinning

speed tie cham
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Figure 2.8: PET structure a) low spiming speed and b) high spining speed[22]

Huisman and Heuvel discoverttht the tenacity decreased at high spinning speed
due to the long length of the tie chaimhich increased the amount of chain folding

at the crystal boundaigs well as tie chains have distribusdreing board22]. The

tie molecules join one crystal another and are essential in bearing the load when a
fibre is placed in tension [1], [15], [23], [24]. If the tie molecules length distribution

is large the molecules will not help in bearing the load placed on the fibre. The draw
ratio also affects tnmechanical properties of the PET fibre and has been reported by
several researchers such Okumura, Foot, Rudolf and Bhat [19], [20], [25], [26]. The
general consensus from the studies is that increasing the draw ratio, increases the

fibre strength and madus due to the fibre being highly orientated and crystallised.
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Various methods based on spinning, drawing and annealing to improve the

mechanical properties of PET fibre have been developed over thd3/8&r$29].

Zone annealing was one of the finséthods to produce high modulus and strength
PET fibre. This method was developed by Kungui at2al] and created a PET fibre
with a modulus of 19.4 GPa and strength of 1.P4.GKungui went on to develop a
method using a vibrating hot drawing technigou@roduce high modulus PET with
Suzuki[29]. They managed to produce a fibre with a storage modulus of 36 GPa by

hot drawing PET fibre under vibrations.

Heat treatment of PET fibre also affects the mechanical properties of the fibre. A
series of invesgatiors on how heat treatment affects the mechanical properties of

PET fibre was carried out by Gupta and Kurdat], [15], [23], [30] They

investigated the effect of heat treating fibres at constant length (taut annealed) and
free to shrink (free anneal) at various temperatures. They noticed after carrying out
tensile tests on the fibre, that for the free annealed fibre the elongation increased as
the annealing temperature increased whereas for taut annealed the elongation slightly
decreased as the aaling temperature increabés well as elongation changing the
tensile modulus and strength also changed. The tensile modulus and strength
decreased as the heat setting temperature increased for the free annealed fibre. The
tensile modulus for taut anrled fibre did not change significantly and was close to

the modulus of the fibre that had not been annealed. Therefore they determined that
the orientation of the fibre plays the significant part in determining the modulus than
the fibred¥). cGyuyptal Bndi Kymar al so noti ce:

the stres$ strain graph for free annealed fibre. This kink was also observed by Cho
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[24. The cause for the O0kinkdéd was due
the fibre being arranged series rather than in parallel which reduce the number of
tie molecules that will help in taking the force when the fibre is placed in tension.
Due to the reduction ithe number ofie molecules, the stress on the molecules is
significant therefore causing them to break at low load which leads to the fibre
yielding. Therefore t hei strkingnakhds the fibrec h

yielding[23],[24Jand t he dvkinFgkré29i s s ho

/FA-zzo

Stress (gpd)
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30 40
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Figure 2.9: Stressi strain graph of PET fibre free annealedand taut annealed[23]

2.2.7 Polymer Composites

Research into polymgyolymer composites Bdeen on an increase in the past ten

yearsbecaus¢hese composites can be easily recycled. Polymer blending is an
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important technique for manufacturing new materials dékirable characteristics.
There are also many advantagépolymer blending such as time saving; low

manufacturing costs and potential to achieve specific material prog8dtjes

The manufacturing of ajpolymer composites has three crucial preparateps

before composites can be produced and these are listed[B&lai34]:

1. Blending of the polymer components
2. Drawing

3. Annealing

Injection moulding is the manufacturing technidregjuently used to produce
polymerpolymer composites. Injectianoulding is therefore used to produce PP

PET composite and is usually done above the melting temperature of PP but below
the PET melting temperature. This is due to the PP melting but the PET fibres
morphology is protected. The PET fibres produced inglosess should be the

order of a few microns to keep the fibdesientation. The PET fibres are distributed
randomly in the PP matrix after injection moulding. The size of the fibres #re in

order of a few microns to stop the PET fibre relaxswghat the molecular

orientation of the fibre is kept therefore producing a microfibrillar compfBie

[35], [36]. PET has higher strength and the modulus than PP therefore the PET fibres

will take the main load when experiencingessilestrain[37].

The existence of PET fibres affects mechanical properties of PP matrix. Addition of
PET fibres into PP composite increases certain mechanical properties such as

stiffness, tensile s[39[d3hgth and Youngds |
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Friedrich et al[33] investigatd the effect of ethylene glycidyl methacrylate-(E

GMA) compatiblizer on the mechanical properties of recycled PET fibre and PP.
They observed no improvement in the modulus or strength of the composite as the
percentage of compatibzer increased and aght increase in impact strength with

increase in compatibilizer content.

Cheung and Chd8] also investigated the mechanical properties of PET and PP
blend with compatibilizer of EPOLENE-&3. It was found that with no

compatiblizer, increasing th€ET content between 10% and 50% had no significant
affect on the strength or modulus. Whereas adding 70% PET content the strength and
modulus increased. The cause for the increase is due to the PET strength being the
dominant material and PET has a higtegrsile strength than PFAdding EPOLENE

E1 43 compabilizer to the PET/ PP composite blend improved the strength and

modulus of the composite as there was better interaction between the PET and PP.

In general, the mechanical properties of PP impraviduthe addition of PET but

the improvements were not significant which can be related to the interaction
between the two materials being poor. This is proven by the impact properties of the
PP/PET being lower than neat PP and amtyeases with the adobn of

compatibilizers [33], [37], [39] Further examination of the interfatstrength

between PET and PP neebe carried out and will be investigated in this thesis.
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2.3 Natural Fibre

2.3.1 Background

The first natural fibre composite was manufactured by the Egyptians 3000 years ago.
The Egyptians constructed the composite out of straw and clay and was used to build
walls. The oldest natural fibre reported is Hemp which was used in China 2800BC to
manufcturecloth. Natural fibres can be manufactured from animals and plants and
appear in everyday items such as sports equipment and clothing. This section of the

literature review will highlight natural fibres that are manufactured from plants.

2.3.2 Chemistry

Plant natural fibres are made up of busdieelementary fibres located either in the

stem or | eaf of the plant. An el ementary
stem with a diameter ranging from 48D pm and a length of 1L 50 mm[40]. The

amount of elementary fibres that are needed to create a natural fibre varies between
plants. Natural fibres are made up of maoynponentsFour maincomponerg that

make up the elementary fibre are cellulose, hemicellulose, pectin, lignin and wax.

Different plants have various compositions of thes@mponerg, which determine

the fibreds propert icanpanerdfhatcompeséandescr i pt |

elementary natural fibre is given below.

2.3.2.1 Cellulose

Cellulose is the mainomponehthatmakes up plant natural filsand appears in the
cell wall as microfibril441]. It i s responsible for the f

establishes the chemical and physical properties of the fibre. Cellulose is a linear
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condensation polymer made up of thowsaaf glucose units called-D

anhydrogluscose which are connected togethériby, 41 glycosidic linkage and

arranged in a crystalline forfd2]. The crystal structure of natural cellulose is

known as cellulose | and mamade cellulose is known as cetigk Il. The type of
cellulose in the natural fibre relates t:i
mechani cal properties are determined by I
cell geometry which varies betweghbres [40], [42]. The cellulose staiure, shown

in Figure2.10, provides hydroxyl groups which are able to interact with water by

hydrogen bonds. The level of moisture up take of thelosk depends on the

environmental humidity at which the fibre reaches equilibrium. Cellulose is known

to degrade at temperatures of around®@4@3] 1 [45].

OH
( , Ho. oH
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o >\ o
HO OH — OH
L _1n

Figure 2.10: Repeated cellulose nit [46]

2.3.2.2 Hemicellulose

Hemicellulose is made up of a collection of polysacchaifd@ls [42], [47].
Polysaccharides are repeated carbohydrate molecules which are bound together by
glycosidic bonds. The hemicellulose is joined to the pectins covalentlyahd

cellulose and pectins by hydrogen bmgd The hydogen bond performs as a

crosd$ink between the cellulose microfibrils and the cellulogemicellulose
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network and is believed to [B8 the fibre

Hemicellulose forma& matrix with lignin which embeds the microfibrils of the

cellulose.

2.3.2.3 Lignin

Lignin is a complex hydrocarbon polymer with aromatic and aliphatic elements. The
hydrocarbon can be made up of three different monomer. goitsnaryl, coniferyl

or simpyland are shown iRigure2.11[41]. As mentioned above, the lignin is
covalently bonded to the hemicellulose. The main application of the lignin is to
provide rigidity and strength to the cell wall. A cell wall withoaydignin will not

be able to tolerate extreme forces. Lignin has a glass transition temperature around
90°C where it begins to soften and a melting temperature of aroufi@ térefore

it is considered to be a thermoplagto].

?H,DH -:l:HarJH CH,0OH
CH CH CH
I [l Il
CH CH iCH
OCH, H SO H,
I
OH 0OH OH
iCoumaryl Coniferyl Sinapyl
alcahol alcohol alcahol

Figure 2.11: Various types of ignin monomers[41]
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2.3.2.4 Pectins and Waxes

Pectings a combined name for heteropolysaccharides and consists mainly of

polygalacturorc acid and are hydrophili@OQ]i [42]. Pectins and hemicellulose

combined are called the polysaccharide matrix and provide the plant with elasticity.

Waxes formulte a minorquantityof the plant structure and comprise of various

types of alcohol. The waxes are insoluble in water and previmrier against water

lossand bacterial attacd1], [47].

2.3.3 Structure
Elementary natural fibre structure consists of tet walls which are split up to a

primary and secondawmyall with a void in the middle known dkelumen.A cell

wall consists of semi crystalline cellulose microfibrils embedded in a hemiceliulose

lignin matrix of varying composition. The lumen of the cell controls the water uptake

of the plant ands shown n Figure2.12[49].
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Figure 2.12: Flax fibre structure [49]
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The primary cell wall consists of randomly orientated cellulose microfibrils that are
packed closely together. The secondary cell wall can be split into three layers which
aretheinner S1, middle S2 and outer S3. The difference between the secondary cell

wall layers is the orientation of the cellulose fibrils which is illustrateeigare

2.12. The S2middle layer is the thickest and considered tchgenhost important as

it defines the mechanical properties of the fildr. Themechanical performanad

the fibre is associated with the cellulose microfibril angle (MFA) which is related to

the angle at which the microfibrils are wound around the raiddtondary layer (S2)

against the vertical cell axis. If the MFA angle is small this indicates the cellulose

mi crofibrils are close to being orientat
of the fibre being high. However, if the MFA angleislafgeet Youngés modul
the fibre is low. Different natural fibres have different MFA; for examplax and

Sisal fibres have an MFA of 1@nd 20 respectively.

2.3.4 Extraction

Extractingnatural fibres from plants can be done in two ways depending on what

part of the plant the fibre is taken from. The two methods used to obtain fibres from
plants are 6decorticatingéd and O6rettingbé6.
fibres from thdeaf part of the plant whereas retting is useditainfibres from the

pl antdés stem. The fi bres ({tliegplantaerusualljnanuf a

called last fibres.
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2.3.4.1 Decorticating

Decorticating is a process that takes place #ieeteaves of the plant have been
separated from the stem. The leaves are placed into a machine called the decorticator.
The decorticator has unsharpened knives that rotate on a wheel which crush and beat
the leaves until only the fibres remain. Once teeadticating process has been

completed the fibres are then placed into a vat of water for twelve hours. This allows
the removal of chorophyll sap mucilage and pectic substances. The fibres are then

removed from the water and driptL].

2.3.4.2 Retting

Retting is a microbial process that removes the chemical bonds that hold the stem
together and allows the bast fibres to separate from thébrersection of the stem.
There are two types of retting; water and dew also known as field. The difference
between the two process is the location of where retting takes place. Water retting is
when the plant is placed in to a tank of water and left for the microbial process to
take place. The fibres are then removed from the water and dried. Dew retting
happens ira fieldimmediatelyafter harvesting the plant and is believed to be the
oldest and favoured method. The stem of the plant are distributed evenly along the
field and left for the retting process to occur. The temperature and moisture of the
environment ecourages the microbial process which starts to degrade the stem of
the plant to produce the fibres. The plant is frequently rotated to allow retting to

occur evenly throughout the plgdtl].
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2.3.5 Mechanical Properties

The mechanical properties wétural fibres are not only influenced by the structure
of the plant but also by the age of the plant, harvesting, chemical composition, fibre

diameter, global location and climd#9], [42], [48], [50], [51]

Two key parameters that influenttee propeiesof naturalfibres are the microfibril

angle and chemical composition as briefly mentioned in the chemical structure

section above. This is also illustratedliable2.2 which shows various natural fibres

with the microfibril angle and modulus. It can be seen from the table that Ramie fibre
has the smallest MFA and the | argest Youl
largestMFA and the smallestYong6s modul us. The chemical
natural fibre is influenced by the climate and location of the plant and therefore the
composition can vary between the same plant species. An example of the chemical
composition for different plant speciessisownin Table2.2. It is believed that the

lignin part of the chemical composition impacts on the structure, properties and
morphology of the fibrgs2]. It can be seen fromable2.2 that fibres with high

lignin contentsuchas jute and a low MFA angle hav¥eo u n g 6u8 sinmar th a

fibre like Sisal with a larger MFA but a lower lignin percentage. Therefore the

research shows that the mechanical properties of the fibre are not influenced by only

one single parameter but by mgdbg].
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Table 2.2: Chemical composition, MFA and Mechanical propeties of Various Natural fibres

[52]

Fibre | Cellulose| Hemicellulose| Pectins| Lignin | Microfibril | Modulus | Strength

(wt%) (wWt%) (Wt%) | (Wwt%) | angle ) (GPa) (MPa)
Ramie| 68.6 13.1 1.9 0.6 7.5 128 870
Jute 61 20.4 0.2 13 8 13 550
Flax 71 18.6 2.3 2.2 10 100 1100
Sisal 78 10 - 8 20 15 640
Coir 43 0.3 4 45 45 5 140

Al ong with MFA and fibrebdbs chemical

global location and climate also have an inflen&/ork done bystamboulis, Ballie

and Peij§48] on Flax fibre showed that increasing the relative humidity of the fibre

comp

environment, increased the moisture content in the fibre. It was also shown by their

research that the average ultimate tensile stnefdif S) increasd for uncoateélax

fibre as the relative humidity increased. Davis and Bfbdpalso conducted

research into theffects of relative humidity ofrlax fibre and found that dynamic

and static modulus of the fibre decreased as the relative humiditysadrea

It has been reported by Balgy9], [55] that the diameter of the fibre is another

par ameter

found t

reason

t hat
hat |, as
for t hi

i nfl uences RHRlakfibre,Baldyr e 5s me
the fibreds diameter incr
s decrease i Youngods modul

fibre (a large hole in the centre of the fibre) which increases with the diaohétber

fibre, whereas Mukherjee and Satyanaray&pfdid not see a variation of the

modulus associated with the fibre diameter when investigating Sisal. Several

researchers have reported such as Park and Thof%&$0j®»8] that natural fibres
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are not acular therefore using the diameter of the fibre to calculate the various
mechanical properties would bdikely causeof inaccuracy ofesults. Thomason
researched to the effects on the mechanical properties assuming circularity of the
Flaxand Sisallt was reported that using the diameter to obtain the area of the fibre
overestimated the actual areaHdix and Sisal by nearly double which would have

an overall effect on the fibrebs propert.

Thefinal parameter that has been said to influencdibite mechanical properties

are the processing and handling of natural fibres. Processing of natural fibres is not

the most delicate of processes therefore there is a strong possibility of fibre damage

before being used. The damage on the fibre showsup a f or m of a O6ki n
when | ooked at c¢closely which reduces the
compressiof59]. Bos et al[59] and Bruce et a[54] researched the effects that

these flaws have on t he f i founcti@asincressiogh ani c
the fibre length during tensile testing decreased the strength of thethigremaller

the length of the fibre reduces the amount of flaws present. Bruce et al looked at the

effect that fibre damage could cause to the modulé&$agfand Nettle fibres. They

observed that as the volume of damage to the fibres increased, so tliarfdaekis

decreased.

The findings reported in the section above gave possible reasons why mechanical
properties of natural fibres can vary between theesand different species of plants.
Natural fibres are influenced by many different parameters which is reason why there

is such a variation in mechanical properties.
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2.3.6 Natural Fibre Reinforced Composites

Natural fibres as reinforcement for compostes desirable as they have attractive
properties such dseingenvironmentally friendly, low density, low cost and

recyclable. Natural fibres are also less abrasive than many conventional fibres, for
instance Glass and Carbon, providing advantages inialgisscessing therefore
prolonging tooling lifg42], [47]. The problem with natural fibreomposites is the

fibre itself, with the major concern being thwdrophilic nature of the fibre3he
hydrophilic properties of natural fibres make them incompatible with the matrix
material which is commonly hydrophobic in nature. This commonly leads to
adhesion between the fibre and matrix being poor. A vital requirement for successful
fibre reinforement is an excellent bond that will ensure the load is transferred
between the fibre reinforcement and the matrix. Various methods have been tried to
improve the bond strength between the fibre and the matrix. One such method is
fibre surface treatmenthich modifies the surface of the fibre such that it makes
morecompatiblefor the matrix thereby creating a stronger bond. Another method is
adding a coupling agent, also known a®mpatibilizerto the matrix material

which allows it to react with theyhd r o x y | group present on

resulting in an improved compatibility between fibre and matrix.

The interfacial strength of jute andrp fibre witha Polypropylenanatrix was
investigated by Parf68]. Park looked at the surface treatmemd ¢he addition of a
coupling agent to thBolypropylengPP) matrix in order to improve the interfacial
strength. The coupling ageMaleic AnhydridePolypropyleng MAPP) combined

with Polypropylenancreased the interfacial strength between the fibrenzatdx.
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This result has also been observed by Peijs @@l The interfacial strength
increased as the content of MAPP added to the PP increased. A reason for this
increase in interfacial strength is that MAPP introduces polar groups to PP which
allows the hydroxyl (OH) group in the fibre to react producing a covalent bond
between the fibre and mati&8]. A diagram of the reaction between MAPP and

natural fibore OH group is shown Figure2.13below.

O\\C (ﬁ
OH S
CHs 0) C —
/ CH | CH (g,
i i . CH, —— |
\ 7 n T,
o ool % N\
H (6]
Natural Fibre Maleic Anhydride Polypropylene Natural Fibre — Maleated Polypropylene
(NF) (MA) (PP) (NF — MAPP)

Figure 2.13: Chemical reaction between naturaffibre’'s OH group and MAPP i PP[58]

Together with a coupling agent, Park also looked at the fibre surface treatment to
improve the bond strength between the fibre and matrix. Surface treatment to natural
fibres has also been investigated by several other researchers such asiValadez
Gonzale [23] and Sydenstrickd62]. The general consensus from the research is

that surface treatment of the fibre improves the properties of the composite due to
improving the interaction between fibre and mat®8], [61]-[63]. There are many
different type of surface treatment such as silane aedyation lut the most

common one used iskaline treatment in particular sodium hydroxide (NaOH).
Sodium lydroxide removeparts of the hemicellulose, lignin and wax from the fibre

surfacecreating a larger caact area which the matrix material can interact with.
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Along with increasing the contact area, the surface roughness of the fibre increases

thus allowing for a better interactioetiveen the fibre and the matrixtj6[63].

Mechanical properties of natl fibre composites such as impact, strength, modulus,
fibre content and the effect of fibre length have also been studied by many
researcherps0], [64]-[66]. Garkhail[60] reported uporrlaxi PP composite and

looked at the effect of fibre length and volume fraction on the mechanical properties
of the composite. It was found that increasing the fibre length that was used in the
matrix only slightly increases the modulus and strength of thgposite but levels

off after an optimum length, whereas the impact properties of composite are greatly

i nfluenced by the fibre I ength. Garkhail
that increasing the fibre length increased the impact propertiesajotinum length.

Once past the optimum length, the impact properties either level off or decrease. This
observation has also been made by Thomason oniglidmss reinforced
Polypropylend67]. Baiardo[64] and Wambug65] also investigated the effect of

fibre volume fraction in natural fibre composites. All the researchers noted similar
results to one another in that increasing the fibre volume fraction increased the

modulus of the composite.

2.4 Fibre Anisotropy

It is essential to fully understand thedevant properties of the constituent materials,
to effectively predict the properties of a composite. In certain cases for anisotropic
fibre reinforced composites the simple relationship that is used to characterise

isotropic materials is not sufficientherefore further investigation is needed to
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successfully measure the thermal and mechanical behaviour of these fibres. In the
case of natural and PET fibre, the majority of the research has focused on the

longitudinal properties and not the degree o$atnopy of these fibres.

Few researchers have reported on the themmechanical behaviour and degree of
anisotropy in composites to help establish the fiireg potentia[68] 1 [71].

Ntenga et al[68] used an inverse method which was developeddwehberg

Marquardt to approximate the elastic anisotropgishland found thaSisalfibre

was highly anisotropic. Baley et §9] used micromechanical models to estimate

the transver s e Flde lgwas discoveded that the traskse

modul us was only 8 GPa compared to the fi
Kawatabatd70] directly measured the transverse modulus of PET fibre by

compression and found transverse modulus to be 1.09 GPa which is significantly

lower than the longidinal modulus of 15.6 GPa. Cickocki and Thomgsdi

explored the five thermb elastic constants (longitudinal, transverse and shear

modulus, longitudinal and transverse coefficient of thermo expansion) over a
temperature range usigpecified volumdraction of unidirectional composites and
microi mec hani cal model s. They noticed that
Jute exceeded the transverse modulus by a factor of five. The results above obtained

by various researchers highlight the anisatreyature of PET and natural fibre.

Pejis et al investigated the role of fibre anisotropy in the performance of
Polyethylene fibre reinforced composi{@g]. It was found that transverse and shear

strength of the composite are influenced mainly by tgalijianisotropic
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characteristics of the Polyethylene fibre and not the bond between the matrix and the

fibre.
2.5 Interface

Thecomposite interface is where the load that is applied to the matrix is transferred
to the fibre reinforcement. The bobdtween the fibre reinforcement and matrix
strongly determines the mechanical properties of the comas]tel herefore the

fibre reinforcement must have an excellent bond to improve the matrix strength and
stiffnesg[74]. A critical requirement for suessful reinforcement is an excellent
interfacial bond which will guarantee load transfer from the matrix to the fibre
reinforcementTo achieve a higiguality bond, good wetting of the fibres by liquid
matrix is needed as the reinforcement and the magikrought into close contact
Once the reinforcement is wetted by the matrix bonding will occur. They are four
main types of bonding mechanisms; mechanical bonding, electrostatic bonding,
interdiffusion bonding and chemical bondirggure2.14 below shows the various

types of bonding mechanisms.

-

Figure 2.14: Four main bonding mechanisms
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Mechanical mechanisnijgure2.14a, also known as interlocking depends on the

surface roughness of the reinforcement. The mechanical bonding is more effective

the greater the r ei nfTlerdecteostacmecbasnisng ur f ace |
Figure2.14b, occurs when the surface of the either the matrix or the reinforcement is
positively charged and the other is negativelyrgld which produces an

electrostatic attraction. Interdiffusion mechanisiigure2.14c, take placevhen the

atoms or the molecules of the matrix aathforcementnterpenetrateThe diemical
mechanismFigure2.14d, happens whene@hemicalbond is produced between the

chemical groups on the reinforcement and matrix surface. The bond strength depends

on the type of chemical bond and bonds producedmpearea.

The interfacial properties of the fibre/ matrix interface can be studied by
micromechanical testing. There are four main micromechanical tests which are
fragmentation , pull out, microindentation and microbpfg], [75], [76], andare

shown bé&ow in Figure2.15.

Fibre F
l Indenter

|
|
di
|

Matrix

—

Matrix
@ |
v l I Matrix:
L.
/ Fibre
Fibre
® @

Figure 2.15. Micromechanical tests:a) fragmentation, b) pull out, ¢) microindentation and d)
microbond
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25.1 Single Fibre Pull Out Test

Single fibre pull out is thenost commonly usetist to measure interfacial shear
strengthdue to its straightforward sample manufacturing and measureféhts

The sngle fibre pull out test consists of onedenf a single fibre embeddedathe

matrix at a desired lengtligure2.15b. The matrix is constrained and a load is

applied directly on to the fibre making the fibre be in tension. The force applied to
the fibre increasesgntil a maximum force, f.x is achieved awhich pointthe fibre
completely debonds from the matrix. Just after complete debond a drop in the force
is usually observed in the loadlisplacement curve. The fibre then starts to pull out

of the matrix against internal frictional forces. Fhe face applied to the fibre will
gradually decreasantil the fibre is completely pulled out of the matrix. It has been
reported that the fibre can initially debond from the matrix befgggif achieved

[77], [78]. Initial debond is caused by an initiation of a crack which propagates
through the interface between the matrix and the fibre. The force keeps increasing till
Fmaxdue to the frictional force in the debonded region being included into the
adhesive force ém the intact region of the interface. Therefore once thei$

achieved the crack propagation becomes unstable and the complete embedded length
debonds from the matrix and the force drops;toTHhis process can be seen clearly

in forcei displacemengraph,Figure2.16.

46



Force

Frax

Fq

b e o

Fg e

Displacement

Figure 2.16: Force - Displacement Curve with initial debonding from matrix

After the pull out test, thapparentnterfacialshear strength (IFSSlj'Jpp,can be

approximated from the maxi mum force and

to estimate the apparent interfacial shear strength is shown W8] 1 [80].

T — (2.1)
where P is the #tistheremieddeddeagthioithe fibeerinthen d |
matrix.

Equation 2.1 assumes that the shear stress is uniformly distributepttadofibrei
matrix interface which is not the caSéherefore the IFSS established by using
equation 2.1 can be used to compare the bond strength between different fibre and

matrices.

Various models have been developed to describe the stress distribution along the

interface and interfacial failure between the fibre and the maix[78], [81] T
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[83]. These models are usually categorized under two types; Ultimate shear stress
controlled approach and Energy controlled approach. The ultimate shear stress
controlled aproach is used to calculate the local shear stress at start point of where
the fibre initially debonds from the matrix and remains constant regardless of crack
length. The second approach, the energy contrafidihsed on fracture mechanics
and is useda calculate the energy released from the interface as the fibre debonds
from the matrix. For more information about various types of Ultimate shear stress
controlled approach and Energy controlled approach can be found in refdisices

[78], [81], [82], [84].

2.6 Transcrystallisation

Transcrystallisation occurs in a fibrgpolymer composite and occurs when the

nucleation density of the fibre is higher than the nucleation density of the molten

polymer. A transcrystalline layer is formed at the fibneatrix interface which is

highly orientated. The fibreds nucleati ol
by hindering the growth in the lateral direction, consequently forcing the crystals to

grow in the only direction possibieperpendicular téhe fibre. An example of a

transcrystalline layer is shown belowRigure2.17.
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Figure 2.17: Transcrystalline layer on pitch carbon in a Polypropylene matrix

Transcrystallisation can be observed by various methods such as migr(iSgope

2.17) and Differential Scanning Calorimet(pSC). The crystallisation temperature

and molecular weight of the polymer can control the transcrystallisation. The
crystallisation temperature of tipelymer affects the crystal growth, the crystal

growth decreases as the crystallisation temperature of the polymer in¢8&hses

Folkes and HarwickB6] observed that at low molecular weight the greater the
nucleation occurs along the fibre thereforéhesmolecular weight of the polymer
increases the nucleation along the fibre decreases. This association can be related the
melt flow index (MFI) of the polymer as the MFI has an inverse relationship to
molecular weight. Therefore at high MFI, low moleculgight, the nucleation

along the fibre is greast

PET and natural fibre has been reported to influence the crystallisation of PP due to
the interaction between the crystals of PET andTiRE .crystallisation temperature

increases of PP in the presence of natural and PET fibre and can be sedd3® the
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[87] T [89]. Transcrystallisation is induced in the PP matrix as the fibres acts as a
strong nucleation agent. The transcrystallinityete}s on the concentration of fibre
that is added to the PP matrix. At high concentration the fibres are close together
inhibiting the development and expansion of the transcrystalline regiwmreas at

low concentration the transcrystalline region is wieNeloped as the distance
between fibres is largé2], [37]. PRPET/natural fibre interface can be changéiih
the addition of compatilexs. The formation of transcrystallisation of PP spherulites
on the fibres surface is prdiiied by the presence bfaleic Anhydride (MA)
compatibiliser. The modulus for FFET is higher than the RRPMAPP at the same
volume fraction of fibre as the MA provokes the development of the transcrystalline
morphology[39], [90]. It has also been notelat the addition of copatibiliser in

the PPPET blend obstructs the PET nucleating effect of the PP matrix during the

melt cooling[39].

2.7Summary

The literature review presented in this chaptesws thatthere isa ladk of

understanding of the anisotropic nature of the fibre that are being considered in this
thesis. As mentioned in the review the nature of the fibre influences the properties of
the composite. Due to the fibre anisotropic nature, the transverse p®péttie

fibre needs to be investigated. Very little research has investigated the transverse
properties of PET, Sisal ardax especially over a temperature range and the
influence of these properties has on the whole composite. Along with the fibre
anisdropic nature influencing composite behaviour, the interfacial shear strength

also has an impact on the composite properties. The literature review shows that
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there is a small volume of research investigating the interfacial shear strength
between the natal fibresthat are being considered (Sisal &italx) in a
Polypropylenematrix but no research at all for PET fibre iRalypropylenematrix.

The investigation into the interfacial shear strength is vital as it give an indication if
the fibre can help iprove the properties of the composite matrix. Another gap in the
literature is lack of research using the natural fibre actual area/ perimeter to calculate
the fibre properties and interfacial shear strength. The research pdesethie

thesis will addessthe gaps in the literature that is mentioned above and contribute to

the knowledge base in the wodflcomposites.
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Chapter 3

Initial Characterisation of Fibres

3.1 Introductionary Remarks

The chapter describes the experitaémvestigation on characteng the candidate
materials. A description of the experiments undertaken and results for each material

that is being investigated is presented in this chapter.

3.2 Experimental Programme

Various experimentgere carried out to charactegiPET, Sisal anBlaxfibres. The
fibres were supplied from various companiesT Fiere was obtained from SABIC.

Sisal and-laxwere acquired from Wigglesworth and soaré®m Brazil and

Germany respectively. The experiments consisted of single filsiet¢gsting,

bundle tensile testing, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). In order to gain the best results, care must be taken over sample
preparation and the tests were carried out on standardised equipméitird he
properties that were characterised were the axial modulus, strength and
crystallisation and degratian temperatures of the fibres. Single fibre tensile test

was also carried out on thermally treated PET due to a phenomenon occurring when
undertakingsingle fibre pull out experiment in Chapter Bull details of the sample

preparation and experimental procedure are detailed in the following sections.
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3.21 Single Fibre Tensile Testing

3.21.1 Sample Preparation

@ Sticky T
— icky Tape

Desired Gauge
Length \

I
|_Sticky Tape
O
Glue——>’ / (b)
Fibre
Glue g
1
(©
Figure 3.1: Tensile test preparation
The single fibre tensile test is iIimportal

and strength on an individual fibre basis. The preparation of test samples is shown in
Figure3.1. A window of the desired gauge length was cut out of the hard card (250
gsm) using a scalpel and a ruler. Small tabs of double sided &tp&kyvere place at

each end of the card and this can be seé&mgure3.1a. A bundle of fibres was cut
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from a fibre roving. The bundle was then aftad to a lamp so that the extraction of

single fibres would be made easiBrgure3.1b). Single fibres were carefully

removed from the bundle usingdezers trying not to touch the part of the fibre that

is being used as the gauge length. The single fibre was placed across the card and
temporary held in place using the tabs of tape. A small droplet of Loctite gel

superglue was placed at edge of theggdength ends to permanently stick the fibre

to the cardFigure3.1c). Once the super glue had dried the apparent diameter of the

fibre was thei€measured, using a Nikon Epiphot inverted optical microscope and
associated image analysis softwéiigure3.2. The fi breds di ameter
seveal times along its length and the average of the diameter was used to estimate

the fibre cross sectional area.

Figure 3.2: Measurement of diameter a) PET, b) Sisal &) Flax
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3.21.2 Tensile Test Study

The tensile test sample was attached to an Instron 3342 Tensile Test machine which
can be seem Figure 3.3 The specimen was attached by a vice clamp at the bottom
and by either a bulldog clip or vice clamp at the top of the machine depending on the
type of fibre and load cell use@lable3.1 shows the test parameters for each type of
fibre used. The 100N load cell and the vice clamp was used for the natural fibres due

to the higher loads required and the increaselahility of fibre slippage.

Table 3.1: Fibre test parameters

Fibre Type Clamp Load Cell
(Vice or Bulldog) (10 or 100N)
PET Bulldog 10
Sisal Vice 100
Flax Vice 100

The card window was cut at both sides in the middle to allow the fibre tofieahg

as shownn Figure 3.3

_~Bulldog Clip
U
(&)
o L g
A =R .
0

"~ Vice Clamp

Figure 3.3: Setup of sample on the tensile test machine
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The program to control the Instron machine was commercial software called Bluehill

revision two. The input valuegeded for the Bluehill software to calculate the

fi

br eds

modul us and strength were

The extension rate of the crosshead was set according to the ASTM-DB822

t he

standards for each type of fibre tested, for example aidtbreds strain rate was set

at 5% per minutgl]. At least three different gauge lengths were tested which

allowed the true fibre modulus to be calculaded to observe the effect of gauge

|l ength on the fibreds strength and
load versus extension graph and an example of one can be segur@3.4.
0.25
I:,:A
0.20_— .................................
/
0.15 ............ '._’ 1
= ~ A
o 0.107
8] -
3 e ‘ ‘
_-_"'__—"
0.00 ................................................................
-0.05 } ; ;
0 1 2 3 4
Extension (mm)
Figure 3.4: Typical tensile test graphfor PET
The Bluehill dektwaseonédegrapbatdo

mo

c al

modulus of the fibre. EquatioB.1 is the equation used in the software to calculate

the strength of the fibre.
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wo o T (3.1)

where, is thefibre strength, Faxis the maximum force to break the fibre and this is
taken from the load extension graph and;#s the cross sectional area of the fibre.
The modulus of the fibre is calculated differently as it uses the gradient of the slope

on t heéeexXtl ®emsgdi ond gr aph.

. y
O —— —5 (3.2)

whereBE s t he Youngds modul usaistakenfromthé he gaug

0l dedtensiond graph and is the force and

For a more accurate est,itisreaviseddotakeifitot he Yo
account the system compliand detailed description of the method can be found in

[2, 3]. In the experiment the single fé® are mounted on to card therefore leading to

the whole system compliand®,hhaving to be calculated. This is done by assuming

that the specimen is entirely straight in the loading direction and that throughout the

course of the test there is no skge before the break. The measured displacement,

&L when the fibre is fully styfaadtheed i s t |
def or mat i on @The dysteen defoynmtior takes instd account the glue,

card and clamp.

C

—

C

—

Y, (3.3)

Combining the equations 3.2 aB(8,
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- - #— (3.4)

where E is the measured fibre modulus and >y/— is the systencompliance. A

graph of (1/E) versus (#;) is plotted. The system compliance is the gradient of the
trendline and the intercept at which the trendline crossesitlaxig is 1/E An

example is shown iRigure3.15on page 81.

3.21.3 Cross Sectional Area & Perimeter of Natural Fibres

In order to obtain a better estimate of the properties of natural fibres, an additional
action was taken at the endtb€& natural fibre tensile testing. Throughout the tensile
test, the natural fibres were assumed circutanrder to estimate the fibres cross
section. However this is not the case, therefore to get a more accurate estimate of
strength and modulus theosss sectional area had to be measured. Along with
determining the cross sectional area, the perimeter waarsd$égsed The ends of the
fibres, that had not gone through the tensile test, (fibre attached to the card window)
were used for further analysas the tested fibre section would be damaged and
therefore removed using a scalpel. Both ends of the fibre were used from each tensile
test sample and attached to a card with superglue as shéigure3.5a. The fibres

were then embedded in epoxy resin supplied by Sturers vertically and left for 24
hours for the resin to sdtigure3.5b. Once the resin had set, the block of resin was
ground and polished to prepare gamplefor observation under the microscope,

Figure3.5c. The preparation stage was split up in to two stages, grind and polish.
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(a) (b) (©

Figure 3.5: Natural fibre cross sectionalpreparation

Water Tap

Splash Guarc

Grinding Disc

Figure 3.6: Struers rotopol 21 machine (grinding and polishing)

The machine used for the grinding stage was Struers Rotopol 21 and isFSgarven
3.6. Grinding is an essential step in the preparation of cross section analysis as it
allows an even surface of the resin to be achieved whéadtes it easier to see under

the microscope. Three different grades of grinding paper were used in this stage, 120,
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1200 and 2400 each paper getting finer which reduces the amount of material
removed from the resin block. For each grade of paper the fotigevocess was

carried out.

1. The grinding paper was placed in the holder and a water jet was placed in a
position so that the water wousgread over the whole grinding paper. The
water jet was used as it acted as a lubricant and removed the resin debris
away from the sample.

2. The rotation speed used was set to @00. Once the machine had been set
up it was ready to grind the block of resin. The block of resin was turned
clockwise slowly throughout the grinding process to ensurdtipaurface of
theresin was even. In addition to rotating the resin, the sample was checked
frequently to make sure that amount of resin removed was sufficient and that
the surface was even.

The polishing stage started once an acceptable surface finish was achieved in the
grinding process. This stage removes scratches from the surface of the resin caused
by grinding and creates a shiny mirror like finish which allows the fibres to be seen
clearly under the microscope. The polishing stage was carried out on the same
machineas the grinding stage but a few parameters were changed. A napless cloth
replaced the grinding paper and a diamond solution (diamond suspension three
microns and diamond polish blue lubricant) replaced the water. The rotation speed of
the machine was lowed to 150pm. This was done to get more precision and

control when polishing and to limit the amount of diamond solution used as it is very
expensive. After the sample is polished the diamond solution needed to be washed

off. The diamond solution creates an oily layexking the cross section of the fibres
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hard to see. The sample was washed off using liquid soap and warm water. The resin

was left to dry under a dryer as the surface can be easily scratched.

Figure 3.7: L.H.S - Grinding paper, R.H.S - Napless cloth

Once the grinding and polishing stage had been completed, the sample observed
under the microscope. An Olympus GX51microscope was used to observe the cross
section of the fibre. The magnification used ranigetiveen X200 to x500 and for

each fibre cross section a picture was taken. The pictures were noted with the
magnification and tensile test number to help in the analysis of results later in the

process.

The pictures were used to determine the crosgsattrea and perimeter of the
fibre. Before using the image analysis software, the picture of the fibre cross section

hasto go through four steps befomealysis.

1. The picture is imported in to PowerPoint and enlarged to fit the entire slide.

This helpdn step 2.
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2. The cross section of the fibre is traced using the free form tool. The free form
tool allows the user to trace around the fibre as accurately as possible and
then change points if necessafyiglire3.8a)

3. The paint tool was then used to fill in the fibre ar€&gfre3.8b)

4. The filledin area is then imported in to paint and saved as a jpeg file, ready to
beanalysed using the image analysis softwdfgure 3.8c)

The jpeg image created inipawas imported ito the image arngsis software and
formatted ino binary. Changing the imagednbinary format allowed the pixels of

the picture to be used talculate the area and perimeter of the fibre. The calibration
image went through the same process to allow the image analysis software to
accurately determine the fibre area and perimeter which could then be used in the
calculation of the single fibrerpperties and the interfacishear strength (see

Chapter 5 8ction 5.3.1).

(b) (®)

Figure 3.8: Cross section preparation for image analysis software

3.23 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measures the heat flow and temperature

related to the material transitions as a function of temperature or time. Material
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transitions that can be observed and measured dfieg®int, crystallisation,

specific heat capacity and glass transition.

Reference Pan

SamplePan
Figure 3.9: DSC set up for TA Q20

Reference Pan

Sample Pan

Figure 3.10: DSC / TGA set for NETZCH STA 449 F1 Jupiter
DSC was carried out using PET, Sisal &hak fibres and the experiment was run in
two different DSC machines. TA Q20 and NESZTCH S.T.A 449 F1 Jupiter both run
under nitrogen gas and are showirigure3.9 and3.10 respectively. The reason for
using two machines is that different temperature ranges were needed to be used

depending on the fibre that was being tested. The NESZTCH could only ramp from
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room temperature up whereas TA Q20 could $tam -70°C. However the TA Q20
could only ramp up to 56Q but the NESZTCH can go up to 1660 The

temperature ranges for each machine can be seen in Table 3.2 along with the fibres

used.
Table 3.2: Temperature range of the variousDSC machines
Machine Temperature Range Fibre
TA Q20 -75°C to 500°C PET
NESZTCH STA Ambient (25°C) to 1600C Sisal & Flax

The following process was followed to make up the samples for both DSC machines.
1. Alid and panwere weighed on a Mettler Toledo microbalance. The weight
of the pan and lid was then noted.
2. Fibres were then cut to a size that would fit into the pan. The fibres were then
placed carefully into the pan and weighed.
3. The empty pan weight taken in step lsvgaibtracted away frotheweight
in step 2. The difference in weight is the mass of the sample and is needed for
DSC. The weight of the sample ranged between 5 to 10 mg.
The pan was loaded into the front position of the DSC machine and an empty pan
whichis known as a reference pan, loaded into the back position, this can be seen in
Figure3.9. A reference pan is used to track any modifications that occurs in the
sample pan, to see if the pan or the sample is causing the changes. If the sample
causes the changes the results arechdthe procedure used for each type of fibre is

detailed below.
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Table 3.3: Procedure used for PET and Natural fibres
Natural Fibre (Sisal & Flax)

PET Fibre

Equilibrate at 6C

Isothermal 2 minutes Ramp 26C/ min to 806C from Room
Temperature

Ramp 26C/min to 306C

Ramp 5C/min to 0C

Ramp 26C/min to 306C

The typical results that can come out of the DSC machine can be s$aguarg3.11

Cross Linking

(cure)

Crystallisation
Oxidation

Glass Transition

—
Endotherm

Melting

Temperature

Figure 3.11 Typical DSC thermogram

The DSC results were analysed using TA universal analysis software. The software
can calculate thglass transition, melting point and heat flow. The crystallinity of
materials can also be calculated by using the following equation 3.6.

aedny (3.6)

Pol wi oooaa—%ez—eooo
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whereY'O is the melting heatY’T is the heat of 100% crystalline material and
YO is the heat of cold crystallisation which may or may not occur with all the values

in term of J/g.

3.24 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) ised to determine weight change of a material

in relation to the temperature. The TGA instrument used was NETSZCH STA which
was used as a DSC for natural fibres and is showigure3.10. The samples were

run under nitrogen. The sample preparation and set up of the TGA was the same as
the DSC. The sample size used in this experiment was in the rangel6fdg. The
procedure used was to rampthp emperature of the sample from room temperature

at a rate of 2tC per minute to 53T or 80GC depending on the type of fibre.

3.3Results and Discussion

3.3.1 Polyethylene Terephthalate

The results of the veus experiments described ir@ion 2 ofthis chapter for PET

fibre is described and discussed below in sections 3.3.1.1 to 3.3.1.4.

3.3.1.1 Single Fibre Tensile Test

Throughout the course of this research prograntiheediameter of over 650
individual PET fibres from the same roving have beeasuared using an optical
microscopeFigure3.2. This allowed a profile to be created of the diameter

distribution of the PET fibre and this can bersaeFigure3.12. It can be seen from
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the study that the PET fibre diameter ranged from 16 to 23 microns with the average

being 19 microns.

160

120

Frequency
(]
o

N
o

16 - 16.5

16.6-17.0
17.1-17.5

17.6 - 18.0
18.1-18.5

18.6 - 19.0
19.1-195
19.6 - 20.0
20.1-20.5

Diameter (um)

20.6-21.0

21.1-215
21.6-22.0
22.1-225

22.6 -23.0

Figure 3.12 PET diameter distribution

A single fibre tensile test was carried out on heat treated and non heat treated PET

fibres at

vari

ous gauge

|l engt hs

t

(0]

establ

each gage length at least 60 single fibre specimens were tested. The heat treatment

of the PET fibre was as follows: RET fibre bundle was placed into an oven at

220PC with no constraints appliedhich allowed the fibre to shrink. Heat treatment

lasted thirty minutes after which the fibre bundle was taken out of the oven to cool at

room temperature before the manufacturing of specimens. Typical Eddnsion

graphs of the heat treated and neatitrea@d PET fibre can be seen kigure3.13

and3.14 respectively.
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Figure 3.13 Typical PET tensile test20mm
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Figure 3.14: Typical PET heat treated tensile €st20mm

The loadi extension graph of non heat treated and heat treated PET fibre can be split

upin to three sections.

1. ai b: Load is initially being applied to the fibre which stretches the fibre
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2. b7 c: The load is constantly increasing but at point b the fibre starts to yield
causing the slope to change

3. c: At point ¢, a maximum load is achiewstierethe fibre break
It is observed that the loddextension graph of the heat treated fibre has an
occurrence of an additional change in slope in the initial sectidn dhis is due to
the heat treatment of the fibre leading to the fibre haviradalitional yield point. It
was observed that the yield point occurred at the same |agapaximately 0.03N
independent of gauge length. Further explanation of teaghenon is noted in

Chapter 5 8ction 5.

Before the Youngos beestdnatédbessysterh comngliamcef i br e
has to be calculated. The graph described in the experimental section to calculate the
0True Youngdés Modulusd for heat treated
seen inFigure3.15. From the graph it is observed that the system compliance

differswere it is expected to be the same. The differencéd be down to the

variation of the card ana@mount ofglue used in the marfacturing of the samples.

The type of glualsochanged between manufacturing the-heat and heat treated

samples caused by the manufacturer stopped manufacturing the glue that was

originally usedTherefore it could be said that torainate the error of the card and

glue in the experiment a visual extensometer could belisede 6 Tr ue Youngod
Modul usdé estimated for non heat treated
GPa respectively. It is interesting to note that the moddlbsat treated fibres is

449% |lower than noimeat treated PET fibre.
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Figure 3.15: Correction of modulus

The experimental and corrected modulus is plotted against gauge length to see if the
system compliance makes an effect on the modulus of the Filguee3.16. It is

observed fronFigure3.16 asthe gauge lengtbf tensile test specimen incredbe

less impact it has on the experimental modulus. It can also be seeRifun3.16

that the corrected modulus is not affected by the gaugéehlargth confirms with

thebelieved hypothesis that the modulus isafé¢ctedby gauge length.
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Figure 3.16: Modulus versus Gauge Length
Table 3.4: PET Average Strength and Average Modulus
Average Average Average Corrected
Gaude Modulus Strength Strain to | Average Strain
Len %h Temperature | + St Dev + St Dev Failure to Failure
(mr%) (°C) (GPa) (GPa) +StDev | +StDev
(%) (%)
5 25 85+16| 0.79+0.08| 9.7+1.9 74+19
20 25 10.1+1.3| 0.84+0.09| 84+0.9 7.8+09
30 25 98+13| 0.84+0.09| 8.6+0.8 8.2+0.8
50 25 10.7+1.2| 0.85+0.08| 8.0+0.7 7.8+0.7
5 220 45+11| 082+0.09| 18.8+4.8 13.8+4.5
20 220 46+1.2| 0.70+0.06 | 16.1+3.5 15.0£ 3.5
30 220 6.5+08| 0.89+0.07 | 139+14 13.1+1.4

The average strength and extension with standard deviation of heat treated and non

heattreatedPET fibresis summarised ifable3.4. From the table, it can be

observed that the strength is not affected by gauge langibr heat treatm.
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Table3.4 also shows that the strain does not significantly increase as the gauge
length increases but more importantly the heat treatment attfecssrain. It can be

seen that heat treatment increases strain by approximately 80%. A reason for the
fibre strain dramatically increasing and the modulus to decrease could be caused by
the heat treatment being above the glass transition temperaturehakialso been

seen several researchers such as Gupta et al and Cli, &].aThe glass transition
temperature for PET fibre is around’80and relates to the amorphous region of the
material. Gupta et al investigated the
and mechanical properti§s, 71 9]. The amorphous region of the fibre alters due to

the fibre relaxing causduly heat treatmenfThe heat treatment decreases the
amorphous orientation factor caused by the fibre being allowed to freely shrink
causing the fibrebs amorphous region t
treated fibre is subjected to tensile testing, the disted molecules in the

amorphous region will stretch and start to become origbted]. This process will

(0]

causeanincreasdot he f i breds strain but decrease

the nonheat treated fibre.
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3.3.1.3 PET Differential Scanning Calorimetry
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Figure 3.17: PET DSC results

Differential Scanning Calorimetry was carried out on PET fibre as discussed in the

experimental section. Figurel3.shows some typical results from a DSC lieabol

i heat cycle. The initial heating run shows the onset of melting of the PET fibre at

246.7C and the melting peak 258@ The crystallinity of the fibre was calculated

by taking the ratio of the experim@hheat of melting to the heat of melting of 100%

crystalline (140.1)/g[10]) PET. It was foundhat the fibre was 41% crystakid and

therefore 59% amorphous. The cooling run shows the crystallisation of the PET fibre

which has now a melt. The crystallisation process hasstages; nucleation and

growth. The nucleation temperature is characterised by the onset temperature of

crystallisation in the cooling run. The onset or nucleation temperature was found to

be 210.8C and the peak maximum, which is the crystallisation teatpes, was
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197.2C. The crystallisation of the PET melt results in a somewhat reduced
crystallinity of only 29.2%. The final heating cycle shows the glass transition
temperature of PET which was not observed in the first heat cycle. This is likely due
to the presence of a greater proportion of amorphous polymer in the melted and
recrystallized sample. The glass transition temperature was found to B€,82.9
which is in the literature value randieli 14]. The crystallinity of the PET for this

run was found to be 30.3%vhich is to be expected as it is approximately the same

crystallinity of that found in the cooling run / crystallisation process.

3.3.1.4 PET Thermogravimetric Analysis (TGA)
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Figure 3.18 PET fibre TGA and DTG

Thermogravimetric analysis (TGA) was carried out on a &€ under nitrogen

and was ramped from room temperature up tdG@Md the result is shown in
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Figure3.18. The figure shows the percentage weigisslof the fibre and the time
derivative weight loss curve (DTG). It can be seen that PET fibre starts to lose
weight at 408C and this weight loss then begins to level off at’600 he fibre
experiences a weight loss of 35%. Therefore abov&AD® PH fibre starts to
degrade. The DTG curve shows that the decomposition peak temperature of the

material happens at approximately 2450

3.3.2 Natural Fibre

Abaca Flax Kenaf Sisal

Figure 3.19: CSA of natural fibres

Before any tests were carried out on natural fibres, the fibre cross sectional area
(CSA) variability was investigated due to the fibres not being circklgyre 3.19.

This investigation | ooked at the GSA and
fibre) and the difference in CSA and perimeter between fibres (infiére). Sisal

and Flaxwere studied to see if a general pattern occurred. meufacturing of

samples for observation w#lse same process described gctn 3.1.3 with only

two changes.

1. Non tensile tested fibres were used in the embedment in resin
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2. The grinding, polishing and photographing were repeated approximately

every 2 mm kong a fibre length of 14mm. This gave ei@$BA results along

the length of the fibre.
The resultdor Sisal and Flaxarried out in this study can be seerfrigure 3.2 and
3.21 for CSA and perimeter respectively. It can be observed ffgure 3.2 and
3.21 that variability along the length of the fibre depends on the type of natural fibre.
It is also clear that the variability from fibre to fibre is significantly greater than the
variability along the fibre for both CSA and perimeter. Thereforegusia end of the
fibre which is stuck to the card difie tensile tessamplewould give a good estimate
of the strength and modulus of the filwi@cethe variability along the fibre length

does not considerably change compared to the fibre to fibre CSA.
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Figure 3.21: Perimeter measurements along the fibre (a%isal (b) Flax

Analysis of the cross section variation thefibres is summarised ifiable3.5.
Table3.5 shows the standard deviation of the CSA padmeter averages calculated

as a percentage of the relevant average. The table agrees with the interpretations of

Figure3.20 and 3.2 that the interfibre variability is considerably greater ttan

intrafibre variability.

Table 3.5: Difference between Intrafibre and Interfibre

Cross Sectional Area Perimeter
Type Average Intrafibre | Interfibre Average Intrafibre | Interfibre
(m rr12) StDev StDev (um) StDev StDev
(%) (%) (%) (%)
Sisal 0.033 2.6 34.2 914.2 4.2 26.8
Flax 0.015 6.2 44.6 662.7 3.5 35.8
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2.3.2.1 Sisal Tensil@est

Thirty tensile tests were carried out on Sisal fibre at gauge lengths ranging from 5 to
20mm. Profiles of the SisalCSA using the diameter method and measuring method
is shown inFigure3.22and 3.23 Figure3.22 and 3.23hows the variability of Sisal

CSA as the area rangé®m 4500 to 45000 micron§igure 3.22howthatmost of

thed me a s GSAdaingis in the range 10000 to 20000 micrombereas Figure

3.23 shows t hat mo st of t he 6di ameter 6

microns
12 ®5mm
#10mm
9 1 020mm

Frequency
(o]

<5000
> 45000 g2

10001 - 1500005
15001 - 20000
20001 - 25000
25001 - 30000
30001 - 35000
35001 - 40000,

Cross Sectional Area Measured (ur)

Figure 3.22 Sisal6 me a s €$Adidtidbution
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Figure 3.23: Sisal 'diameter' CSA distribution

A typical loadi extension graph of Sisal which is created during the tensile testing of

the fibre is shown ifrigure3.24.

[
o

Load (N)
N W RGN O

0.0 0.1 0.2 0.3 0.4 0.5
Extension (mm)

Figure 3.24: Typical Sisal Load versus Extension
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The loadi extension graph can be splitontwo parts. In the first parthe load is

applied and the fibre stretches. In the second part, a maximum load is achieved
causing the bre to fracture. Just like the PET fibre, the modulus and strength can be
calculated from the loaid extension graph. The modulus and strength was calculated
using two methods. The first method which has been used by many resefrshers

18] uses the assumption that the fibre is circular, therefore theeappmhameter was

used to calculate the area. The second method used the actual measurement of the
cross sectional area of the fibre. The modulus obtained using the two methods is
plotted against gauge length figure 3.25. Figure 3.25 shows that using the actual

CSA of the fibre gave a significantly higher value for the fibre modulus tharbtha
assuming circularitylt is also observed that modulus at 5mm gauge lendtigher

than at 10 and 20mm gauge length. One reason for such a difference could be caused
by CSA diversity as it is assumed that the larger the area the smaller the modulus
[18]. Looking at theCSA distribution in Figure 3.22 it can be seen that the 5mm
gauge lengtiCSA distribution is smaller. Another explanation for the discrepancy of

the modulus isn the volume of damaged caused to the fibre during the extraction
process and t he unpredictabi [19].t The i n
microstructure of Sisal vasbetween fibres such as microfibrillar angle, defects and

cell stucture these variations affecth e f i br e G20]. [gheoapeeaget i e s
conpliancecorrectedmodul us cal cul ated for Si sal

CSAwas found to be 16.6 GPa and 20.7 GPa respectively.
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Figure 3.25. Average modulus versus gauge length for the two CSwethodsfor Sisal

Figure3.26 shows the average Sisal strength with 95% confidence limits plotted
against gauge length. The graph shows that statiistithere is no difference

between gauge length strengths but there is between the different measurements to
calcul ate the fibreds area. This is diff.
reinforcement fibres such as carbon or glass which showragstiependence of

single fibre strength on gauge length. The strength versus gauge length results for
typical manmade fibre characteristically shows that as the gauge length iatihhease
fibre strength decreases. The decrease in strength is attribtednoreasa

number of surface flaws on the fibre as the gauge length increased therefore
weakening the fibre resulting in lowering of the fibre strertjth 15] Using the
measuredCSA gives a higher strength than assuming the circularity of the fibre

which leads to a 26% reduction in strength.
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Figure 3.27: Sisal CSA measured against SisaCSA calculate

Figure3.27 was plotted comparing the CSA measured against the area calculated

assuming the fibre being circular. The figure shows that by assuming Sisal fibre is
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circular overestimates the arddacrefo e | eads t o underesti mat.

mechanical properties by approximately 4@&%is observed iRigure3.25and 3.5.

2.3.2.2Flax Tensile Test

A tensile test was carried out on thifflax fibre specimensadr each gauge length.
The gauge lengththatwereused was the exact same as Sisal, 5, 10 aman20The
variation from fibre to fibre can be seen in ®8A profiling in Figure3.28and 3.29

the figuresshows that the area éflax fibre ranges from 1500 to 16000 microns.
Figure 3.28 shows the measured O8ith most ofthe fibres tested in the range of
2000 to 10000 microndrigure 3.29 shows the calculated CSA of the diameter

method with most of the fibres tested in the range of 4000 to 5000 microns.
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Figure 3.28 Flax 6 me a s €8Aadidtidbution
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Figure 3.29: Flax 'diameter' CSA distribution

A typical Flax tensile test graph can be seerfFigure 3.30. Just like Sisal the load
increases causing the fibre to stretch until a maximum load is achieved. At the

maximum load the fibre fractures causing the load to drop.
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Figure 3.30: Typical Flax tensile test graph at a gauge length of 20mm

Once again the modulus and strength of the fibre is calculated twice, assuming
circularity of the fibre and then using the measured GSgures3.31and3.3

shows the modulus and strength with 95% confidence limits versus gauge length.
Figure3.31 shows that the modulus increases as the gauge length increases as would
normally be expected from equation 3.4. Statistically the moduli calculated from the
two methods are not different but the average modulus is different. Similanky to t
results for Sisal fibres, assuming fHex fibre is circular results in a lower average
modulus than using the measured CSA of the fibre. Comparing the confidence limits
of the diameter and CSA method it can be seen that the CSA confidence limits are
smaller. The compliance corrected modulusHtax fibre calculated assuming

circularity and using th€SA were found to be 36.2 GPa and 50 GPa respectively.
The results obtained for the modulus is equivalent to that reported by Charlet et al,

56 GP423]. However, Charlet et al does not report how the Flax samples are
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manufactured for testing and does not mention if the modulus was compliance
correctedFigure3.32 shows that sttistically both methods resuit a similar

strength value at any individual gauge length and that the gauge length has no
significant effect on the measured fibre strength. Nevertheless, the overall average
fibre strength obtained by the CSA method is higher than the by diameteidmetho
CSAmethod increases the average strength value by approximately 15% from the

diameter method.
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Figure 3.31: Average corrected Flax modulus against gauge length using both CSA methods
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Figure 3.32 Average Flax strength against gauge length using both CSA methods

To compare the difference in the two methods used to calculate the modulus and
strength of the fibre, a graph of CSA measured versuarém determined from the

diameterFigure3.33 shows that the diameter overestimates the CSA of the fibre

which |l eads to inaccurate estimation of
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Figure 3.33 Flax CSA measured against CSA calculated
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3.3.3Natural Fibre Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out on SisalFdaxiand the results

are shown inFigure 3.34 and 3.3 respectively. The figures show the weight
percentage decrease of each sample and the time derivative weight loss curve (DTG).
Sisal andFlax experienced a total weight loss of 70.83% and 86.7% respectively.
Comparing the two DTG curves, it can be seen that both fibres have similar
characteristics with two distinct peaks. The first small peak, which is approximately
80°C, is related to the filerbecoming dehydrated through losing water. The second
peak, which is more prominent, is caused by the thermal degradation of the cellulose
which can be seen at 3%D for both fibres[24]. The Sisal graph also shows a
shoulder to the left of the second kest 285C. This shoulder seems likely to be
related to the degradation of the hemicellulose (a constituent part of natural fibre)

which has been reported to occur in the range off ZEIPC [24 T 26].
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Figure 3.34: Sisal TGA and DTA Graph
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Figure 3.35:. Flax TGA and DTG results

3.34 Natural Fibre Differential Scanning Calorimetry (DSC)

The results from the DSC for Sisal dfldx are shown irFigure3.36and 3.3
respectively. Just like the TGA results, two distinct endothermic peaks can be
observed for both fibres. The firstgk occurs around 70 and the second peak
appears in the region of 38 Comparing these two peaks with the TGA peak
temperatures it can be seen the peaks are similar. Therefore it seems likely that the
first peak in the DSC results for both fibres relad water loss and the second peak

to the decomposition of the celluldgemicellulose
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Figure 3.36: Sisal DSC results
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Figure 3.37: Flax DSC results
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3.4Summary

Characterisation of the candidate fibres has been investigated in this chapter. The
modulus and strength of the fibres were measured using tensile testing at room
temperature. The thermal behaviour of the fibres was investigated using DSC and

TGA thermal analysis equipment.

It was found that the PET fibre was 41% crystalline with a melting temperature of
253.6C, a crystallisation temperature of 19C2and a degradation temperature

around 408C. The modulus and strength of the fibre was obtained for heat treated
and noni heat treated fibre. It was discovered that the modulus of the fibre

decreased after heat treatment whereas the strength was not affected. Similar results
were also seen on FBbundle tensile test. The modulus for riomeat treated and

heat treated PET fibre was establish to be 10.5 GPa and 5.7 GPa.

Natural fibre, Sisal anBlaxwas put through similar testing as PET fibre but with the
main focus on obtaining the correct @@®ctional area instead of the fibre diameter

to achieve accurate fibre properties. It was found that the CSA of individual technical
fibres of both Sisal anBlax exhibited a range of CSA varying over a full order of
magnitude. It was shown that assumangularity of natural fibres underestimates

the modulus and strength for both fibres. The modulus obtained using the CSA
method forFlax and Sisal was found to be 50 GPa and 20.7 GPa respectively. The
thermal analysis testing showed similar results tahmatural fibres. The TGA and

DSC showed two peaks, one around 2AMXC and the other around 3&0 The

i niti al peak relates to the fibrebés hydr
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water from the fibres. The second peak shown on botm#iemalysis results

correspondstothedegd i ng of the fibrebs cellul osel/
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Chapter 4
Characterisation of the Thermoelastic Properties othe
Fibres

4.1 Introductory Remarks

This chapter describes the experimental investigation undertaken to find the
transverse thermoelastic properties of natural and polyethylene terephthalate fibre.
The properties were determined through a combination of experimental
measurements and microrh@aical modelling. Dynamic mechanical analysis

(DMA) and thermomechanical analysis (TMA) techniques were employed to
characterise unidirectional natural and polyethylene terephttidlegé polyester
composites over af range off axis loading angle$dyester was used as the matrix
instead of Polypropylene in the experiments carried out in this creppalyester is

a thermoset so will not soften at the high temperatures used in the experimental
investigation.The results were input into a numlzémicromechanical and semi
empirical models to determine values for the transverse and longitudinal
thermoelastic properties of the fibre. A description of the sample manufacturing, tests

and results is given for each material that was investigated.

4.2 Experimental Programme

4.2.1 Materials

Thefibresthat were used in the investigation of the transverse thermoelastic

properties are detailad the Table 4.1
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Table 4.1: Material information

Material Type Source
Sisal Natural Fibre Wigglesworth
(Brasil)
Flax Natural Fibre Wigglesworth
(Germany)
Polyethylene Polymer Fibre SABIC
Terephthalate (TEX 220)

The matrix material used to embed the fibres was Scott Bader CRYST85GPA
which is anorthophthalic polyester resin with a room temperature curing agent called
methyl ethyl keton@eroxide The polyester resin and curing agent used in the
manufacturing of the unidirectional composites was supplied by Allscot Distributor

Ltd.

4.2.2 SampleManufacturing

The process for manufacturing unidirectional composites was vacuum infusion. The
rig to carry out the vacuum infusion process was previously developed and reported
by Symingtor[1]. A schematic of the vacuum infusion rig is illustratedigure4.1.

The aluminium base and perspex top gives good compaction of the fibres without

significant damagéo the natural fibres.
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Figure 4.1: Vacuum infusion rig schematic

Before the fibresvereput through the vacuum infusion process, the filrer laid

up by hand to a panel of a size 180180 mm. To help manufacture unidirectional
composites, several steps were taken to lay up the fibres. Masking tape was placed
over the sketched out dimensions of the rig on a clean and uncontaminated surface.
The masking tape was placed with the sticky sid along the widtbf the sketched

rig. On each end of the tape another piece of masking tape was used to hold the
sticky side up tape in place. The fibres were laid perpendicular to the sticky masking
tape so that the tape would hold the fibres in plaseshown irFigure4.2a. The

lengths of the fibres used weskghtly longer than the desired lengtquired The
masking tape also aided in kegpie fibre as unidirectional as possible. Once the
fibres hal covered the required width, another piece of masking tape was placed on
top of the fibres and the bottom taps shown irFigure4.2b. Just like the bottom

tape, the top tape was used to keep the fibres unidirectional. The fibre lay up was
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then cut to the desired length for the vacuum infusioragghown irFigure4.2c.
The fibreswere now ready to proceed to the vacuum infusion process to manufacture

a unidirectional composite.

Masking Tape (sticky sideup)

Masking Tape on top of fibres
Dimension ofrig

/ / ¥
/ / 8
/ L
.‘ l
| ‘ T
e
/ T . Ll - | —
Fibre Masking Tape

(a) (b) ©)

Figure 4.2: Fibre lay-up process

As briefly mentioned earlier, the vacuum infusion rig is manufactured out of
aluminium and perspex. These materials voli@sen sthat the rig could be reused

to manufacture numerous specimens whetleagacuum bagging process can waste

a lot of materiahndthe whole rig generallgequiresto be thrown away after one

use. The perspex top was used to aid in the monitoring of the resin flow through the
packed fibre. The aluminium base was used avésga hard surface which will not
deform when a vacuum is appliedablingthe composite® bemanufactured with

an even surface. Before vacuum infustomildtake place the rig had to be prepared

by adding different types of materials to aid in the ildngrocesshelp in the

removal of the composite specimen, and improved the surface finish of the final
composite. Firstly, release film was cut to the appropriate size for the top and bottom

of the rig and the placement of the film can be seéfnigure4.1(red). The release
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film was used to help in the removal of the materials after the vacuum infusion ha
been completed. Secondly, breather cloth was used to help the resin flow equally
throughout the mould analas placed at the beginning and end of the mdtilglyre
4.1(purple). The breather cloth sandwiches the resin inlet and outlet pipes which
helps in the resin distribution being even. Lastly, peel ply was used to give a smooth
surfaceto the composite as the release film can occasionally creaseanasuum

is applied. The peel ply was placed on the top and bottom of the rig sandwiching the
fibre layup in the middleigure4.1 (brown). Followingthese steps, the rigas now
ready to be sealed for the infusion process. Tacky tape was used to sealTthe rig.
tape was placed around the resindés inlet
aluminium basefrigure4.3. The perspex towas then placed on top and G clamps

wereapplied to create a tight sekligure 4.3.

GCl Perspex Top
amp

- Outlet pipe
Aluminium
Base
Tacky Tape
Release Film

Figure 4.3: Vacuum infusion rig

The seabetween the lid and the base was tested before any resin was allowed to
flow through the rig. This was done by putting the rig under vacanuistening for

any air enteringThiswould create voids in the composite during manufacturing. If
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any air was entering it was located and sealed with tacky tape. Once a satisfactory
seal wa formed, the matrix for the composite was threred. As preiously
mentionedthe matrix is a polyester resin but requitesaddition of a catalyst to

start the curing reaction. The catalyst used was methyl ethyl ke¢vorideand was
added to the resin at a ratio 1:100. The resin and the catalyst were ngietekton

a pot for about a minute before being degassed. The resin was degasseuv®

any bubbles that may have faethwhile mixing the catalysttothe resin.

Degassing the resimeduce the volume of voids created in the composite. The resin
was nav ready to be used in the vacuum infusion process. The final set up of the full

vacuum infusion process is shown in Figure 4.4.
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Figure 4.4: Vacuum infusion setup
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The vacuum infusion unit consists of seven vital pieces of equipment which are listed

and detailed as follows.

1. Resin Pot provides the resin that wilbrm the matrix for the unidirectional
composite.
2. Inlet Pipe- transports the resin from the resin pot to the vacuum infusion rig

3. Vacuum Infusion Rigis where the resin wets the fibres to form a composite.

Figure4.4 shows illustrations of the resin infusion progression through the
rig at various stages.

4. Outlet Pipe- sucks the resin through the vacuum infusionthgs making
sure that the fibores@a wetted completely with resin.

5. Resin Catch/ Pressure Potollects any resin that flows through the outlet

pipe. This pot is necessarypgootectthe vacuum pump.
6. Vacuum Pump provides a vacuum to the rig and allows the smooth
adjustable filling of theesin.

7. Valvesi control the rate of the resin on the inlet and outlet pApeigh

infusion rate increases the number of voids in the compé&siere4.5a. The
outlet valve also prevents back flow of resin in to the rig when the pump is

switched off. This can also cause voiBgure4.5b
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Figure 4.5: Fibre composites after infusion, a)high resin flow rate, b) backflow from outlet pipe,
¢) composite after final set up

After vacuum infusion, the composites left to cure at room temperature in the

mould for 12 hours. The composite was then removed from tlaadgost cured in

the oven at 8t for three hours and a further two hours at°’C200nce the

unidirectional composite had been through the curing process it was cut in to the
correct size for thermal analysis experiments. The compweagaccurately

machined using a Struers Accutom 5 high speed precision cutting wheel with a
diamondblade. The DMA and TMA composge&vere cut at various fibre

orientations ( 3¢, 45, 60°, 9¢P) with the dimensions d0x5x2mm and 4x4x1mm
respectivelyFigure4.6. TheDMA samples were cut with the guidance that the
thickness of the composite should be between 1/10 to 1/32 of the span length and the
thickness should only vatyy 0.02 mm or less along the length. This is vital as the

DMA uses the cub of the sample thickness in the modulus calculation. Along with

the thickness the length of the samples has to be at least 5mm longer than the span of
the chosen clamp. A resin only specimen was also made in the same way as the fibre
composites. The compite and resin samples were dried after being cut to the

desired shape in an oven at 42dor two hours. The samples were then stored in a

dry atmosphere in desiccatorwith silica crystals until they were required for
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testing. This was done as natutibtés are hydrophilic and can absorb water from

the atmosphere which could affect the final results.

Sisal and Resin

Figure 4.6: Composite pecimens at differentfibre orientation for the DMA

4.2 .3 Dynamic Mechanical Analysis (DMA)

3Pt Bending
Clamp

Composite
Specimen

Figure 4.7: DMA Setup
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Dynamical Mechanical Analysis (DMA) was used to determinartbdulus of the
compositeover a temperature rangehe machine that was used to carry out the
dynamic mechanical tests wa®800 supplied by TA instrumentgictured in

Figure4.7. The DMA comes with a variety of different clamps that can be used for
testing, such as fibre/ film, cantilever, etc. The clamp that was used in this
investigation was the 3 point bending clamp in the deformation mode. gdiat3
bending clamp that was used has two different sfhsr 20 mmAs the lengths of

the composites are 30m long the clamp span that was selected was the 20 mm. The
parameters that were required before running the Rivthe width and thickness

of the specimen but not the length as the span of the sample is fixed by the clamp.
The sample was cooled down using liquid nitrogen supplied by the DMA gas cooling
accessory (GCA) to a start temperatures6fC. The sample waseh held at this
temperature for five minutes to allow the specimen to reach equilibrium. The
temperature then increased at a rate’6frinute until the temperature of 8D

was reached with a preload of Nland a frequency of 1Hz. All experiments cadlri

out in the DMA were under air.

Typical results that are obtainddm the DMA were the complex (E*) modulus

which is also known as the dynamic modulus and|tanThe complex modulus and

tan { ) are calculateffom the strain that is applied to theaterial during mechanical

testing androm themeasured stress. Tan) (s called the damping factor of the

mat eri al and measures the material 6s dam,|
measurement of the maatiomundenldad As aresulthest anc e
complex modulus takestmaccount the elastic and viscqueperties For elastic

materi al s, t he Hwhctkkneedénghatltha stress and dtrain cunesv e d
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are in phas¢ ), Figure4.8a. However for viscous materials the stress and strain
curves are out of phase by°9Bigure4.8b. Therefore for a viscoelastic mateyial

such as the composites that are being testexnvs a combination of elastic and
viscous behaviour leading to the stress and strain curves beingptase buby no
greater than 9)Figure4.8c. This means that two modudre calculatedan in phase
(elastic)andanout of phasdviscoug. Theyarecalled storage and lossoduli
respectivelyThe connection betweean { ), the losamodulus storage modulus and

complex modulus is shown Figure4.9 along with the equation to calculate each

compone nt.
A 4 A
6.? 90 §=90° ‘
SER S N N / 3
/ : / 3 o \\, ' £ // /A\\'\
Stress / " E' b // Hf‘l/ \‘ /
X /s
/ j L 4
">t ~\‘//
(a) (b)
//_\\v ESlmin

Stress
f

7 \/
(©
Figure 4.8: DMA calculation for (a) elastic properties, (b) viscous properties and (s)iscoelastic
properties
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Figure 4.9: Relationship between tan(#), the loss, storage and complex modulus

Tan{):
OAl 'CefCee (4.1)
Storage:
0 CAiI10 (4.2)
nw - (4.3)
Loss:
x ool (4.4)
o I (4.5)
Complex:
O 0 QO (4.6)
Therefore
g 0O (4.7)
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4.2 4 Thermal Mechanical Analysis (TMA)

Macro expansion Probe

Sample

Figure 4.10: TMA setup

Thermalmechanical analysis (TMAY¥as used to determiengthchanges in the
materialswith temperature. The type of TMA machine that was used in this
investigation was TA instruments Q4G@Bown inFigure4.10. Just like the DMA,

the TMA has various probes that can be used, for example, penetration and
expansion. The probe that was used was the macro expansion probe which measures
thermal expansioof the material by observing dimensaehange of the material

over a range of temperatures. This probe was selected as it allows for a large contact
area of the sample to be tested; therefore readings are more accurate as the fibre
composités surfaces uneven. The sample was placed on to the stage and the probe
was carefully lowered on top. The parameter that was needed before the experiment

can be run was the height of the sampl e.
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probe as it can measute digance that the bottom of the probe is away from the top
of the stage. The procedure used was to ramp the temperature of the sample from
50°C to 150C at a rate of ®/min with a load of 0. applied to the sample under
nitrogen. This allowed for physicptoperties of the composite such as the

coefficient of thermal expansion to be determined.

4.2 5 Fibre Volume Fraction

The fibre volume fraction is required to effectively predictphepertiesof a

composite. Therefore an accurate measurement of edlaotion is extremely

important. Fibre volume fraction was calculated in a similar way to measuring
natural fibreds cross sectional area (Ch:

the volume fraction has three stages.

(a) (b) ©)

Figure 4.11: Fibre volume fraction measurement pocess

1. All the composites that were tested were used to calculate the volume
fraction. The composites were cut per|
reveal t he fonalarea dhe composits \sas auteusirtg a Struers

Discotom abrasive cutter
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2. The cut section was then embedded in EPOFIX resin provided by Sturers and
left for 24 hours for the resin to harden. Once the resin had curedrtipe
had to be ground and polish& get a clear image under the microscope. The
process for grinding and polishing the resin block was the exact same method
for measuring cross sectional area of natural fibres. More information of the
process is in Chapter 3 Section 2.2.

3. After the grindng and polishing stage the compositeasobserved under the
microscope. The microscope used was the Olympus G51 and the
magnification was x50. This magnification made it easy to see the fibre but
also covered a large area of the composite. Pictures lofceatposite cross
section were taken along its wigts this would give an accurate estimation
of the fibre volume fraction. Pictures were then imported in to the image
analysis software and formatted to binary. The binary inadigeed the
software to cant the number of pixels in the picture to calculate the area
taken up by the fibre. Once the volume fraction had been determined for each
picture of the composite the average was then calculated. This was to allow a

good estimate of the volume fraction fmach type of fibre composite.

4.3 Micromechanical and Semi Empirical Models

Whereas the longitudinal mechanical properties of a composite and their constitutive
material can be determined directly by experimental measpmechanical and
semiempirical models are used to deterntimetransverse properties of fibres
reinforcement in a composite. Using these complex mathematical models can reduce

costly and time consuming testing, however the analysis is based on the assumption
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that they are el for ideal composites and therefore the values that are calculated
must be treated as estimations. In order to predict the properties of the composite,
values for fundamental quantities such a:

volume fractions othe constituent materials are required.

This is accomplished by wusing the gener al
modulus, E, and the principle properties of a unidirectional reinforced composite

ply as shown below in equation 4[8, 3]:

O (4.8)

Composite samples must be tested at a minimum of three different fibre orientations,

., to determine the values of B5; and (1/G2 - 2, 12/ E;). where E, E; and k are

the off axis, longitudinal composite and transverse composite modulus respectively

Gppis the compositeishehe mMmodgl usdandl _con
ratio. This data must then be supplemented with a value for étller s sonés r at i
the shear modulus to determine all the relevant indepenelastic properties of the

composite ply. Once the elastic properties of a single unidirectional ply have been
established, further micromechanical models can be used to exhaes for the

elastic properties of the fibre reinforcement.

The ruleof mixtures is one of the simplest and most popular models used to predict
the longitudinal elastic properties of a unidirectional composite material. It can be
used as shown in equaii4.9 below to obtain a value fd;; the axial modulus of

the fibre ,[3]:
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0O —_— (4.9)

Eir, En, Vi, Vi are the elastic modulus and volume fraction of the fibre and the

matrix respectively. i mi | ar expression for the fibr
derived, where the values of modul i are
gives:

}) (4.10

This expression is most effective with unidirectional continuous fibres, where a basic

assumption of equal strain in the two materials constituents hold2}rue

A straightforward equation to obtain the transverse modulus of the fihiis,tke
inverse rule of mixtures. The equation can be arranged, as shown belowtiarequa

4.11, to obtain a value for the fibre transverse modulus.

— - = — (4.11)

Alternatively the seniiempirical model developed by Halpin and T[gai3] can also

be used to predict the elastic propertiegarticular the transverse and shear moduli

of fibre reinforced composites. The model is a modification of the inverse rules of
mixtures. Therefore the Halpifisai modelcaama | so be used to solve

transverse modulu&y and is shown below in equation 4.12:

0O —_ (4.12)
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o — (4.13)

The distribution of tk reinforcing fibre is taken ia account in the above equation

by the fitting parameted. Several researchers have adopted a valued and =

1 for calculating the fibreds transverse
Tsai relationship. With insufficient experimental information to accurately ascertain

this curve fitting parameter for the natural fibore and PET composite, a vale of

has been adopted in this resed@&;Ibi 7]

Tsail Hahn[2, 7] developed another semi empirical model that can be used in
determining the transverse and shear modulus of the fibre. This model assumes that
the transverse stress in the fibre is more than thesstarried in the matrix,

therefore a stress partitioning factdy was developed to derive this method. The

Tsail Hahn equation is shown in equation 4.14 below:

0O (4.14)

Thesymbols have their usual meaning. Several researchers have adopted a'value of
= 0.5[2] for the stress partitioning factor for fibres. Therefore this value has been
adopted for this research in natural and PET fibre. Many properties used in the
micromechanical and semi empirical models can be interchanged. An example is that
the fibre longiudinal shear modulus can be calculated by substitutindg=Fand g,

for Gior, Giz2 and G, in equation 4.14.
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The off axis coefficient of thermal expansion (CTE) of the composite can be
determined experimentally or calculated by laminate theory. The equeted to

calculate the off axis CTE by laminate theory is shown bé&jw

| Gt L0E @i —i hE —
| [ 08 &=  ché i —i Q8 — (4.15)
e Hei —i Qe — e i e T

The coefficient of thermal expansion of a fibre can be determined from the
coefficient of thermal expansion of the composite obtained by the TMA by using

micromechanical and semi empirical models.

The Schaperj2, 7, 9 equation can be used to obtain the longitudinal coefficient of

t her mal e xp an g)iaadrequation istshoan belowo r e (U

(4.16)

whereU, a n ¢, aréthe longitudinal coefficient of thermal expansion of the

composite and matrix.

Micromechanical models developed by Chamberlain and CHafjisan be used to
estimate the fibreds ,fandareshowmbelevint her mal

equations 4.17 and 4.18 respectively:

(4.17)

— (4.18)

123



w h e nikthe ttansverse coefficient of thermal expansion of the composite and F is
the packing factor. The packing factor refers to how thedipeek in the composite.
The Chamberlain equation takes in to account two types of fibre packing, hexagonal

packing (F = 0.9069) and square packing (F = 0.788%)

4.4 Resultsand Discussion

4.4 1Fibre volume Fraction

The fibre volume fraction for the PET, Sisal dfldx composites were fourfdr
each fibre orientatioby using microscopy gzreviouslyexplained in the

experimental sectiorPictures of the cross section of the tested composites are shown

in Figure4.12.
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Figure 4.12: Cross section of the different fibre omposites, aflax, b) Sisal & c) Polyethylene
Terephthalate

It can be seen fromigure4.12 that the natural fibie Sisal andFlax, aredispersed
evenly throughout the composite whereas the PET fibre is not. The PET fibre
pictured,Figure4.12c, shows that the fibsdhave not evenly dispersed andsha

congregated on half of the composite with a minimum fibre scatter on the adfher ha
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Fibre volume fraction was measured for each composite at different fibre angles and
the results can be seenTiable4.2. It can be seen in thebia that the PET

composite has a greater fibre volume fraction than the natural fibre composites; this
can also be seen from the composite cross section pictbigure4.12. The PET

fibre volume fraction ranged from 4060% whereas the natural fibres, Sisal and

Flax, their fibre volume fraction ranged from 120% and 1G 15% respectively.
Average volume fractions were taken from the results am@raxsented in Table 4.2.
The fibre volume fraction is needed for the micromechanical models to calculate the
fibreds Thefimegpelume fraetisn was found to be 51%, 13% and 14% for

PET, Flaxand Sisal respectively.

Table 4.2: Fibre volume fraction in the tested composites (offixis cross section cut right angle

to the fibre)
Polyethylene .

Orientation (°) Terephthalate F(!ax Sisal

0 (%) (%)

(%)

0 43.5 15.9 12.6
30 38.8 10 13.2

45 47.8 12 20

60 64.2 13.9 16
90 59.1 14.3 19.2
Average 50.7 13.2 13.6
95% Confidence 2.4 2.0 9.4

4.4.2 Dynamic Mechanical Analysis (DMA)

The DMA measured the modulus of the composites over a range oédiffdre
orientations. The resuihat was obtained from the DMA was the complex modulus
of the compositeandthe polyester resirthe DMA results for PETElax and Sisal
composites at different fibre orientations are showigure4.13- 4.15

respectively.
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Figure 4.13: PET results obtained from the DMA
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Figure 4.14: Flax results obtained from the DMA
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Figure 4.15: Sisal results obtained from the DMA

It can be clearly seen that for all the different fibre composites {estethodulus
decreases as the temperature incre&sesldition to the temperature affecting the
compositeds modulus, the off axis angl e
axis angle decreases the modulus of the composite which is visibl@frited!
composite results. In the PET and Sisal DMA res#igire4.13and 4.15, it is
observed that the modulus for the PET digd Sisal 69fibre orientation is lower

than their 98 composite. This may be explained by the volume fraction of the fibre
being lower which can be observedTiable4.2. It can also be seen in the graphs that
a typical reduction in stiffness at around 92%s due to the glass transition
temperature (J) of the resin which is between 11A3CPC. It is interesting to note
that the transverse stiffness of all the fibre composites is lower than the polyester
resin. This is an indication that there will be a likely probability of a low transverse

stiffness of PETFlax and Sisal fibres.
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The off axs modulus, E, (equatiord.8) is related to the compositasiechanical

properties such as the longitudinal modulus tEansverse modulus,Bhe

l ongi tudi nal i &dtheshearrmbddulusyEEL andok, can be

approximated using the modulus of the composite §@mid k& from the DMA
results. The Poissonb6s ratio values were
the polyester resin. The Poisson ratio used for the natural fibres (Sigdband

assimed ratio is the same), PET fibre and Polyester resin were 0.33, 0.3 and 0.35
respectivelyf11113]. Usi ng equation 4.10 the |l ongit
composite can be calculated to be 0.36 and 0.33 for natural fibore and PET composite
correspondingly and are used to sdimeG;,. The longitudinal shear modulus; G

of the composite was obtained by curve fitting equation 4.8 to the experimental

results taken frorfrigure4.13, 414 and 4.15t the various temperatures. The

experimental and calculated data for the off axis modulus is plotted as a function of
temperature and is shownhigure4.16, 4.17and 4.18for PET,Flaxand Sisal. It

can be seen from the graphs that the relationship between the calculated and the
experimental values are respectable with the coefficient of dietion value, R

being 0.99, 0.95 and 0.97 felax, Sisal and PET respectively. Therefore the
micromechanical models can be employed to determine the elastic properties of the

fibre.
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Figure 4.16: PET angle orientation versus modulus plotted as a function oemperature
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Figure 4.17: Flax angle orientation versus nodulus plotted as a function of emperature

129




! ¢ -50 (Experimental) A -25 (Experimental
X 0 (Experimental) + 25 (Experimental)
6 = 50 (Experimental) m 75 (Experimental)
%100 (Experimental) 125 (Experimental
150 (Experimental) =—-50(Calculated)
5 —_25 (Calculated) ——( (Calculated)
< —25 (Calculated) —50 (Calculated)
o 75 (Calculated) =100 (Calculated)
04 125(Calculated) 150 (Calculated)
e
" =
=3 =
3 —
S = " ﬂ
o [ | £
>< —-—
=2 - 3
X
1 |
0 I
0 20 .40 . 80
Orientation (i )

Figure 4.18: Sisal angle orientation versus modulus plotted as a function oémperature

The results of th®MA for resin,0° and 90 composites along with the composite
shear modulusbtained by curve fitting equation 4.8 were subtd into equation
4.97 4.14 to obtain the fibre values for longitudinal, transverse and shear across a
temperature rang&0°C to 125C (below the T of the resin). The results of the

longitudinal modulus are shown Trable4.3 for PET,Flaxand Sisal respectively.

Table 4.3: Longitudinal modulus of the fibres, Ey;

T(fg;p .50 25 0 25 50 75 100 125
PET

(GPa)| 88 85 8.0 75 6.7 5.8 4.7 2.3
Flax

(GPa)| 656 63.7 60.3 57 53.1 48.6 44 32.7
Sisal

GPa)| 17.1 16.9 16.4 15.5 145 13.5 12.9 12.2
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Table 4.3 shows that as the temperature increases, the modulus of the fibre decreases
this is also see in graph showrFigure4.19. The fi breds | ongitud
results at room temperature,’25 were compared to the tensile test results obtained

in Chapter 2. The modulus found by tensile test for Fax and Sisal was found to

be 5.7 GPa, 50 GPa and 20.7 GPa respectively. The PET tensile test result used was

the heat treated modulus due te tomposite having to be post cured at°’C20

before testing. Comparing the two results it can be said that they are similar and that

the micromechanical model is in good agreement with the tensile test result.
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Figure 4.19: Fibre longitudinal modulus against temperature
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A comparison of the resultdbtainedrom the micromechanical and seempirical
models (equations 4.104.14) which were used to calculate the transverse modulus
of thefibre, Ey, are shown for PETFlaxand Sisal in Figures 20-4.22. The figures
show the transverse modulus results at various temperatures with a line connecting

the data points together.
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Figure 4.20: PET transverse nodulus calculated using micromechanical equations
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Figure 4.21: Flax transverse nodulus calculated using micromechanical equations
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Figure 4.22: Sisal transverse mdulus calculated using micromechanical equations

From the graphs it can be seen that results obtained from applying Hegainfor
Flaxand Sisal is significantly different than the results attained byiTidahn and

the Inverse rds of mixtures. There are two conditions when Halplisai cannot

be used and this was noted by JdBésThe first condition is that the curve fitting
parametel =0 the equation reduces to the inverse rule of mixtures, which is likely to
be the reason for the natural fibre results. The second conditionirgfinity, the

Halpini Tsai equation reduces to the rule of mixtures. It was also observed by
Thomasor{14] that the Halpiri Tsai equation was unable to be used when
investigating glas$ reinforced polyamides under certain conditions, as they could
not achieve an agreement fofor the five experiments carried out. Consequently,
the average transverse modulus was calculated only using the inverse rule of
mixtures and Tai i Hahn forFlaxand Sisal. The results of the transverse modulus of
each fibre are shown ifable4.4. Figure4.20 shows that the PET transverse

modulus decreases dramatically after the temperature rises ali@veA#&ason for
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this dramatic decrease in the transverse modulus is that it is dhmugldss
transition temperature for PET (YB0°C). Similar to the longitudinal modulus

results, Table 4.4 shows that the transverse modulus decreases as the temperature

increases.
Table 4.4: Transversemodulus of the fibres, B;
T(f?g;p 50 .25 0 25 50 75 100 125
PET
(GPa) 2.4 2.2 2.1 1.9 1.8 1.5 1.2 0.6
Flax | 6 16 15 13 11 | 082 | 058 | 035
(GPa) ) . ) . ) ) ) )
Sisal
(GPa) 1.6 1.5 15 1.3 1.2 0.97 0.84 0.71
The ratio of the fibreds | ongitudinal

presented as a function of temperature is shoviagiare4.23. The graph highlights
the degree of mechanical anisotropy evident in natural and PET fibres. It can be seen
that B¢ exceeds the transverse modulus by a factor of 3 for PET, 10 for Sisal and 40

for Flax across the temperature range.
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Figure 4.23: Ratio of Ey; versus B for PET, Flax and Sisal across temperature range

The shear modulus of the reinforcement fibres in the composite were calculated in

the same way as t he fsullsttueng the Gandezvauveser se mi
with G, and G2 to calculate G The results from calculating the shear modulus of

the fibres by the micro mechanical and semi empirical models is shdwguire

4.24,4.25 and4.26.
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Figure 4.24: Shear modulus of PET fibre, Gy
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Figure 4.25. Shear nodulus of Flax fibre, Gy
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Figure 4.26: Shear modulus of Sisal Fibre, Gy

It is observed that the shear modulusRlax fibre in Figure4.25is negative. An
explanation for this is that the micromechanical models used are assuming that the
fibres are circulafl4, 15]. It can be seen frofigure4.12a thatFlax fibre shape s

more elliptical than circulavhereasSisalis reasonably circular therefore the model
gives respectable resulsnother explanatiogould be due to the nature féiax

fibre, it is observed ifrigure4.23 that Flax fibre is highly anisotropicompared to
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Sisal and PETibre thereforethe Flax geometrycould affect the modeHowever
theoretical analysis using micromechanitaldels intahe propertiesof fibresin the
transverse direction has not been develdpeathte and will not be looked at in this

thesis.

Figure4.24and 4.5 showsthat the shear modulus of the fibre decreases as the
temperature increases. The graphs (Figuresahd 4.3) also show that the
micromechanical models seem to be in goodeagent with one another when
predicting the shear modulus of the reinforcement fibre. The average fibre shear
moduli were calculated from the micromechanical models for PET and Sisal and are
shown inTable4.5. The PET estimation at room temperaturé(5s similar to the

valueof 0.63 GPa achieved by Kawab@td].

Table 4.5: Calculated Fibre Shear Modulus, Gy

Temp

(°C) -50 -25 0 25 50 75 100 125

PET
(GPa)| 0.72 0.71 0.61 0.53 0.43 0.37 0.29 0.15

Sisal
(GPa) 2.3 2.1 1.4 1.1 1.1 0.62 0.56 0.21

4.4.3 Thermomechanical Analysis (TMA)

The TMA measured the thermal strain of the polyester resin and the compobsites
various fibre orientations. The results of the TMA for PEBx and Sisal
composites are shown kigure4.27, 4.28 and4.29. It can be observed from the
TMA results that as the temperature increases f&fho 150C, the strain increases.
The graphs also show that the thermal strain increases isréhorientation

increases from 0 to 80An interesting thing to note froffigure4.271 4.29 is that
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the thermal strain of the composite load¢®C is approximately or slightly above

the thermal strain of the resin.
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Figure 4.27: Thermal strain of PET composite specimen with varying fibre orientation
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Figure 4.28 Thermal strain of Flax composite specimen with varying fibre orientation
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Figure 4.29: Thermal strain of Sisal composite specimen with varying fibre orientation

Similar to calculating the off axis modulus of the composite, laminate theory was
used to calculate the ddixis coefficient of thermal expansioGTE) of the

composite. Equation 4.15 is used withand" ; is substituted with the values
obtained for ®and 9¢ CTE of the composite. The calculated results for the off axis
linear coefficient of thermal expansionGLLE) is plotted as a function of

temperature along with the experimental results and is shokigune4.30, 4.31
and4.32 for PET,Flaxand Sisal. It can be observed from the graphs that the off axis
CTE calculated by laminate theory is in good agreement with the experimental
results obtained by the TMA and the coefficient of determination vafideing
approximately 0.9 for all theldre reinforcements. Interesting to note the CTE result
at 125C at @ orientation for both Sisal arfdlax are lower than any other
temperature. Since the calculated and experimental CTE is in agreement with one
another it can be said that micromechanicatleis can be used to calculate the

longitudinal and transverse CTE of the fibres.
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Figure 4.30: PET angle aientation versus LCTE as a function of Temperature
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Figure 4.31 Flax angle aientation versus LCTE as a function of Temperature
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Figure 4.32: Sisal angle oientation versus LCTE as a function oftemperature

The results from the TMA fd®° and 96 composites and the resin were substituted in
to equation 4.16, 4.17 and 4.18. This was done to obtain the longitudinal and
transverse coefficient of thermal expansion of each fibre across a temperature range
of -35°C to 125C (before T, of the lesin).The reason for obtaining the longitudinal

and transverse CTE wé&s help in the investigation of the interfacial shear strength
between the fibres and PP in Chapteftie CTE for PETFlaxand Sisal using the
different equations for the longitudinend transverse direction is showrHigure

4.33, 4.34 and4.35 regectively.
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Figure 4.34: Flax fibre coefficient of thermal expansion (CTE)
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Figure 4.35: Sisal fibre coefficient of hermal expansion (CTE)

It can be seen for all the fibres testétht the longitudinal CTE is lower than the
transverse CTE and that the micromechanical and-emmirical models fok ¢ are

in good agreement with each other, equations 4.17 and 4.18.

The PET thermal expansionasough guide to the differenbetween the

longitudinal and the transverse directias the PET fibre has been heat treated in the
composite before testing. The heat treatment needed to be done to post cure the

polyester resi. Heat treatment removes stresses in the PET fibre that are created in

the fibre manufacturing process therefore erasing thermal shrifik&jgét would be

expected that the PET fibre should have a negative longitudinal CTE due to the
fibreds | ength decreasing as tFlgeedB3¥ mper a
due to the PET fibre being heat treated in the composite before t&stjage4.33

shows that the PET longitudinal andnisaerse CTE is approximately 22.1 pmién

and 70.3 pm/ifC respectively at room temperature. The transverse CTE value is
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close to the bulk thermal expansion of PET whiahiesfrom 60 to 120 pm/fiC

[18, 19]

TheFlaxand Sisalffigure4.34and 33 longitudinal CTE is approximatehl.6
um/m°C and-45.3um/m°C respectively at roortemperature (Z&). This behaviour
is similar to that reported for jute fibre which also has a negative value at room
temperaturg2]. This result is in contrast to that of the transverse CTE dflthe
and Sisal fibre, 72.5 pmf@ and 76.3 um/AC. The transverse CTE is completely

different in magnitude and directionality to the longited CTE of the natural

fibres.
Table 4.6: Thermoelastic properties of PET fibre
-50°C | -25°C 0°C 25°C 50°C 75°C 100°C | 125C
Eif
(GPa) 8.8 8.4 8.0 7.5 6.7 5.8 4.6 2.3
=
(GPa) 2.4 2.2 2.1 1.9 1.8 15 1.2 0.6
Gt 0.72 0.71 0.61 0.52 0.43 0.37 0.29 0.15
(GPa)
h g
(um/mOC) 16.4 20.5 22.1 25.6 25.2 29.9 51.9
h
2t 541 | 59.9 | 70.3 | 63.3 | 99.7 | 104.2 | 128.2
(Um/m°C)
Table4.7: Thermoelastic properties of Flax fbre
-50°C | -25°C 0°C 25°C 50°C 75°C 100°C | 125C
Eif
(GPa) 65.6 63.7 60.2 57 53.1 48.6 44 32.7
=
(GPa) 1.6 1.6 15 1.3 1.1 0.82 0.58 0.5
h g } } } _ _ )
(um/mOC) 0.3 1.6 1.6 1.2 2.7 21.3 9.7
hof
(um/mOC) 60 65.1 72.5 82.6 104 119.3 | 162.3
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Table 4.8: Thermoelastic properties of Sisalibre

-50°C | -25°C | 0°C 25°C | 50°C | 75°C | 100°C | 125C
Eur 171 | 169 | 164 | 155 | 145 | 135 12.9 12.2
(GPa)
Eox
(GPa) 1.6 1.5 1.5 1.3 1.2 0.97 0.84 0.71
Giof
(GPa) 2.3 2.1 1.4 1.1 1.1 0.62 0.56 0.21
h 1f _ _ _ _ _ _
(um/’C) 383 | -41.9 | -453 | 385 43.7 49.9 37.7
h
2t 63.2 | 689 | 76.3 | 89.6 | 92.6 | 1158 | 156.9
(um/m°C)
4.5Summary

Thermoelastic behaviour of PEFlax and Sisal composites has been investigated
and quantified in this chapter. Theiakis properties of the unidirectional PET and
natural fibre composites were established through a series of mechanical and thermo
mechanical experiments. The results wasntincorporated into a number of
micromechanical and sefhiempirical models to estimate the thermoelastic fibre
properties of PETElaxand Sisal. The longitudinal and transverse properties of the
fibres were found to be significantly different, hightfigly the highly anisotropic
structure of the natural fibres and PET fibre. A summary of the findings in this study
are shown imable4.6, 4.7and 4.8. The tables highlights that flax, Sisal and

PET have highly anisotropic properties. Therefore the likely use of only longitudinal
fibre properties in composite property mduohg will lead to an inaccurate prediction

of the composite performance. It has also been observed in this chapter that using
micromechanical models to predict properties of-nimoular fibres can provide

inaccurate results. This is shown in the resitained forFlax shear modulus
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where the micromechanical models gives a negative modulus and this is due to the

Flax cross section beingane oval shaped than circular.
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Chapter 5

Interfacial Shear Strength

5.1 Introductory Remarks

This chaptedescribeghe experimental investigation of the interfacial shear strength
(IFSS)for a range of candidate materiadsdescription otthe test and the results for

each type of materighat is being investigated is given.

5.2 Experimental Programme

5.2.1 Materials

The three candidate materials that were used in theptihvesigation were

supplied by various companies and are listed belolabie5.1.

Table 5.1: Fibre material for pull -out

Material Type Source
Sisal Natural Fibre nggIeS\_/vorth
(Brazil)
Flax Natural Fibre Wigglesworth
(Germany)
Polyethylene Polymer Fibre,
Terephthalate Fibr TEX 220 SABIC

The matrix material used in the puollit test was supplied by SABIC. The matrix was

PolypropylengPP) with a melt flow index of 47g/ 10min @ 280 and extrusion
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blended mixtures of various concentration of PP + Maleic Anhydride Modified
PolypropylendPdybond 3200) (MAPP)Maleic Anhydride (MA)is an adhesion
additive and is meant &id theinterfacialinteractionbetween the fibre and the

matrix (For further details refer to Chapter 2 page 41).

5.2.2 Test Description

The test procedure is to initially prepare a sample which is made by embedding
fibres in a polymer film which are then attached to a card ready for theyiukst.

It is worthwhilein describing thenanufacturingprocess in detail, but the same
procedue was followed for alfibres In addition, a detailed description of the test

rig and experirantal procedure is also given.

5.2.3 SamplePreparation
Tape Heated on Hot
Glass Slide<7—— @ @<—— pellets P |1 — H o)y —oooi—
L — —— = o —
11 .
Heat Fibre PP Film ©
(@ (®)
[ 1
Free Fibre (Lf)
(Gauge Length) - e
L @
)

Figure 5.1: Pull-out sample preparation

The method that was employed in the manufacturing ofquilsamples was taken
from Thomason and Schoolenbétd. This method was chosess many samples

could be made at the same time through one production pregdeskis expectedo
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help in the repeatability of the test which is a common problem referbgced
researchex[2, 3]. The pultout sample preparation was maintained identical and
consistent for each fibre as it was crucial to ensure repeatability of the test; therefore
a step by step manufacturing process was developes procedure for creating

samples is shown iRigure5.1 and is described in three stages.

The initial stage of the pubbut sample production was the creation of the PP film.

To manufacture PP film, a glass slide was placed on a hot stage with tiwee PP
pellets depending on the thickness of film required. The pellets were heatedGt 220
for thirty seconds and then another glass slide was placed on top, sandwiching the PP
pellets between the slides. The pellets were sandwiched betweenldsdfaliten
seconds before a weight was placed on top of slides for a further thirty seconds
creating a holding pressure and this can be seEigure5.1a. The mass of the

weight was varied depending on the desired thickness of the film. The slides were
then removed from the hot stage and left to cool for several minutes at room
temperature. The films produced had a thickness range betwean®4Enm
dependingon what fibre was being usead the thickness was evenly distributed
throughout. The need for films of different thickness is due to the different fibres
diameters used to generate the samples. The final part of this stage was to cut the

film in toa13x13mm square.

The second stage in the manufacturing process was to embed the fibre into the film.
To embed the fibre, PP film was placed in the middle of a glass Bldefibres
were then extracted from a bundle and laid in parallel athesim. Care was taken

not to contaminate the surface of the test length of the fibre. The fibres were held in
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place by double sided tape which was positioned at each end of the glass slide as can
be seen ifrigure5.1b. A second PP film was then carefully placed on top of the

fibres and film, making sure the edges of both films matched up. A glass cover slip
was placed on top of the PP film to redoc@&ation during the heating in air in the

next step. The final part of this stage was to place the fibre and film assembly into

the Mettler FP 82 hot stage for four minutes to allow enough time for the fibre to be
embedded into the PP fil{]. The manufacturing temperature of the paukt

samples was determined by the type of fibre as the elevated processing temperature
could degrade or change the properties of the various fibres. The temperature used
for each fibre is shown ifiable 5.2 The glass slide was removed from the hot stage

and left to coal

Table 5.2: Pull-out sample preparation conditions

Hot . : SingleFilm Hot
Material Plate V\éﬁlg)ht D'?Tﬁ)ter Thickness Stage
(°C) o i (mm) (°C)
Polyethylene
Terephthalate 220 1 19 0.1571 0.2 220
Fibre
Sisal Fibre 220 0.5 150- 300 0.31 0.4 190
Flax Fibre 220 0.5 150- 300 0.31 0.4 190
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The final sectiorof the sample preparation procedure was to prepare the single fibre
specimens for the putiut test.Care was taken when removing the specimen from

the glass slide so that the fibres would not get damaged or Bigake5.1c.The
specimens got harder to remove from the slide as the MAPP content increased in the
PP matrix. This could be caused by the MAPP interacting with the glass slide
causing a bad. The sample was then cautiously cut in half creating double the
number of available samples which had gone through the same manufacturing
process. A single fibre with film attached was then separated making sure the length
of the embedded fibre was atable for pultout test. This is important because if the
embedded length was too long the fibre would break instead of pulling out of the
matrix (Figure5.1d). Finally, the single pulbut sample was then mounted to card by
super gluing the free fibre to the card. The free fibre lengtivéls set to 5mm
(Figureb.1e). The fibreédiameter for each sample was measured using a Nikon

Epiphot inverted optical microscope and associated image analysis software.

The manufacturing conditions of tpell-out specimens varied based on the type of

fibre that was being investigated. The PET fibres had an approximate diameter of 19

pum (<10% variation) therefore the thickness of a single PP film was betweein 0.15

0.2 mm. The nat ur asignificantly greateithanl RE& fibeet er s we |
consequently the thickness of the film was studied by increasing the thickness to
investigate whether the IFSS increases and the outcama@etailed in the results

section. The hot stage processing temperature mabex variable that required

investigation. The natural fibres sample manufacturing temperature had to be

lowered as the fibres start to degrade at temperatures abd\@[23DGor this

reason the temperature was lowered ta’C9This temperature was high enough
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PP to become adequately fluid to embed the fibres. The manufacturing temperature
of PET pultout specimens was also investigated due to the PET fibre melting
temperature being only A0 higher than 22 which is the manufacturing
temperature for GFyll-out samples for which the original pull process was
developed fof6]. The outcomes of this investigation are discu$setier n the

results section. Table 5shows the final conditions that werdectedfor each type

of fibre.
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5.2.4 Test Rig

Figure 5.2: Test rig setup
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The pultout test rig used in the experimental programme was developed by the Strathclyde
University Advanced Composite Research Group (Dr Liu Y#jgand is showrrigure5.2.
It allows either microbond or single fibre puwllit test to be carried out. The test rig

comprises several components as listed below.

Instron 3342 Tensile Test machi(i@gure5.2a)

The Instron test machine sets the maximum load and extension rate for tbet pedit. The
maximum load can either be N)or 100N depending on the type of load cell used. The

extension rate of the crosshead for the test ranges betweenr@/@%in to 100dnm/min.

Stereo microscop@-igure5.2c) andLight (Figure5.2e)

The stereo microscope with a magnification of 45X and light was used in the test rig to help
in the pultout testsetup aghe pullout specimens are unclear to naked eye. The pulling out

of the fibre was also observed during the test.

Pull-out/ Microbond jig(Figure5.2d)

The pullout/ microbond jig is attached to the bottom of the Instron machine and is essential

to carry out the pulbut tesf4, 6]. The jig is made up of two shearing blades and two
micrometer heads which have a resolution of 1um. The micrometer heads control the
distance between theddes. The blades are used to constrain the film or droplet (depending

on the type of test). The shearing blades play a central role as they are directly responsible for

applying force to the matripd]

Full details of the pulout test procedure are detailed in the sedi@rb.
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5.25 Single Fibre Pull-out Study

Figure 5.3: Pull-out test setup

The single fibre pulbut testwas carried out at room temperature on the tensile test machine
using the pullout/ microbond jigFigure5.3. The hook attached to the load cell of 10N
(Figure5.2b) was used to fasten the palit sample to the Instron machine. The stereo
microscope was attached with a camera that fed real time video to the computer and was used
to help correctly position the sample and to witnessquillof the fibre. The blades of the

pull-out jig were then siwly brought together using the micrometer heads while monitoring
their position with the aid of the microscope. The distance between the shearing blades just
before testing equalled the diameter of the fibre. The extension rate of the crosshead on the
Instron machine was set to 0.1mm/min and was kept constant for all fibre types. The
commercial software programme Bluehill was used to control the tensile tester and produce a
real time load extension grapran example of which is shown lfigure5.4 for a typical

Glass FibrGF) pulloutgraph.
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to the fibrg/being pulled out of the matrix and havihg to overcome frictional foreB$. (A
Completg puHout of thefibre from the matrix was either obsernadareal time video

supplieg by the microscope or was taken when the Iqad eventually reached zero. Interfacial

strengfh was calculated using equation[d.,14,6

(5.1)

whiere Faxis the maximum force taken from the ledidplacernent graph, D is the diameter

the fibre and ¢ the embedded length. The embedded length of the fibre was obtained at
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the end of the pulbut test by using the Letiza Ergolux microscdpgure5.5 shows the
Polypropylendilm and a channel of where the fibre had been embeddedfibre
embedded length was measiiadter the tesbecaise the fibre was unable to been seen when

embedded ithe film due tocarbon black being present in the Polypropylene.

’ 12

L YT

L1

T~ Fibre Channel

Figure 5.5: PP film after pull -out

Two lengths, kL and L, were taken to find the embedded fibre length because of the dark
edges around the film made it hard to see the exact exit point of the filsehe minimum
length the fibre could be embedded in matrix apd lthe overall length of the matrix. The

average of these two lengths was therefore taken as the embedded fibreQgngth

5.3 Results and Discussion

5.3.1 Natural Fibre Study

Natural fibre sample preparation conditions differed fthmoriginalsetup that was intended

for Glassfibres due to thehermal sensitivity and diameter of the fibre. The diameter of

natural fibres is greater than PET fibre therefore the thickness of the film to embed the fibres
was investigated. The investigation was iegrout on Sisal and the result is showikigure

5.6. It was observed that the film with the greater thickness appeared to slightly increase the
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average of IFSS from being 3.9 MPa to 4.5 MPa. Therefore it was decided to manufacture
thicker films for the natural fibre putiut test. One plausible explanation is that the thicker

film has more PP therefore the wetting of the fibre impsdeading tobetter bonding.

6
g
=
p)
0
—_ 2 L

0

Thick (0.3 - 0.4mm) Thin (0.15 - 0.2mm)

Figure 5.6: Natural fibre (Sisal) film thickness comparison

Along with the sample preparation being slightly different to Glass and PET fibre the effect

of the method for estimating the interfacial embedded area on the calculation of IFSS was
also investigated. Equation 5.1 uses the diameter of the fibre to talihdanterfacial

strength but as reported by Park, Kenny and AdusufBallio, 11], natural fibres are not

circular therefore using the diameter would most likely cause an inaccurate evaluation of
IFSS. Consequently a study was carried out to compare the interfacial strength by firstly
assuming the fibre was circular and then measuhegttual perimeter using image analysis
software. Therefore for a nenircular fibre, Equation 5.1 changes from using the diameter to
the perimeter, P, of the fibre to calculate the embedded area. The adapted formula is given in

equation 5.2.
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T — (5.2)

The measuring of the natural f ioltteggwhich per i met

meant a number of assumptions were made.

1 The fibre pulling out of the matrix was clean and did not damaggbtiee
1 The fibre end was not harmed when debonding from the matrix

1 The perimeter of the fibre was constant throughout the embedded length

The process t o f iwaskimilahtethgrocdsusedn éindipgehefi imert eed s
cross sectional argturther details are noted @hapter3 Section2.1.3. The comparison of
the two equations for calculating the IFSS for Sisallagdis presented in the next two

sections.

5.3.2 Sisal Study

Single fibrepull-outwas carried out on Sisal fibre aRdlypropylenewith various
percentage of Maleic Anhydide PolypropylendMAPP) ranging from 0% to 5%A

minimum of fifteen samples for each percentage off¥#avere tested.

A typical pullout graph of Sisal is illustrated Figure5.7. On first examination the shape of
the graph is similar to the GF pwut graph Figure5.4). However, a noticeable difference
between GF anthe Sisal pultout graph is that load at which Sisal debonds from the matrix
is nearly 10 times greater than the GF debond\dadh is due to the Sisal having a larger

area then GF

160



Load [N]

Extension [mm]

Figure 5.7: Typical Sisal pull-out graph

Initially the embedded arefar Sisalwas calculate@assuming the fibre was circulan
after pultout testingusing thef i b peenieterThe load against embedded area graph
plotted for both embedded areas calculated by using the diameter and the perimeter of th

fibre and is shown ifrigure5.8 and5.9.
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Figure 5.8: Peak load versus Sisal 'diameter' embedded area
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Figure 5.9: Peak loadversus Sisal 'perimeter' embedded area

It can be observed that as the percentage of MAPP in the PP matrix incitealse3S
increasesFigure5.8 and5.9also shows a common trend for each percentage of MAPP, as

the embedded area incregsbe peak load is likely to increase whistexpectedrom

equation 5.1 and 5.2. Comparing thtgraphs, it is observed that changing the way the
embedded area is calculated changes the scatter of the graph. Using perimeter to calculate the
embedded area decreases the spread of the results and this in turn would have an effect the
results of the iterfacial strength. A grapgimilar to the one plotted in Chapter 3 for

comparing different area methodsdure3.27) was plotted of the circumference calculated
using the diameter of the fibre against the measured perimeter of the fibre to find out why the
embedded araacreases using the perimeter of fitkee and the graph is shown kigure

5.10. Figure5.10shows that the perimeter of fibre is larger than the cifetence obtained

by the assuming circularity of the fibréhis observation would explain why the embedded

area calculated by the perimeter is larger than using the diameter of th@&lid@oss

section ofSisalwastherefore examined teee ifthere was a reasdar the difference

between the circumferencadperimeter. Cross sectioostwo Sisal fibres are shown in
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Figure5.11. The cross section reveals that the Sisal fibres are not civchieln was &o
proveninChapter3 It al so shows that the diameter wus
circumference underestimates the perimeter. Another noticeable point from the cross section

is that the edges of the Sisal are rough whereas using the circumferdme@asmeter

assumes that the edges of the fibre are smooth. This difference could be an explaining factor
along with tle fibre noncircularity as to wh theestimation of fibre perimeter using a

diameter measurement combined with an assumption of aati@olss sectiogives an

inacarate measure of the perimeter.

0% MAPP y =0.7x ]
2 12|  m15%MAPPy=0.7x y=X
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S E08 ¢ .—"i'/
© = ~ .:-‘;“—
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% = 04 r /"""3 ‘ o
3] c V'S |
<= 0
S
§ O | | |
O 0 4 0.8 1.2
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Figure 5.10: Circumference calculated by diameter versus perimeter measured
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Figure 5.11: Sisal cross section

The interfacial shear strength was calculated for each percentage of MAPP using the diameter
and the perimeter of the fibre. The average interfacial strength was then calculated and
plotted against the percentage of MAPP to comparengéer and diameter IFSS and can be

observedn Figure5.12.
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Figure 5.12 Sisal interfacial strength (IFSS) versus % MAPP
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The IFSS decreases betweeri ZD0% when using the perimeter instead of the diameter to
calculate the embedded area. The difference in IFSS may be attributed by the difference
theembedded area. The circumference calculated by using the diametefilufetigeves a

smaller embedded area than the measured perimeter of the fibre. Therefore the diameter of
the fibre would give a higher interfacial strength and can be obserf/gglire5.12. It can

be concluded that by using the diameter to predict the interfacial strength for Sisal, this
approach gives an overestimated result. This result has also been reported by Yan Li et al and
Herrera Franco et al using Sisal fibre with a differentrimataterial [12, 13. Figure5.12

shows that there is no effect on interfacial strength when using 0% MAPP and 1.5% MAPP

but the IFS increases when using 5% MAPP.

5.3.3Flax Study

A single fibrepull-outwas also carried out dilax andas with theSisaltestsdifferent
compatibiliser concentratiesmwereinvestigate which were 0, 1.5 and 5% MZ2. A

minimum of fifteenpull-out tests were carried out for each percentage oPMA typical
pull-outgraph forFlax fibre has the same charatstics asSisalandGlassfibre and can be

seenin Figure5.13. The load increases until a maximum is achieved at which point the fibre
will start to be pulled out of the matrix. The load then starts to decrease gradually overcoming
internal friction betveen the matrix and the fibre. Once agaomparing thd-lax Load

versus Extension graph to the GF graph it can be seen that the maximum load is nearly ten

times larger than GF maximum load which is also noticed in the Sisal drigphe5.7.

165



1.6

1.2

Load [N]

0.8

0.4

0.4 0.6
Extension [mm]

1.2

Figure 5.13: Typical pull -out graph of Flax fibre

The IFSS was calculated using the diameter and then subsequently using the p
fibre. The maximum force for individual putiut specimens was plotted against the
embedded area calculated by using the diameter and the perimeter of the filgphiseare
presentedn Figure5.14and5.15 respectively. Comparing the two graphs, it can be observed
that there is no significant change in embedded area which is different to the Sisal fibre
graphs Figure5.8 & Figure5.9). A noticeable observation is thiire perimeter decreases

thespread of theesultscompared to thdiametemresults

166



0.2 0.4 0.6
Embedded Area (mn¥)

¢ 0% MAPP
m1.5% MAPP
_3 | _A5% MAPP o) O
Z R2=0.3468 ¢
~ [ | m JPtes /_,x'_
So L g o o T e REEO309
o B & 4 m
Z TR S
X e
St . '.Io 0
o (R X P -
O 1 | A
0 0.2 04 0.6 0.8
Embedded Area (mn¥)
Figure 5.14: Peak load versus embedded area calculated withlax diameter
5
¢ 0% MAPP
m1.5% MAPP
4 r 5% MAPP
—
€3 ¢ u ¢ W R-o01s06
e
g 2 | "o 0’ ‘_,,4’-':’__,_—4?2:0.2987
= gl o o
gotte A |
ol i m
- T
o rak opn .
O 1 | A
0 0.8

Figure 5.15: Peak load versus embedded area calculated witflax perimeter
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Figure 5.16: Circumference calculated by diameter versus perimeter measured

The embedded area results were investigated further by plotting the circumference of the
fibre agai nst Fidure5.16. Figure®16 showthatcircomdereace is
approximately equal to the perimeteith a peimeter ratio of 0.9The scatter shows the
circumferencdothslightly under and over estimates the perimetereRamination othe

cross section of the fibmaayexplain the cause. The cross section of Blax fibres is shown

in Figureb5.17.

Cir — 0.4 pm, Per —0.6pm

‘\A"w\\
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Figure 5.17: Cross section of~lax

The illustrated cross sectionsklbiix show that the fibre is not circular and that the diameter
miscalculateshe perimeter, this has also been observed by Thomia3pihomason
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showed that an ellipse is a much better shape than a circle to repineseoss section of
natural fibres. Therefore THhHaxxomawesigatedit el | i pse

could help justify, why using the diameter to calculate the perimeter is different to actual

perimeter

An ellipse centred on an origin can bg@eessed as the path of points X(t), Y(t) and is shown

in Figure5.18 below.

CTTTTTFi B e Adiamétero D

Figure 5.18: Ellipse centred on an origin

where,

X(t) = %ACos(JCos(f) - ¥2BSin(t)Sir(f) (5.3)

Y(t) = 2ACos(1)Sirff ) + ¥%:BSin(t)Cof) (5.4)

The parameter t variesfrom0to 80 A and B represents the el i
respectivelyf is the angle between the X axis and the major axis of the ellipse, A. The
measured fibre diameter relates to the width of the ellipBegure5.18 on the x axis which

is equal to 2Xax Xmax represents the maximum value of X for any angle. @hevalue for
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Xmax at any angle df canbe achieved by setting the differential of equation 5.3 to zero and
solve for tax  The average fibre diameter measured at several points along the length of the
fibre can be ascertained over the rangef0 < vhiBh is equvalent to Xnaxaverage vale

[13].

dX/dt =-12ASin(t)Cogf ) - 2BCos(t)Siiff ) =0, hence Tanfty) =-(B/A)Tan(f) (5.4)

The perimeter of the ellipse can be estimated using equation 5.5, shown\Wélere. P

corresponds to the perimeter of the ellipse.

0 ¢ T®0 6 (5.5)

A perimeter ratio (circle/ ellipse) is plotted against the ellipse orientation and aspect ratio
(A/B) of the ellipse and is shown Figure5.19. It can be observed that the orientation angle
makes a significant contribution to the perimeter ratio as the angle increases the perimeter

ratio decreases.

Perimeter Ratio
(Circle/Ellipse)

OO 1 1 1 1
0 20 40 60 80

Ellipse Major Axis Orientation Angle

Figure 5.19: Perimeter ratio versus orientation and aspect ratio ellipse
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Figure5.19 also shows that as the aspect ratio of elliptical cross section does not significantly
change the perimeter ratio. Therefore a graph chvleeageperimeter ratio is plotted against
ellipse aspect ratio to investigdtaes further and is shown iRigure5.20. It can be seen from
Figure5.20that the elliptical aspect ratio decreases as thmptar ratio decreases from 1 to

0.9. Comparing the perimeter ratio félex fibre obtained in Figure 5.16 to the results

obtained inFigure5.20it can be said that ellipse is better representatidAant cross section.
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Figure 5.20: Average perimeter ratio versus aspect ratio of the ellipse

Theresultstaken fromFigure5.14 and 5.15vere used to calculate and compare the
interfacial strength for diameter and perimeter. The average IFSS for diameperiameter
with 95% confidence limitsvere plotted for each percentageiPP used and is shown in
Figure5.21. Figure5.21 shows that the IFS#&luesincrease athe percentage of MAPP
increases. Thimterfacial strength does not chargstantiallywhen using either the
diameter or perimeter to determine the embeddedagrdae perimeter is equal to the
circumference. Th&SS increases by 10% between the 0% and M2%6or both perimeter

and diameter whereas between 1.5% andvi® P thelFSSresultincreases by 48.
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Figure 5.21: IFSS for diameter and perimeter versus percentage of MAPP

5.3.4Polyethylene Terephthalate FibreStudy

Single fibrepull-outtest werecarried oubn Polyethylene TerephthalatePolypropylene
with different percentage of MAPranging from O to 10%. Just like the natural fiprel-out
test a minimum of fifteen samples were tested for each weight fraction ¢tRBefore
pull-outwas carried out the manufacturing temperature for creatingfHpLll-out samples
had to be invegjated. The melting point of PET is @above the temperatuoé22¢°C and
which the manufacturing temperature for GF palit sample$rom the original test
Therefore an investigationtmhow the sample preparation affects the interfacial strength
betveen PET fibre and the PP filwas carried outThe initial temperature was set at 4©0
which wasthe temperature used to manufacture natural filbleout samples. This
temperature was high enough for the PP to melt and embed the fibre. The tempasiture
then increasin stages upat220°C and the average IFSS for each temperature was

calculated and is presentedrigure5.22. The results show that the average IFSS increased
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slightly as the temperatu creased. From these results it was decided to manufacture PET

PPpull-outsamples Wt 22C \to\keep it consistenvith theariginal manufacturing process.

3 N\ /

P alpha ‘R\(alue

,5] 005  .049

0 00
mperature (°C)

N\ /A \\

Figure 5.22: Interfacial shear strength against PEFPP manufacturing temperature
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A typical pull-outgraph of PETPP is seem Figure5.23. This graph is different to the GF
andnatural fibre graphs seenhingure5.4, 5.7and 5.13 The PEFPPpull-outgraph can be

split in to three distinctive stages.

a. The force increases due to the fibre being stretched up to a certain load. At this load
the graphés gradient ¢ h-auhpoe Bhe cavseacfthe ng a 6
O0kinkdé is discus®bigukeb23aa.t er in the chapter.

b. The force is stildl increasing after the 0
force the fibre fully debonds from the matrikiqure5.23b).

c. The force suddenly drops to a lower load immediately after debond. The force then
decrases gradually as the fibre is being pulled out of the matrix overcoming frictional

forces. Figure5.23c).

The average IFSS (with 95% confideneejsus percentage of M#Ris illustrated inFigure
5.24. Figure5.24 shows that increasing the NPR percentage frord to 1.5% hano
significant effeconthe IFSSHowever, he IFSS of PEAPP increases by approximately
70% when increasing from 1.5 to 5% MRbut does not chandartherfrom 5 to 10%
MAPP. The maximum IFSS achieved for PET wasMMa at 5% MAP. The results from
Figure5.24 show that the IFSS did not improve corsably with a small addition of MRAP
but the IFSS increase greatly when the percentage ¢tRMAIncreased to 5%. This

observation was alsseenirb ot h n at pull-eautgraghs.br e s 6
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Figure 5.24: Average interfacial shear strength against the percentage of maleic anhydride (%MAPP)
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Figure 5.25: Stress versus strain PETPP pull-out graph

Thepull-outgraph of PETPP was investigated further due to an yeetedchange in slope
(6kinkdé) in the initial stage of the test.
test was calculated. The Oki nkontsfthegrapls was

A

before and after the 6kink6é and noting the

175

d

S



An

Figure5.25. Table5.3 shows the averagdgresgoint and modulus of the slope before and

after

exampl e

t he

of

Okink?©o

with t

he

samples. It can be observed fr@iable5.3 that the change in slope happened at

approximately thsamestresdevel.

between 0.06 0.1 GPa andt can be sen clearly inFigure5.26that the stress point does not

The

stress

at

whi ch

t

change depending on the percentage of MART@ data in Table 5shows thathemodulus

before

Table5.3a |

t he

SO

O ki

shows

nk 6 PHi &r

t hat

t he

mo d u |l

us

before

for all percentage d¥IAPP pullouttests. From th&able5.3 andFigure5.26it can be

concluded that the same phenomenon is hapgdar each MAP pultout and this

phenomenon is consequently probably not related to therfibtex interface.

Table 5.3: Average kink stress, before and after kink nodulus

Average Average

MAPP | Stress| 9506 | MoquuS | gmge | MOCUIS T g5,

(%) | (GP3 | Confidence Kink Confidence Kink Confidence
(GPa) (GPa)

0 0.09 0.04 3.6 0.4 1.1 0.1

0.5 0.09 0.0®8 4.3 0.4 1.3 0.1

1 0.09 0.06 3.5 0.6 1.1 0.1

15 0.09 0.0 3.7 0.9 1.2 0.1

5 0.08 0.0® 4.7 0.7 2.0 0.5

10 0.07 0.01 4.8 0.4 1.4 0.2
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Figure 5.26: Kink stress against the embedded area

A 6kinkd phenomenon h aisdisflacement resdlts inlESS tesrs d

reported by Mader an/ang[7,14. Mader et al noti cedlod& 6Ki

with GFPP and described this as the fibre initially debonding from the nia#jxThis is

one possible explanation for what is happening but the system differs in owakegthe
fibre that is being used is a polymer which is more ductile thaMBFeover the kink
appears to be independent of the MAPP concentration which is known wglgtbange the
interfacial phenomena in these systeArsother reason that could cause the changope

in the pultout graph could be changes in the fibrais reason was investigated further by
carrying out tensile tesbn PET fibre. Tensiléests vere carried out on heat treated and-non
heat treated PET fibre. Tensile test on heat treated fibre due to the free fibrputl-the

test was heat treated in te@mplemanufacturing process. The heat treated fiboetensile
testing were given anétical thermal historgs thepull-outspecimens. Individual PET
fiores were heated in the hot stage at°22f@r four minutes and then removed to cool. The
gauge lengths of the fibres weren®n, identical to the free fibre length for tipaill-out

specinens. A minimum of ten tensile tests were carried out for the heat treated ahdaton
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treated fibres at the same extension rate agul@uttest, 0.1mm/min. Thetress strain

graphs of the two fibres were compared toghk-outgraph. To comparde pull-outand

tensile graphs a mutual start point of 0.01N was set therefore the extension/ strain was reset
to 0 and an end point of 6% strain was decided for comparability reasons. These points were
decided upon as they represented the rangdichth e o6 ki n k Bigue®x2Z ur r e d .
compares the average ssegainst the strain of theull-out, heat treated and ndreat

treated fibre tensile test.
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Figure 5.27: Average stress against strain for PEFPP pull-out, heat treated tensile & non treated tensile

Figure5.27 shows that the stress strain curve of the heaetiddore plotted overlays the

pull-out graph. It therefore seems very likely that it is a fibre related phenomenon that is the
causing the slope of the IFSS graph to change. Comparing the heat treated fibre laeat non
treated fibre stress strain curvesan be seen that heat treating the fibre changes the shape of
the stress strain graph. This kink has also been identified by researchers such as Gupta et al

and Cho et dl16i 18]. Gupta carrie@dut a series of experiments to investigate the effect of
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heat setting on the PET fi bile,4d®18mM@ mtharni c al a
studies they found that heat treating fibres with no mechanical constraint (free to relax)

changd t he fibreds sTheubeatetceamasmdatabhythe 6
causes the amorphous and crystalline region of the fibrerealrangeds described on

page 83In the initial stage of the tensile test the tie molecules take all of the force. Due to the
reduction of tie molecules caused by heat treatntleaistress on th@mainingtie molecules

is high This causes them to break at low load which leads tbltteeyielding The stress is

then applied to the molecules in the amorphous region where strain hardening mg¥sccur

17]. From previous research that has bemmied out on heat treated PET fibre and together

with the results fromFigure5.27i t can be determined that the
the fbre being heattreatedat?20 i n t he manufacturing of samp

therefore be classified as the fibreds yield

5.3.5 Low Interfacial Shear Strength

The results of the IFSS for Sis&laxand PETshownFigure5.12, 5.21 and 5.24re

relatively low compared to that gfass fibore Onereason for the low interfacial strength is

dueto residual radial compressive stregghe interfaceThe residual radial compressive

stress is formed across the interface between the fibre and matrix due to the coefficient of

thermal expansion between the fibre and matrix being diffefemtinterfacial static friction

associated witlhesidual radial compressive stress mayheemajorcontributor to the

apparent intdacial shear stress in a systarich has no or little chemical bonding.

Therefore a reason for low IFSS could be attributed to the low residual radial compressive
stresq421]. The radial residual stress is significantly infuehceby t he fi breés tr
properties. The residual radial compressive stress, can be esti mated usir

model and the equation is shown belavequation 5.322]:
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" (5.3)

Where Eand s related to the transverse modulus and thermal expansion of the fipres. T
and T; are the matrix stress free temperature {C26r Polypropyleng and testemperature

(25°C). The values that were input in to equation 5.3 are showalte5.4. The natural and

PET fibre values were obtained from the work carried out in Chapter 4. Glass fibre and PP
values were obtained from work carried out by Thomd28h Poissoil® gtio for Glass fibre

and PP were taken to be 0.22 and 0.33 for both longitudinal and transverse direction. The
Poisso® mtio for PET and natural fibres are not defined. However it was found that the
Poissod mtio did not gnificantly alter the values of residual radial compressive stress. Glass
fibre was used to compare the conventional reinforcement to the one being studied in this
chapter. The residual radial compressive stress for PBX,Sisal and Glass fibre again

volume fraction is plotted and shownHRigure5.28. Figure5.28 shows that PETElax and

Sisal have a much lower compared to gladsore reinforcement. It is also observed from the
graph that as the volume fraction increases thdecreases. Far given polymer matrix, the
relatively, i s mainly dependent on the fibrebds prop
CTE. A high transverse modulus and low transverse CTE for the fibre will give a hiET

fibre shows a higher than both natal fibres this could due to the transverse modulus being
higher and the transverse CTE being lquaéthough in all cases these differences are small. It
can be clearly seen froirable5.4 andFigure5.28that anisotropic nature of the PET and both
natural fibres contribute to the low therefore leading to a low value of IFSS. This
relationship between loyw and anisotropic nature die fibre has also been suggested by

Thomason for Juté Polypropylenecomposite$23].
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Table 5.4: Properties of fibre and matrix

PET Flax Sisal Glass PP

Longitudinal Modulus (GPa) 7.5 56.9 15.5 72 15

Transverse Modulus (GPa) 1.9 1.26 1.33 72 15

Longitudinal CTE (um/m °C) 22.1 -1.62  -45.3 5 120

Transverse CTE (um/nfC) 70.3 72.5 76.3 5 120
14
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Figure 5.28: Fibre residual radial compressive stress versus volume fraction

5.4 Summary

Single fibre pulouttest weraused to investigate the interfacial strength of three fibres which
could be utilised aseinforcementor PolypropyleneThe fibres that were investigdtevere
Sisal,Flaxand Polyethylene Terephthalate. The interfacial strength was investigated with
various percentages of Maleic Anhydride in Baypropylenanatrix to find out if this

influenced the IFSS.

The interfacial strength of Natural fibres, $igadFlax were calculated using the diameter
and perimeter of the selected fibre. This was done to see if making the assumption that the

fibre was circular could accurately predict the interfacial strength of the system (fibre and
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matrix). It was discoved that Sisal IFSS change increased by 25% when assuming the fibre
was circular wheredslax IFSS did not change under identical conditidflax IFSS did not
change significantly due to the fibre circumference being approximately the same as the
perimeter It was shown that increasing the percentage of MAPP increased the interfacial
strength for both fibres. At 0% MAPP the IFSS for Sisal Blact were 2.7 MPa and 3.4 MPa
respectively. Subsequently it was found that using 5% MAPP increased the IFSS liyr40% f
both fibres. The IFSS in 5% MAPP for Sisal d&fldxwere 5.8 MPa and 6.6 MPa

respectively.

The Polyethylene Terephthalate load versus extension graph was different to the natural and

Gl ass fibre graphs. A O0Kki nk?od iedvtathe filwe.Thees sed w
0kinkdéd occurred at approximately theTheame f o
kink was investigated further and it was fouhdt the heat treatment of fibre during the pull

out sample manufacturing process was the caubésgohenomenon. It was found that

increasing the percentage of MAPP increased the interfacial strength. The highest value of

IFSS was achieved was 5.54 MPa at 5% MAPP.

The interfacial strength results for the PEETgx and Sisal proved to be low comparte that
of conventional fibre, Glas# possiblereason for the low IFS&ould bedue to the fibres
anisotropic nature as the fibres have a low modulus and high CTE in transverse direction

which produces a low residl radial compressive stress.
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Chapter 6

Effect of Fibre Weight Fraction in Composite Performance

6.1 Introductory Remarks

This chapter examines what, if any, effect the fibre weight fracfa composite system has

on thePolypropylenamatrix and considers if the fibre weight fraction can be calculated
successfully using the Differential Scanning Calorimetry (DSC) experimental technique. The
effect of fibres orPolypropyleneamorphology waslso invetigated as it has been reported

that certain fibres can act as a nucleation agent that can cause transcrystallsation which could
change the mechanical properties of the composite by altering their interfacial

characteristic§l], [2], [3], [4]

6.2 Experimental Programme

The following section will provide full details of the three candidate materials under
investigation, sample preparation procedure for the various experiments carried out in this

study, apparatus used for the different tests and the various experimeotalyes.

6.2.1 Materials

Materials that were used in this study eisupplied by various companies. The three
candidate materials that were being investigated were Polyethylene Terephthalate (PET),
Sisal andrlax and details of each are shownTiable6.1. PolypropylendPP) was the matrix
material for the different experiments carried out in this stlidiple6.2 provides

information on the supplier and the different Melt Flow Index (MFI) of the PP. MFlI is

defined as a rate at which a mass of a thermoplastic material in grams can flow through a
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capillary of specific size over a certain period of time which is hstert minuteg5]. MFI
has an inverse relationship to molecular weight of the polymer therefore low MFI, high
pol ymer 6s mol e c u lclaimedtvae moietidr weight affedisahe b e e n
crystallisation/ transcrystallisation of the polynj@r 7] therefore different M1 of PP was

used in this study, Table 6.2.

Table 6.1: Fibre Type

Material Type Source
Polyethylene PolymerFibre, TEX 220 SABIC
Terephthalate Fibre
Sisal Natural Fibre Wigglesworth (Brazil)
Flax Natural Fibre Wigglesworth (Germany

Table 6.2: Polypropylene Type

Melt Flow Index (MFI , Material Code Source
g/10min)

5.7 571P SABIC

10.5 575P SABIC

24 515A SABIC

47 579S SABIC

120 HGZ-1200 Marlex

6.2.2 Differential Scanning Calorimetry (DSC)

This section provides an overview of the sample preparation technique and the experimental
procedure for examining the effect fibre weifjlaiction has orthe Polyproplene (PP) matrix.

It should be noted that only PP with a MFI of 47 was used in this investigation to keep
consistency throughout this thesis as it same MFI used in Chapter 5. The experiments were
carried out on a DS (Figure6.1) and each experiment took approximately two hours
depending on the candidate material and test method, fulldetaihich are provided

below.
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Figure 6.1: DSC Set up

6.22.1 Sample Preparation

PP Film
e { "
I ] Y Fibre
Glass Slide< .<—PPPellet _— O__’O BgEas e PFilm
[ ]
Tt M
Heat
@ () (©
Fibre
i -

(d)

Figure 6.2: DSC mini composite manufacturing

The method used in manufacturing small composites fdp8t@is shown above ifigure

6.2 andthe procedure is discussed belde sample preparation was maintained identical
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and consistent so that a comparison of different weight fraction can be accurately be made.

The procedure for manufacturing samples is described in three stages.

The first stage in the production of smadimposites &olypropylengPP) filmwas
manufactured. To manufacture a PP film, a PP pelsimelted in between two glass slides
on a hot plate at a temperature of Z20A weight of approximately 2 kgasplaced on top

to create a thin film. This caretseen irFigure6.2a. The glass slides with the PP melt is
removed and left at room temperature to cool. Further details of manufache®g film

are specified in Chapter 5 Section 5.28ce cooled, the PP film was carefully removed
from the slides to avoid damage. The film is then ready for the next stage in the

manufacturing process.

The second stage of the process to create the variousfie weight fractions of the
composite. Thisvas done by initially using a hole punch to create a small PP circular film
approximately 5 mm in diameter which wasarly the correct size ftihe DSC pankigure
6.2b. The circular film was then weighed to determine vgestentages of fibres weirethe
composite after the manufacturing process, prior to any further processing. The PP film

weighed approximately 1.7 £ 0.48 mg.

The third and final stage of the procedwas to manufactre the composite sample. This

was done by reheating the circular PP film on a glass slide dmwtha@ate. The weighed

fibres were then added to the molten film. Another glass slide is then was placed on top to
sandwich the film and fibregjgure6.2c. The fibre and film werehen left on the hot plate

for thirty seconds to allow the fibres to be properly embedded into the film. Once the fibres
were embedded into the film, the slides were then removed and left to cool to room

temperaturelrigure6.2d. The composite were then reweighed to see if any fibres were lost in
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the manufacturing process which would change the fibre weight fraction. The comyassite

now fully preparednd ready to be run in the DSC system.

A similar procedure was carried out on PP film without fibres (which, for the purpose of
comparison will be described as pure PP in this thesis) and PET fibre not embedded in PP
(designated as pure PET). The PP filias reheated after being weighed and the PET fibre

was also put through the heating process. This was to replicate the heating process the fibres
go through when embedding into the PP film in the composite manufacturing procedure.
These two samples were mdacturedobeusedhs a reference for the

be benchmarked against.

6.2.2.2 Differential Scanning Calorimetry Study

The DSC study was carried out in a TA Q2000 mac(figure6.1a) under nitrogen gas

with composites compresiof PET, Sisal anélax fibres at various weight conteint

Polypropylene matrixNitrogen gas was used as it was discovered that running the

composites under air, tiRolypropylenematrix degraded during the first cycle therefore

repeat runs would not be possible on the sample and would lead to inaccurateBefrks

the compos#é samples we tested, thewereplaced into a DSC pan. The type of pan used in
this study was an aluminium 6hermeticbé pan.
samplewas placed ito the pan. The weight of the pan andvias noted and was in the

region d 52.1 £ 0.3 mg. The composite svthen placed into the pan and sealed shut using

the TA DSC sample pres§he sample in the sealed pamswtiaen weighedThe weight of the

sealed pan was subtractieom the empty pan and lid weight thus giving tenposite mass.

The composite weighed betweein 8 mg depending on the fibre content. The weight of the
sample is needed as the DSC uses the mass to track any changes when heating or cooling the

sample. he sample pan is then placetbithe front of thdSC chamber and this can be seen
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in Figure6.1c. A reference pais also used and is loadedarhe back of the DSC chamber.

The reference pan is used to monitor any changes to the sample pan. If the sample pan
changes and the reference pan does not alter then it is assumed that the composite is causing
the change. The changes are then recordedebSC. A fuller exact description of the DSC
process iglivenin Chapter 3 Section 3.2.4. The procedure used in this study varied

depending on the type of fibre that was beanglysed The experimental approach for the

different type of fibre is desdred in detail belowTable6.3.

Table 6.3: DSC procedure for Various Fibre Types

PET Fibre Composite | Natural Fibre Composite
Equilibrate at20°C
Isothermal 2 minutes

Ramp 26C/min to 306C
Ramp 5C/min to 0C
Ramp 26C/min to 306C
Equilibrate at20°C

Isothermal 2 minutes
Ramp 26C/min to 206C

Ramp 5C/min to GC
Ramp 26C/min to 306C

Equilibrate at20°C
Isothermal 2 minutes
Ramp 26C/min to 206C
Ramp 5C/min to GC
Ramp 26C/min to 206C

Pure PP and pure PET fibre went through the satperimental testing routires the

compositesThe results from pure PP and PET were used to calculatedhe al ent hal py
for melt and crystallisat i ovalueskecethervcamparedus we i
to the experi ment al results to see i f the DS

fraction aml the results are presented iecfon 6.3

6.2.23 Fibre Weight Fraction Calculation

Fibre weight fraction is essential to predict composite properties. Pure Rb) éPE pure
PET (PETo0 enthalpy &H) for melting and crystallisation from the DSC were used to

calculate expecteaH at various fibre weight fractions if PP and PET fibre has no effect on
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each othesuch as PET not aiding crystallisation in. FRe equations used to calculate the

variousadH using PP and PET are shown below.

yo p & YO (6.1)

yo o YO (6.2)

where Wis wei ght f r ac tppoeann dp ecraplit thetaeHgfeyre PR ldnd

pure PET.

The weight fractions of the composites tested were also calculated day #hebtained by
the DSC. This was done to see if DSC could b
weight fraction. The equations used to calculate the weight fraction of the congpesite

shown in equation 6.3.

W PUT — ZP T T (6.3)

W > ZPp T T (6.4)

wherege HopcompositelS the PReH  of the composite obtained from the DSC atlpetcomposite

is the PETaH of the composite also taken from the DSC trace .

The results obtained f@eH for the different fibre content using the above equatioaie
then related to the experimental results to see if the DSC can be used to calculate the fibre

content in composite
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6.2.3 Crystallisation and Transcrystallisation

Details of the sample preparation procedure and experimental process of the investigation
into the effect of fibres oRolypropylenemorphology is given in this section. A variety of
MFI of PP is used in this section to investigate the effect of molecular weight on the

crystallisation and transcrystabigon of the polymer.

6.2.3.1 Sample Preparation

Pressure PPFilm

| l | | “SPPFilm
- s
Glass Slide < ‘4—|PP Pellet = §< . I v

T ¥ T [ Y ¥~ Fibre

Heat
(a) (b)

PP Film /

Fibre

©

Figure 6.3: Crystallisation / Transcrystallisation set yp

The sample manufacturinpgocesdor the crystallisation and transcrystallisation stues

similar to the first stage of the production of D8Csamples. A PP filmvascreaed on the

hot plate by sandwiching a PP pellet between two glass slides at a temperatuf€oTB20
glass slides were pressed together to manufacture a PP film as thin as gagsit#6é,3a.

The glass slides with the PP in the middle were then removed from the hot stage and left to

cool to room temperature. PP film was carefully removed from the glass slide with tweezers
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on toa contamination free surface. At this point the sample manufacturing for the
crystallisation studyvascomplete apart from cutting the film into a 20x20 mm square. The
film for the transcrystallisation study was then cut into two using a scalpel ancte/sezas

to avoid hand contact as this could contaminate the film which could then affect the
investigation. One half of the PP film was placed onto a glass slide and a single fibre
approximately 3 cm length was placed over the PP film. The other hih &P film was

then carefully placed on top of the fibre and film, making sure that the edges match up,
Figure6.3b. The glass slide and the samplehef PP film and fibre were then placed on the

hot plate so that the fibre could be embedded into the film. A glass slide was then placed on
top of the sample after one minute as this give sufficient time for the PP to melt and fibre to
beembedded into #film. The glass slides were pushed together helping the fibre embed
into the PP film and to create a thin film. A thin film is needed to help in the observation of
transcrystallisation which occurs between the fibre and film. The glass slides aridfilifore
samplewereremoved and left to cool to room temperature. Once the transcrystallisation and
crystallisation sample had cooled down, the sample was cut in to a 20 x 20 mm square,
Figure6.3c. This was done so that a glass cover slip could be put over the sample to reduce

degradation of PP in the next stage of the study.

6.2.3.2 Crystallisation and Transcrystallisation Study

The crystallisation anttanscrystallisatiostudywas carried out on a Mettler Toledo hot

stage. The Mettler Toledo hot stage is divided in two parts, the Mettler Toledo FPOOHT
central processor and the Mettler Toledo FP82HT hot stage fulfigaee6.4. The hot stage
has a temperature range between room temperatf@)(@bdd 375C. The central processor
controls the temperature of the hot stage furnace. The procesdm uaed to heat and cool

the furnace atitferent temperature ramp rates
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Figure 6.4: Crystallisation / transcrystallisation set up

The 20 x 20 cm PP film with / without the fibneas placed onto a glass slide andntlae

cover slip was placed on tophe slide with the specimen was placed into the hot stage at a
temperature of 20C. The temperature remained at ZD@or fifteen minués to allow the

removal of any thermal history that could have been created during the manufacture of the
samples. The hot stage with the sample was then mounted on to the microscope and this can
be seen irrigure6.4. The type of microscope that was used wasRdan model with a 200x
magnification. A Nikon COOLPIX P5100 digital camera was mounted on top of the
microscope and this was used to record@manges that occur to the PP film through the
experiment. The sampleas cooled down to a crystalitbon temperature at a controlled rate

of 1°C/minute. The crystallisation temperatures that were investigated were 130, 135 &
140°C. After the temperature was ramped down to the desired crystallisation temperature and

held for thirty minutes to allow for crystallisation /transcrystallisation to happen. Pictures
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were taken throughout the thirty minutes to observe the growth and cijbed

crystallisation of the film.

6.3 Results and Discussion

6.3.1Differential Scanning Calorimetry

DSC was carried out on Pure PP with a melt flow index of 47 (MFI 47) and pure PET fibre

bef ore proceeding with the composite experin
obtained from the DSC runs were us®Ed to calc
cal cul at ed wavasgsedto cbmpare with thenconapétite results to see if the

DSC ould accurately calculate the fibre waigfraction. The DSC trace for pure PP andep

PET is shown belown Figure6.5 and6.6respectively.
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Figure 6.5: Pure PP DSC tace
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Figure 6.6: Pure PET DSC face

Pure PReH obtained from the first crystallisation and second melt w88:8and107J/g
respectivelyTheaH value for pre PET fibre obtained fromhefirst crystallisation and
secondnelt were38.17 and 42.22 J/g respectivelye first heat run as not used in the
calculating the fibre weight fraction due to the uncontrolled thermal history of the sample
preparaton.These mel ti ng a nalueswergssiistauted in te equatiom 6.1 seH
and 6.2 for PP and PET respectively to calculate diffexdeint various weight fractions. The

results for PP and PET can be seeRigure6.7 and 6.8 respectively.
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Figure 6.8: Pure PET calculatedaH at various weight fractions
Figure6.7s hows t hat t he e H for melting and
fibre weight fraction increases, whereas

increases for the PET fibreigure6.7 and6.8 shows what the results should be if the PET

fibre has no effect on PP and vice versa. The reardtsompared to the experimental results

obtained by the composites Sections 6.3.1.and 6.3.1.2
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6.3.1.1 Polyethylene Terephthalate

Before the resultBom theexperimens carried out on the PEPP compositarediscussed,
an explanation on how the fibre weight fractismeterminedrom the DSC taceis

described below.

The PETPP caonposites fibre weight fraction can be obtaifean two different methods as

the DSC trace for the composudl show two melting peaks. The first melting peak

represents the PP matrix and the second melting peak characterises the PET fibre melt peak.
Thetwo melt peaks cathenbe used to compare against the ideal enthalpies calculated using
equations 6.1 and 6.2 for the various fibre weight fractions. The results of the experimental
enthalpies and fibre weight fractiamecompared to the calculated kalpies and fibre

content to see if the DSC can be used to obtain the fibre weight fractiomcoimposites.A

typical DSC tracehat was created for PEHP composite is shown Figure6.9.

2
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Figure 6.9: Example of PET-PP composite DSCrace
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A DSC experiment was carried out on composites contalPahgpropylendMFI 47) and
Polyethylene Terephthalate fibre. Two different DSC tests were carried out on these
composites. The differences between the test procedures were on the first heating run. The

first heating run for each test is described below.
1. The compositwas heated up to 360 therefore melting the matrix and the fibre.
2. The composite waheated up to 260 hence only the matrix is melted.

Both runswere then cooled down at a rate €%min to the same temperatwe-20°C and

then ramped at 2G/minto 300C. A typical graph for the two run types can be seen in
Figure6.10. Figure6.10 shows that for the first DSC run, the melt peak for both PP and PET

is shown as the temperature is ramped high enough for both materials to melt, whereas only
the PP melt peak in the firstdteng run is observed in the second DSC run which is to be
expected as the temperature does not go high enough for the PET fibre to melt. In the second
heating run of the second DSC test, the PP melt peak is shown but also the PET melt peak as

the temperaitre is high enough for the PET fibre to méigure6.10.
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Figure 6.10: Example of the wo different DSCrun of PET fibre

The two different PET DSC experiments were carried out at various fibre weight fractions

The fibre weight fraction for each composite
and crystallisation by equation 6.3 P and PET. PET crystallisation enthalpy was not used

in this study as it was only observed in fibre contents above 20%. Fibre weight content was
calcul ated by substituting the &H of the con
were plotted showing he cal cul ated fibre weight fractio
against the 6édactual é weight fraction for the

Figures 6.11and 612.
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Figure 6.11 1stDSCRun (PP and PET fibre melted on 1st heat run). Fibre ontent calculated fromadH

versusactual fibre content
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Figure 6.12 2nd DSCrun (Only PP meltedon 1st heatrunonly) Fi br e cont ent

versus actual fibre content

cal cul at
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Figure6.11 shows the results for PP for both melt and crystallisatiahthe melt rufior

PET over a fibre weightaction ranging from 6 50%. Only the PET melt run is shown

Figure6.11, as the PET crystallisation was only seen in the fibre content greater thart30%

can be observed from the graftigure 6.11)that the PRrystallisation ad meltruns give
reasonabl e results to cal cul awkereasdsegcafibebr e we
observed that the PEWeltrun underestimates the fibre content. PP crystallisation and PP

second melt give similar fibre weight content, whics as expected as the &
the crystallisation of the PP andedmot change between the crystallisation and melting

cycles.

Figure6.12 shows the results for PP for both melt and crystallisation runs and only the melt
run for PET over a fibre content ranging frorih 83%was used to calculate the fibre content
of the compositelt can be observed from the graph the PET meltun agroximately
estimates theorrectfibre content. The PP crytisation and the melt run slightly
underestimatéhe fibre weight fractiomt 10 and 16.5%A plausible explanation for the PP
underestimations dt0 and 16.5%ibre contenis that the PET fite affectsthe PP matrix and
thereforealtering PP structure therefore affecting the melting enthaply of thddtiee
comparingFigures 6.15nd6.120f the differentDSC experiments for PEPP composite it
should be notethat tocalculate the fibre weight fractidor PET- PP compositevith PET

fibre melting on the first rurthe PP enthalpy should be used thet PET fibreenthalpy and

for PETT PP composite with the PET fibre melting on the second run the PET fibre enthalpy

shoud be used.

6.3.1.2 Natural Fibre (Sisal anéFlax)

Just like the PE-PP compositedetails of the how the Natural fib(BF) T PPcomposite

fibre contenis determinedrom the DSGexperimenis described before discussing the
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results from the investigation. Th=-PPcomposites fibre weight fraction was calculated
similar to the PET PP composites exceptlgrthe PP melt and crystedation was used as

no NF melting occurredequation 6.3 was used to calculate the fibre cdritem the
experimental enthalpies and was then compared to the ideal results. The trace thbéwould

created by the DS@r NF-PPcomposites is shown fRigure6.13.
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Figure 6.13 Example of NFPP composite DSC trace

As with the PET fibre, composites containing Sisal Bla fibres were manufactured over a

range of fibre content (030%). Only one form of DSC experiment was carried out on these
composites which only considered the PP mel't
undertaken in this manner as natural fibres domait; they degrade above a temperature of

200°C. AswithPARPET fi bre composites, the a&H of PP
fraction of each composite using equation 6.3. Graphs of the calculated weight fraction were
plotted against the actual weidhaction of the composite fdflax and Sisal and are shown in

Figure6.14 and 6.15.
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Figure 6.14: Flax Fibre Calculated Fibre Content versus Actual Fibre Content
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Figure 6.15: Sisal Fibre Calculated Fibre Content versus Actual Fibre Content

Figure6.14 and 6.15how the results of the calculated fibre content from the melting and
crystall i s a tFlaxand SsdHcompositdsie grapbsrshowdifferenttrends,

Flax fibre showsan uinderestimation of fibreontentwith accurate results at 10 and 23%
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whereas the Sisal fibtwoth crystallisation and maitins givesa goodestimation of the fibre
weight content. Comparing the results of both graphs shows the variation between different
natural fibres. An explanation féilax results having a low fibre content estimation could be
down to the water in thElax fibre not evaporating off during the sample manufacturing

process but disappearing from the fibre during the experiasedty fibres were not used

The onset melting and crystallisation temperatueesvalscstudied, to find out ithefibres
caused anyftect to he PP which may have causgatterestimation in fibre contemt some
of the compoise calculations such as the fibres suppressing the melting and crystallisation of

the PP. The onset melt and crystallisation temperature for PP were plotted against the fibre

content and is shown Figure6.16and 6.7.
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Figure 6.16: PP OnsetMelt Temperature versus Fibre Content
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Figure 6.17: PP OnsetCrystallisation Temperature versus Fibre Content

It is observedn Figure6.16 that the onset melting temperature lowers with the addition of
fibres. A possible reason for this is the wax found in natural fibres and the oil which is coated
on the PET fibre after manwdaring lowers the onset of melting. The onset of crystallisation

of PP does not significantly change with the addition of fibres. This is surprising as many
researchers have reported that PET and Natural fibres act as a nucleating agent to PP but this
is not observed from the DSC results. Therefore further research into the crystallisation/

transcrystallisation of PP with fibres was carried out.

6.3.2 Transcrystallisation and Crystallisationof PP

Transcrystallisation was carried out with PET, Sisal@axembedded in a film of PP with
a MFI of 47. The fibre and film combination was cooled from°@0® a temperature of
135°C at a rate of 1%/min and left for thirty minutes to observe any occurrence of

transcrystallisation. The images taken aftertkfity minutes at 200x magnification are

shown inFigure6.18.
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Figure 6.18: PP,; with PET, Flax and Sisal fibres at 136C

Figure6.18 shows that for all fibres transcrystallinity was not observed. The observation of
no transcrystallinity occurring in RPexplains why there was no change observed in the
onset crystallisation temperature of PP from the DSEgare6.17. It was therefore decided
to investigate if the fibres or the PP were ¢hease of th@roblem and to why there was no
trancrystallinity occurring. fie fibres were theembedded o a PP film with a MFI of 10.5
and went through the same procedure as theflRR 1 fibre combination. The results from

this study on PR sandfibres are shown ifigure6.19.

Figure 6.19:PPy,swith @) PET, b) Flax and c¢) Sisal

It can be seen frorRigure6.19that fibres do act as nucleating agent creating crystal growth
around the fibre. It can therefore be concluded that PP is the cause for the transcrystallinity
not occurring at a melt flow index of 47. Thomason and Van Ro@jeaaiso observed that

the transcystallisation increases as the molecular weight of PP irswe&4€el decreases.

Therefore the crystallisation of PP at a range of MFI froni 820 was investigated. This
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investigation was undtaken to see if the MFI had an effect on the crystallisation of PP. The
study looked at crystallisation on PP at different temperatures (130, 135 &ay. A0in

the transcrystallisation studiyhe PP films were held at each temperature for thirty regitd

allow enough time for crystallisation. Photos were taken of the crystallisation process and the
time it took for the PP to fully crystallise. The results of this study are shofigumes 6.20

T 6.24 for MFI of 5.7, 10.2, 24, 47 and 120 at the vasitemperat@s respectisly.
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Figure 6.20: PP MFI 5.7 ata) 130°C, b) 135°C and c) 140°C
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Figure 6.21: PP MFI 105 at a) 130°C, b) 135°C and c) 140°C
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Figure 6.22 PP MFI 24 ata) 130°C, b) 135°C and c¢) 140°C
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Figure 6.23: PP MFI 47 ata) 130°C, b) 135°C and c) 140°C
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