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ABSTRACT

This investigation focuses on the tensile, flexuiatpact and water absorption
properties of kenaf fibre reinforced compositestanufactured by resin transfer
moulding. Varying processing conditions and resystam are considered as
alternatives to fibre treatments, thereby potelytialvoiding additional cost and

complexity in the manufacturing process. Tensilexdral, impact and water

absorption tests were conducted. Composites weoduped with fibre volume

fractions of 15 %, 22.5 % and 30 %. Fibre moisttoatent, mould temperature and
mould pressure following injection were alteredpimlyester composites. Processing
conditions were found to have little effect on pedjes except for pressurisation
which increased tensile and flexural strength aackrehsed water absorption at low
fibre volume fractions. Vinyl ester and epoxy comipes were compared to those
made using polyester resin. The results revealad phoperties were affected in
markedly different ways by the resin system andfithe volume fraction. Polyester

composites show good modulus and impact properépexy composites display

good strength values and vinyl ester compositesbéxigood water absorption

characteristics. Scanning electron microscope ssuslhow that polyester composites
fail by fibre pull-out, epoxy composites by fibreaéture and vinyl ester composites
by a combination of the two. Theoretical models evapplied to composites made
using all three resin systems. There was good letioe with measured values of
tensile linear moduli and flexural strength but poorrelation with measured values
of tensile strength, tensile secant moduli andutaek secant and linear moduli. A
comparison between kenaf and glass compositesleevtiat the specific tensile and
flexural moduli are comparable at low fibre volunfactions. However, glass

composites have much better specific propertiea tha kenaf composites at high

fibre volume fractions for all three resin systems.

* For the purposes of this investigation, “compesitefers to a composite laminate.
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1 INTRODUCTION

1.1 Background and motivation

Natural fibres are subdivided based on their oriiom plants, animals or
minerals’). Plant fibres are the most frequently utilisedrafse for the production of
composites. Some of the most common plant fibrelside flax, hemp, jute, sisal and

kenaf.

As early as 1908, the first composite materialsengged in the fabrication of large
guantities of sheets, tubes and pipes. These wade fnom fibres such as flax, hemp
and cotton with phenol-formaldehyde or melaminerfaidehyde resin®. Natural
fibres fell out of favour with the invention of fies such as glass and carbon and
research on natural fibre reinforced compositebualiceased. Glass and carbon were
not only structurally superior but in many casesdmee cheaper than some natural

fibres®.

Concerns about global warming and that fossil fualseventually run out has lead
to renewed interest in natural fibres. This is @nifurther by the increasing prices of
fossil fuels making glass and carbon fibres morpeesive. Fossil fuels are used
either directly or indirectly in the manufacturetbése fibres. Reliance on fossil fuels
can therefore be decreased through the use ofah&itires in composite materials.

When natural fibre reinforced plastics decomposarercombusted at the end of their
life cycle, the carbon dioxide released by thee#bis the same as that absorbed
during their growth™. Furthermore, natural fibres are easily combustibiaterials

whereas man-made fibres have low energy valueighcash content when burft

Apart from carbon dioxide sequesterisation, bioddgbility and enhanced energy
recovery, according to Mohangyal. ® and Reddet al. ¥, the advantages of natural
fibore composites include; low cost, low densityghitoughness, reduced dermal and
respiratory irritation and acceptable specific @mjes. Natural fibre reinforced
composites are primarily utilised as low cost materthat have usable structural
properties®). They have been used in applications such as atiteerinterior linings,



upholstery stuffing, egg-boxes and electronics pgiaig™. Thus, the use of natural
fibores in commercial composites has been limitedthte reinforcement of non-

structural components.

The major drawback in using natural fibres in cosif@s is that the fibres are
hydrophilic meaning that they attract water, whils¢ matrix materials are usually
hydrophobic, meaning that they repel® This difference in hydrophility makes
good wetting of fibres by the polymer matrix duripgpduction difficult to achieve.
Poor interphase properties between fibres and xnedmsequently result. This leads
to composites with poor mechanical properties aigth sensitivity to moisturé®.
Surface treatments, by physical and chemical meaasbeing utilised by many
researcher§" * >9in order to address this problem but attentiomtteer elements
such as processing conditions can potentially h@éigformation regarding fibre

treatments can be found in Appendix A).

Manufacturing techniques affect composites in mamays. They influence fibre
wetting, void content'® and the resulting fibre properties due to damagifigcts
from pressure and temperattte® ¢ 'Y Manufacturing also affects material waste,
cycle times and labour requiremétft which is important as composite materials are
most often labour-intensive to produce. Thermasgtfiolymers have generally been
preferred in the composites industry due to thapesior mechanical properties to
thermoplastics“?. There are many methods available for the manufecof
thermosetting composites including; hand lay upnpeession moulding, vacuum
bagging, pressure bagging, autoclaving, pultrusieacuum infusion and resin

transfer moulding*? %

Natural fibres are in most cases cheaper to ofitaim man made fibres such as glass
and carbon. Table 1.1 shows the relative pricingvafious natural fibres in
comparison to E-glass fibre. Although these valgige an indication as to the price
of natural fibres, this is not entirely useful inetcontext of composite materials.
Where fibre treatments are used, these treatmeddtam extra element in processing
and thus more people and resources are involvedontuction which leads to higher
costs. In some cases this can make fibres expeaswagh that they are viewed as

unattractive materials’. Furthermore, manufacturing techniques commoniliset



for composites made using fibres such as glasscaritbn may not be suitable for
manufacturing composites with natural fibres. Pabidun techniques for natural fibre
reinforced composites need to be shown to be pedistiand economically viable and
the only way is through mass production.

Table 1.1 Comparison of costs and volumes of varfiures!”

Fibre  Price in ComparisonProduction
to Glass Fibres (%) (1000 tons)

Jute 18 3600
E-Glass 100 1200
Flax 130 800
Sisal 21 500
Banana 40 100
Coir 17 100

A market survey of South African companies revearadnterest in developing new
markets and products ranging from apparel and halddextiles to tourist textiles,
as well as a variety of applications in the autawstbuilding, construction and
furniture industries™. A fibre industry could have many advantages fountries
such as South Africa with emerging and developiognemies. This is because
opportunities in the industry range from low-techtigation and processing to high-
tech research and development and manufactureouwgth South Africa does not
have a history of fibre cultivation, institutes bBuas the Council for Scientific and
Industrial Research (CSIR) are investigating eldasiemcluding identifying
indigenous fibre plants and are conducting feasjstudies on domestic cultivation
of fibre plants already cultivated abroad. Pilobjpcts involving flax cultivation are
already underway in the Eastern C&5& Together with agave farmers in the Cape,
the CSIR is also investigating uses of waste obthiftom tequila production, an
alcoholic beverage made from agave pl&fts

South Africa has recognised the need for a fibretlandustry consisting of elements
right from the cultivation through to manufacturiagd research and development. In

June 2001, the CSIR organised a workshop duringlwhime a consortium was



established comprising research and developmerdnisa@tions, universities and
industrial companies located both locally and abtbd There is currently one local
company in South Africa (Sustainable Fibre Solw)oproducing non-woven fibre
mats which can be used for manufacturing composites fibre being used for

production of these mats is kenaf, grown locally\imterton.

1.2 Natural fibre classification and processing

Fibres can be obtained from stems and roots (bHast)es, fruits or seeds of plants.
The plants range from small shrubs to tall tree$ \arieties are grown in almost all

climates from tropical to temperate regions.

Examples of bast fibres include flax, hemp, jutd &enaf. In order to extract bast
fibres, a process known as retting is used. Thiegss involves leaving harvested
plants to be partially decomposed by microbial \atgtiwhich separates the fibre
bundles from the rest of the plant matter. Thelseefbundles are then mechanically
combed in order to separate the fibres from on¢hen8”. This process is known as
decortication.

Figure 1.1 Cross-section of a flax stem (white wsréndicate fibre bundle$)”

Leaf fibres refer to fibres obtained either frone #ctual leaf of a plant (for example
sisal fibres) or from the sheaths connecting tlaé le the plant trunk (for example
banana fibres). Fibres extracted from plant sheattes typically obtained by

decortication. Retting is sometimes also usedddibre extraction.



Examples of fruit and seed fibres are coir andototCoir is obtained from the husk
of coconuts and can be extracted either by puliivgfibres off the coconut or by
retting depending on the ripeness of the fruit.t@otomes from hairs that surround
the seeds of the cotton plant and are removed lipgthe cotton bud from the plant

and combing it.

1.3 Natural fibre structure

The components of natural fibres are cellulose, ibelinlose, lignin, pectin, waxes
and water-soluble substances, with cellulose, helinlose and lignin as the basic
components with regard to the mechanical propedigbe fibres. The exception is

cotton, as it contains no lignh.

A natural fibre is in itself a composite comprisafdcellulose fibrils held together by
lignin and pectin in a hemicellulose matftk Natural fibres can be considered natural
equivalents of man made fibres such as carbon becaellulose forms a
microcrystalline structure. Within this structune aegions of high order (crystalline
regions) and regions of low order (amorphous rex)ih These crystalline regions

are roughly aligned in the fibre direction.

Each natural fibre cell has two walls, a thin pniynevall and a thick secondary wall
with three layers. The middle layer of the secopdeall (S2) primarily determines
the mechanical properties of a natural fibre a®itstitutes around 80 % of the total
thickness of the cell waff’. This layer is comprised of helically wound midboils
made of long chains of cellulose molecufés
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Figure 1.2 Structure of a plant fibfé

The mechanical properties of tensile strength dadtie modulus can be loosely
correlated to the percentage of cellulose thattaralfibre comprises and the angle of
the cellulose microfibrils relative to the fibrenlgitudinal axis respectively. Generally,
higher cellulose content implies a higher tenstierggth and a higher microfibril
angle implies a lower elastic modults According to Bledzki and Gass&fh many
theories have been developed in an attempt tohese ttwo parameters to describe
the mechanical properties of natural fibres butythee not greatly accurate and
describe some natural fibres better than others iBhdue to a number of factors.
Most importantly is that the degree polymerisatitiffiers greatly from plant to plant
and the degree of polymerisation is independecttifilose content. A higher degree
of polymerisation of cellulose gives greater temstrength. There are two types of
cellulose that exist in natural fibres, type 1 apge 2. The mechanical properties of
the fibre also depend on these because each typmliodlose has its own cell
geometry™. Hemicellulose can in some cases also contributthé strength of a
natural fibre to a certain degree which is deteadinby the degree of
polymerisatiorf”. Unlike cellulose, hemicellulose differs from plan plant and, as
stated previously, forms the matrix of the micronpmsite that constitutes natural
fibres. Table 1.2 lists the mechanical propertiesomne common natural fibres.



Table 1.2 Mechanical properties of some commonrakbtibbres

Tensile Failure Specific

Fibre  Tensile Strength Modulus Strain Gravity Reference
(MPa) (GPa) (%)

Flax 500-900 50-70 1.3-3.3 1.4-1.5 18
900-1200 100 2-3 1.54 19

Hemp 310-750 30-60 2-4 1.48 18
400-700 35 1.6-2.5 1.48 19

Jute 200-450 20-55 1.16-1.5 1.3-1.4 18
400-700 2.5-15 1.5-2 1.45 19

Sisal 80-840 9-22 3-7 1.3-1.45 18
500-600 9.4-16 3-7 1.45 19

Kenaf - - - 1.52 18
350-600 40 2.5-3.5 15 19

1.4 Manufacturing natural fibre reinforced composites

1.4.1 Introduction

In terms of mechanical properties of compositess tequirement for high
performance composites (i.e. high stiffness arehgth) is an optimal combination of
high fibre content (fibre loading) and low porosityoid) content™™. These two
factors also have a direct bearing on moistureitbeits Thomaset al. ®?, found that
moisture absorption increased almost linearly Viililke loading for composites made
from polyethylene and pineapple-leaf fibre and Buesaret al. *?) showed that water
absorption increased with increasing void cont®&ducing void content decreases
the volume in which water can be stored in a cont@osnd also decreases the

number of pathways along which moisture can tranel penetrate.

1.4.2 A practical example using the hand lay-up technique

The process of hand lay-up involves the additionredin to a chosen fibre
reinforcement which is then worked in by hand usbrgshes and / or rollers.
Composites made from glass fibre chopped strand usatg the hand lay up
technique typically have a fibre mass of around®@36f the total composite mass (this

is known as the fibre mass fraction). It was fotmak composites made from natural



fibres using the hand lay up technique result lomefimass fractions of around 10 %
and this figure is difficult to achieve. For thesass fractions to be meaningful, they
must be converted to volume fractions due to tfileréince in density between glass
fibres and natural fibres. Consider a glass filmi@forced composite containing 30

grams of glass fibres and 70 grams of resin:

M,=— =—"-_=03=30% (1.1)

Where,M; represents the fibre mass fractiomthe actual fibre mass amng the mass
of the composite. This mass fraction can then beveded to a volume fraction as

follows:
m 30
Vi P 26
V, =—= = : = 0153=153% 1.2
v Tmm, 30,70 ° o

O P 26 11

Where,V; represents the fibre volume fractionthe fibre volumey, the composite
volume, p; the fibre densityp,, the matrix density andy, the matrix mass. We can
now reorder the above equation and substitutedhee\of density for natural fibres in
place of that for glass fibres and determine whatdquivalent mass of natural fibres

is:

mm
Vi —".04 0153E 15

m

m, = = :
fo1-y, 1- 0153

= 172439 (1.3)

This can then be converted to a mass fraction &yatowing:

M, =—=——"——"——-=0198=198% 1.4)
m 17243+ 70

C



It can be seen from this example that in orderrmdpce composites from natural
fibres having a fibre volume fraction equivalentthat produced by hand lay-up with
glass fibres, a fibre mass fraction of almost 2Gs%equired. This figure is almost
twice that which is possible to obtain using a @ntional process such as hand lay-
up. It is obvious that there is much need for depelg manufacturing techniques for

natural fibre reinforced composites.

The primary reason higher fibre fractions are hardbtain with natural fibres is due
to the lower compaction of natural fibre mats whemmpared to their glass

counterparts. It was found that when resin was @ddo@atural fibre mats, the level of
compaction was in fact so low that resin begarnaw but of the mat before adequate
wetting could be obtained. Pressing fibre mats lavated temperatures was
experimented with and although it helped, it wa$ whable to produce high enough
fibre fractions. Apart from problems associated hwéchieving acceptable fibre
fractions, it is also difficult to determine théoifé fractions in composites produced
using hand lay-up, vacuum infusion, vacuum baggingcompression moulding

because the composites cannot be subjected to colpwmsed methods for

determining fibre fractions such as burn-off tests.

1.4.3 Resin transfer moulding and vacuum infusion

Resin transfer moulding (RTM) and vacuum infusicawvén recently gained much
popularity due to a low labour requirement, acdeletaycle times, good finish, good
dimensional tolerances, good process control, temtuof material handling, low cost
when compared to other processes, minimal wasgh, fitore loading and low void

content®V,

RTM utilises two rigid matching mould faces. Fibsawinforcements are laid into the
mould cavity and the mould is closed. Resin is themped into the mould through
inlet ports under pressure. Excess resin escap@stfre mould via exhaust ports once
the fibres are wet out. A vacuum can be applietthéoexhaust ports in addition to the
pressure applied at the inlet ports to increaserélsen flow rate and reduce the
amount of air inside the mould that can result oids. In the most basic form,

vacuum infusion can be considered to be simil&® T except that one of the mould
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faces is replaced by a flexible sKif. After laying the fibrous reinforcements into the
mould, it is covered by a vacuum bag which is skaleng tacky tape. A vacuum is
then drawn on the exhaust ports evacuating airdaaaing resin in through the inlet
ports.

Vacuum infusion was experimented with before RTMider to gain an insight into
the way in which resin flows in these processestaraktermine what fibre fractions
are obtainable. Vacuum infusion worked with natdikades but as in the case of hand
lay up, the fibre fractions that resulted were Idwbre mass fractions ranged from
13% to 16 % depending on the natural fibres uskeehaf and sisal were
experimented with). Looking at the example preskimethe previous section, these
figures are still under the 20 % required to hdnee game fibre fraction as hand laid-

up composites made using glass fibre.

When using vacuum infusion, the fibre fraction thesults is due to the pressure
differential between atmospheric and vacuum presswhich compacts the fibres
under the vacuum bag. The vacuum which can be diawnost often physically
limited by the resin. In the case of polyesters amyl esters, the styrene in these
resins begins to boil if the pressure is too loau(fd to be around 35 - 40 kPa
absolute pressure). Epoxy resins do not suffer ftbm problem but when the
pressure differential becomes too high, other mnmisl such as leaks caused by tacky
tape flowing into the evacuated area make the geouepractical. RTM avoids these
problems caused by the flexible mould face and dditeon, the fibres can be
compressed without relying on atmospheric pressure.

RTM was chosen as the manufacturing technique todeel for this investigation.
The method has many advantages such as the oppprtton alter many

manufacturing parameters including pressure angeesture before during and after
injection. Composite quality and cycle times caustipotentially be controlled to a
greater degree. Additionally, fibre fractions ohtd using RTM are some of the
highest achieved by any manufacturing method édture. Sreekumat al. *® was

able to achieve fibre volume fractions of up to %0using RTM and non-woven

fibres.
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2 LITERATURE SURVEY

2.1 Natural fibres in RTM

There is not much work concerning natural fibored & M. The following sources
represent all the works found on the subject. Beistion of the literature survey is
presented in chronological order according to thkliphed date and the order does

not have any bearing on relevance.

O'Dell ®? s the earliest work found using RTM with natufites. Jute fibres were
directly substituted for glass fibres in commerdRaiM equipment. The aim of this
work was to determine the suitability of RTM to unat fibre composites with regard
to resin flow, air entrainment and surface propsrttiMechanical properties and
resistance to simulated weathering were also examin

Panels of composites were produced from glass @wppand mat (CSM), untreated
jute non-woven mat and aqueous glycol treated notewoven mat. The resin used
was a low-viscosity orthophthalic polyester intoieth5 % by weight of CaCgXiller
was mixed. Fibre volume fractions ranged from 109%5 At the beginning of
injection the mould temperature was 55°C and tjexiion pressure was varied by an

operator throughout the injection process but didaxceed 240 kPa.

It was observed that resin flowed as easily throudg as it did through glass. Fibre

wet-out was the same for jute and glass with mihirisible air bubble&?.

Tensile and flexural strength and modulus were uatatl as well as notched and
unnotched impact energy (Izod) according to ASTlhdards 638-90, 790-90 and
D256 respectively. All of the tests were condudtethe longitudinal and transverse
axes of the composites because there were mowsfimented in the longitudinal
direction ®?. Results of the tensile and flexural tests shothedjute composites to
have lower tensile and flexural strength and moslahan the glass composites but
values were of the same order of magnit{fde Impact tests revealed that the jute
composites absorbed an order of magnitude lesgettean the glass composites did.
O'Dell ®® concluded that the glycol treatment did not imerdhe quality of the
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composites and that jute composites had propeatiasst the same as those of the

unreinforced resin. Table 2.1 contains a summatpefesults from O’Delf?,

Table 2.1 Mechanical properties of jute polyestenposites manufactured by

RTM 2
Fibre/ Fibre Vol. Tensile  Tensile Flexural Flexura Izod Impact
Treatment  Fraction Orientation Strength Modulus esgth  Modulus Energy
(%) (MPa) (GPa) (MPa) (GPa) (I/m)
Jute/ 10-15 Long. 45.818 3.695 61.646 3.050 32d66hed
Untreated 38.73 unnotched

Trans. 26.845 1.884 46.759 2.236 39.75 notched
58.85 unnotched

Jute/ 10-15 Long. 43.488 3.225 63.153 3.213 28didhed
Glycol 32.40 unnotched
Trans. 28.076 2.392 48.292 2.338 37.62 notched
48.96 unnotched

Glass/ 10-15 Long. 114.234  7.087 161916 6.206  &7Botched
Silane 376.63 unnotched
Trans. 91.358 7.063 135.459  5.070 343.46 notched
349.71 unnotched

The work of O'Dell®? is the only work found to have utilised non-woyete fibres
for manufacturing composites using RTM. The workved that RTM is a feasible
method of manufacture for natural fibre reinforae@mposites. The results of the
mechanical tests conducted can be used only fopamtive purposes because the
fibres used are jute and not kenaf. Furthermore,ddita is not completely reliable
because composites containing various fibre volénagtions ranging from 10-15 %
were directly compared. O'Deff? concluded that the glycol treatment used had no
effect on the composite interface and propertiesntidn had been made however
that a small amount of light machine oil had beppliad to the fibres for ease in
processing and it was not considered that this hese prevented the glycol from
having the desired affect. The results reportedeiqposure of the composites to

simulated weather conditions only include thatéheas no visible change in surface



13

appearance and do not supply any information #seteffects on mass or mechanical

properties that the weathering may have had.

Sébeet al.  produced composites made from non-woven hemp afyéster resin.

Untreated fibres, methacrylic anhydride treated pyritlime treated fibres were used.
Glass polyester composites were also produced domparative purposes. Flexural
and impact tests (Charpy) were conducted accortingS2782: Part 10: Method
1005: 1997 and BS2782: Part 3: Method 359: 1984ca@nning electron microscope
(SEM) was used to examine failure surfaces of theeated and treated hemp
composites in order to determine modes of failuve {t fibre pull-out or fibre

fracture).

Panels of composites were produced according tandustrial process for the
manufacture of glass fibre reinforced car parcedhas. Before manufacture, the
fibres were equilibrated at 23°C and 50 % relahvenidity. Mould temperature was
30°C at the beginning of injection and a pressur@ bars was used with vacuum
assistance to inject resin. Samples were post cuhetleated hemp composites were
made with fibre mass fractions ranging from 0-36Mass fractions were used by the
authors because volume fractions were considegtunate due to errors introduced
by the presence of voids. Treated hemp samples m@@uced with fibre mass

fractions of 26 % only and glass samples with filnigss fractions of 15 % only.

The flexural strength of the hemp composites omlgame similar to that of the glass
composites at high fibre mass fractions of arousd@ The flexural modulus of the
hemp composites became similar at slightly lowessnfractions of around 28 %.
According to the results, there was no changeeruilal strength for either of the
treated hemp composites when compared to the seswit the untreated ones.
Flexural modulus however was found to increasehiemp fibres subjected to the
methacrylic anhydride treatment but remained thmeséor the pyridime treatment.
The values for impact strength of the hemp fibrenposites were much lower than
those for the glass fibre composites. The highestievof impact strength for the
hemp fibre composites was measured at the highstrhass fraction of 36 %. The
methacrylic anhydride treated hemp fibre compositese found to have an impact

strength much lower than that of the untreated hditme composites. Pyridime
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treated hemp fibre composites showed an impaatgitiehat was almost exactly the
same as that for the untreated ones.

Sébeet al. © concluded that both flexural strength and modihsseased in an
exponential manner with fibre content for compasiteade with natural fibres.
Impact strength was found to decrease at low fdmetent then gradually increase
with further addition of fibre§”. Methacrylic anhydride treatment lead to improved
interfacial adhesion between the fibres and madnd pyridime treatment had no
effect. In methacrylic anhydride treated fibre casipes, this was made evident by a
change in mode of failure from fibre pull-out tdorie fracture and by increased
flexural modulus and decreased impact energy. SENrogrpahs showing the
change in failure mechanism can be seen in Figute The results obtained by

Sébeet al. @ for flexural strength and modulus and impact sftercan be seen in

Table 2.2 (results are approximate as they wenmatgtd from graphical data).

Figure 2.1 SEM of impact failure surfaces of unteesand methacrylic anhydride
treated hemp polyester composités
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Table 2.2 Properties of hemp polyester compositsufactured by RTNP

Fibre/ Fibre Mass Flexural Flexural Charpy Impact
Treatment Fraction  StrengttModulus Energy (Unnotched)
(%) (MPa)  (GPa) (kJ/f
Hemp/ 11 47 3.9 2.5
Untreated 17 58 4.2 7.0
28 90 54 9.0
33 96 6.0 11.0
36 112 7.4 15.0
Hemp/ 26 76 5.4 8.0
Pyridime
Hemp/ 26 76 6.6 3.5

Methacrylic Anhydride

Joffe et al. *® compared the tensile and tensile fracture progemi a number of
natural fibre reinforced thermoset composites ajaiglass fibre reinforced
thermoplastics. These materials were compareddardo determine if natural fibre
reinforced thermosetting composites could replackassg fibre reinforced
thermoplastics in automotive interior parts. Then avas to choose the best resin
system based on fibre-matrix compatibility, tensileength and stiffness and fracture

toughness.

Non-woven flax fibres with five thermosetting resimvere investigated including

three polyesters, one vinyl ester and one epoxiycémparative purposes, glass CSM
polypropylene composites were used. Natural filmmamosites were produced with a
30 % fibre volume fraction and glass ones with &@€@bre volume fraction because

these values resulted in composites with almosttici densities.

The results of the tensile tests showed that allfldx fibre composites except one of
the polyesters had a higher tensile strength whempared to the glass fibre
composites. In addition, all of the flax compositesl a higher Young’s modulus and
lower strain at failure. In the fracture toughntsss, the glass composites performed
best but the flax composites made with the viny¢reand one of the polyesters were
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found to have a fracture toughness within 73 % tblatthe glass composites.
Joffeet al. @® concluded that three of the resins would be slgitédy manufacturing
competitive natural fibre composites and includgodyester, vinyl ester and epoxy.
This allows for selection of a resin system on basis of cost and environmental
impact as well as mechanical performance. The tesbtained by Joffet al. ®* for

the tensile tests are summarised in Table 2.3.

Table 2.3 Properties of flax composites manufactigeRTM @®

Fibre/ Fibre Volume Tensile Tensile
Matrix Fraction Strength Modulus
(%) (MPa) (GPa)
Flax / Polyester 1 30 47.9 6.110
Flax / Polyester 2 30 71.6 8.350
Flax / Polyester 3 30 88.3 10.890
Flax / Vinyl Ester 30 79.2 10.020
Flax / Epoxy 30 91.2 9.760
Glass / PP 20 67.1 5.320

One of the most important aspects of this workhat hatural fibore composites were
compared against an existing product and comparedhasis that highlighted one of
the motivating factors for their use i.e. accepmabpecific mechanical properties.
Unfortunately, only single fibre volume fractionsere tested so there is not much
data for comparison and it does not detail the rfeanturing process.

Rouisonet al. ® produced a model for simulation of cure in natditale composites
produced using RTM. This model was compared to mx@atal data obtained using
thermocouples which were placed inside the mouidrgo resin injection. In the
same paper, tensile and flexural strength of therabfiore composites and moisture
absorption and rate of absorption of the fibresengegtermined. Tensile and flexural
tests were conducted according to ASTM D638 anddD79
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Flat panels were manufactured using non-woven m@tsprising 67 % hemp and
33 % kenaf and polyester resin. Composites wittefdmlume fractions of 10.70 %,
16.20% and 20.60 % were manufactured and testethpGsites with fibre volume
fractions higher than 22 % could not be producetthaut risking curing of the resin
before the end of the injection procédd The design of the aluminium mould used
allowed for it to be evacuated and heated in otalelry the fibres and it also allowed
for temperature control during the injection pracdlesin was injected at a pressure
of 172 kPa and the temperature of the mould wad behstant between 15°C and
20°C during resin injection. Following resin injext, the mould temperature was

increased to and maintained at 53°C for curing.

Following manufacture of the composites, it waseobsd that good wetting of the

fibres was obtained and that few voids could ba &k

Both tensile and flexural strength were found twréase with increasing fibre volume
fraction. For samples containing 20.6 % by volumdilmres, a tensile and flexural
strength of 44.3 MPa and 71.4 MPa respectively wétained. Comment was made
that strength values could, in fact, have been avgul because the degree of cure in
the composites was reportedly only around 86-87u% t the use of old initiator
(catalyst). According to the authors, fibre pultaould be observed on specimen
failure surfaces indicating that fibre-matrix adbescould be improved. SEM studies

were not conducted.

In this paper, Rouisoat al. ®® focused mainly on curing of the composites and did
not investigate mechanical properties in much Hetansile and flexural strength
were investigated while moduli were not. The resditom this work do however
provide much practical insight into the manufactgriof natural fibre reinforced
composites by RTM in that the process and expetiahesetup were explained in

great detail.

Another work by Rouisoret al. ®® continued on from their previous research and
built on some of the shortcomings. In the previausk, the cure model had to be
corrected in order to obtain reasonable accuragghmiias the result of the use of old

initiator. The experiments of their previous workne repeated with new initiator and
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they conducted several more mechanical tests. [€erfl@xural, Izod impact and
flexural creep tests were conducted in accordantte ASTM D638, D790, D256 and
D2990 respectively. This time tensile and flexuesits included modulus.

The same materials, experimental process and eguipwere used as previously but
composites with fibre volume fractions of up to &bpercent were produced. This
was made possible by hot pressing fibre mats atQ@@fore moulding, increasing
injection pressure to 308 kPa and increasing thmben of inlet ports and their
diameters. Curing temperatures of 50°C, 59°C arf€ Gvere used in this work and
the samples were post-cured. Only results for tire mmodel were presented for all
the various temperatures. The use of the new tortieesulted in their cure model
producing more accurate estimates of temperatxgerienced during cure than their

previous tests.

The results of tensile, flexural and impact tedtoweed a linear increase with
increasing fibre content. For composites contai@ridpre volume fraction of 35 %, a
tensile strength, flexural strength and impactngjtie of 60.2 MPa, 112.9 MPa and
14.2 kJ/m respectively were obtained. Results of creep teste for cyclic loads of
27 % and 43 % of ultimate strength as determinesvipusly for composites
containing 20.6 % fibre volume fraction. For compes loaded to 27 %, the curve of
creep strain stabilised and reached a plateau Wdrildnose loaded to 43 %, the curve
increased fast initially and then became lineantyreéasing. The results of the tensile,

flexural and impact tests conducted by Roustoai. ®® are summarised in Table 2.4.
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Table 2.4 Properties of hemp / kenaf polyester amsitgs manufactured by RTF

Fibre Volume Tensile Tensile Flexural Flexural d4mpact

Fibre Fraction Strength  Modulus Strength  Modulus eifgy
2
(%) (MPa) (GPa) (MPa) (GPa) (kJ/mi)
Hemp / Kenaf 20 329 1.421 54.0 5.02 4.8
35 60.2 1.736 112.9 6.38 14.2
Glass 20 85.0 1.719 175.9 7.74 60.8

This paper contains more on the mechanical pragsertift hemp / kenaf fibre
reinforced composites than the previous work byat#nors. There is good data for
comparison and it gives results over a reasonafwesesection of fibre volume
fractions. The authors, however, state that sonteeobbservations made can only be
conclusive once further testing has been conduaddtiere are no samples containing
between 22 % and 35 % fibre volume fraction. Thsallte of the flexural creep tests
indicate that these materials can bear moderatts lohabout 30 % of the flexural
breaking load without any significant deformatfét

Sreekumaret al. 19

produced sisal fibre reinforced composites by RHENd
compression moulding. They compared the resultdensile, flexural and water
absorption tests for the two manufacturing methani$ also investigated the effects
of varying fibre length and fibre volume fractiofhe results of these tests were then
compared against theoretical models. Tensile aexufll tests were conducted in
accordance with ASTM D638 and D790. In the casevaftfer absorption tests, no
testing standard was mentioned and the tests ttage @t 30°C, 60°C and 90°C.
Sreekumaret al. 9 also compared the void content for RTM and congioes

moulded composites.

Before producing composites, the fibres were cuth® desired length (10 mm,
20 mm, 30 mm and 40 mm), washed with water, dmedii and arranged inside the
mould. Resin was injected at approximately 100 ki@ vacuum assistance in

composites produced by RTM. Composites producecdobypression moulding were
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made by first soaking the fibres in resin and thesssing at approximately 1000 kPa.
Both processes took place at room temperaturee Fiflume fractions for both RTM

and compression moulding ranged from around 20 %0 t%o.

Results of the tensile and flexural tests showed #hfibre length of 30 mm was
optimal for producing the highest strength and nhaslwf composites. Composites
made by RTM showed a maximum tensile strength andutns at a fibre volume
fraction of 43 % and a maximum flexural strengtld anodulus at a fibre volume
fraction of 50 %. A similar trend was observed éomposites made by compression
moulding where a point was reached that increafsiimg content became detrimental
to composite strength. For tensile and flexuraérgith and modulus, composites
made by RTM performed better than those made bypoession moulding. In
addition, it was found that RTM composites had weovoid content and moisture
uptake than those composites made by compressialdimg. The authors report that
SEM studies of failure surfaces indicate that cosites made by RTM suffer less
from fibre pull-out than those made by compressmoulding. SEM micrographs
comparing RTM and compression moulded compositaréasurfaces can be seen in
Figure 2.2. Four models for the prediction of Yoswngnodulus were presented
including parallel, series, modified rule of mix¢grand Hirsch’s model. The modified
rule of mixtures and Hirsch’s model were found torelate well for both RTM and
compression moulding. The model used for the ptiediof water absorption did not
correlate  well with experimental data. A summary afie results of

Sreekumaet al. @ can be found in Table 2.5.
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Figure 2.2 Failure surfaces of composites manufadtby (a) RTM and

(b) compression mouldir”
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Sreekumaret al. ‘9 demonstrated the advantages of using RTM and thjirec
compared results with another popular manufactumeghod. Mechanical properties,
water absorption and void content were all foundhéasuperior in composites made
by RTM. The authors also claim that composite failby fibre pull-out is reduced

when RTM composites are compared to their compyassioulded counterparts.

Examination of their SEM photographs does not agsiekly support this. This is the
only work found to investigate water absorptiomon-woven natural fibre reinforced
composites produced by RTM. The tests were notelew conducted in accordance

with any standard thereby making comparison difficu

Table 2.5 Properties of sisal polyester compositasufactured by RTM and
compression moulding®

Manufacturing Fibre Volume Tensile Tensile Flexural Flexural

Method Fraction StrengthModulus Strength Modulus
(%) (MPa) (GPa) (MPa) (GPa)
RTM 0 41 0.968 61 2.461
19 50 1.750 67 2.188
27 57 1.956 76 2.934
43 67 2.196 84 3.495
50 61 1.856 92 3.972

Compression 0 39 0.895 57 2.432
Moulding 24 41 0.943 52 2.690
34 52 1.400 62 3.335
42 57 1.868 68 3.558
48 55 1.291 58 2.585

In addition to the references already examinedietlaee a number of other works
concerning RTM of natural fibre reinforced compesitThese have been excluded
from in-depth examination as they are not of sigaift relevance to this

investigation. A brief description of each follows.

Zhang and Richardso’® conducted an experimental investigation and flow
visualisation of the RTM process for non-woven hefilpe reinforced phenolic

composites. The aim of the research was to invastigspects of the mould filling
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process including fibre-washing, edge flow, moultinfy profiles and velocity

profiles with various fibre mass fractions.

Oksman® manufactured unidirectional flax-epoxy composigsRTM. Epoxy was
used due to the expected adhesion with the fiffesThe tensile properties of
composites made using traditionally retted flaxg-taichnically retted flax and glass
fibre were compared. The composites made usingitieechnically retted flax were
found to be superior to the traditionally retteaxflcomposites. Although not as strong
as the glass composites, the bio-technically rdtéeedcomposites had a higher tensile

modulus.

Rodriguezet al. ( manufactured untreated and alkali-treated fibrenpusites by

RTM using bi-directional jute fabric and vinyl esteesin. Flexural strength and
modulus and Izod impact tests were conducted. Tleagth and modulus of alkali-
treated fibres were found to be lower than untebéites in fibre filament tests. The
same trend was observed for the composites. Ingraatgy was also lower for the

alkali-treated fibre composites than for those magleg untreated fibres.

2.2 Processing conditions

It is common practise when manufacturing naturatefireinforced composites that
the fibres are dried or conditioned before use.sTikidone to remove or control
moisture which can result in voids and poor fibratrix adhesiort'®. By removing
moisture from fibres before producing composites,mechanical properties could be
increased and the need for potentially expensiviace treatments avoided. Bledzki
and Gassar” reported a 10 % increase in tensile strength @h@2increase in
Young’s modulus for jute-epoxy composites made giginied fibres but did not
mention the fibre loading, fibre weave or the maoatiring method used.
de Deust al. ® dried piassava fibres in an oven at 60°C for 3@utgs before
producing unidirectional composites by compressiooulding. An increase in
flexural strength of around 30 - 40 % was repostedihieved by drying the fibres.

Sébeet al. @ conditioned hemp fibres at 23°C and 50 % relativenidity before
producing composites by RTM. Rouisat al. ®* % used RTM to produce



23

hemp / kenaf polyester composites and vacuum dhniedibres in the mould at 55°C
for 2 hours before resin injection. Azét al. “" ?® produced kenaf fibre reinforced
composites with various polyesters and cashewhmlt kguid matrix by compression
moulding and dried their fibres before fabricatioran oven at 110°C for 5 hours. In
these work$> 24 2% 27 & 2 g composites were produced in which fibres werdried

for comparison of mechanical properties.

Processing temperature can also potentially canttibo fibre-matrix interaction. It is
possible that due to differing coefficients of timat expansion between fibres and
resin, the resin could either squeeze or relaxratdbe fibres®®. In addition, it is
also possible that applying heat during productionld be sufficient to drive off
moisture in the fibres. Sébet al. ©), Sreekumaret al. ), O'Dell ¥? and
Rouisonet al. ®* 29 ysed mould temperatures of 30°C, 23°C, 55°C an@(PE&
respectively but did not examine the effects that mould temperature had on the

properties of the resulting composites.

In addition to fibre drying and altering processiteperature, pressurisation of
composites during cure could also potentially inwverdibre-matrix interaction.

However, this has not been previously exploredhe production of natural fibre
reinforced composites.

2.3 Resin system

Surface treatments are often used to improve thpepties of natural fibre reinforced
composites by bridging the gap in compatibilityviee¢n the hydrophilic fibres and
the hydrophobic matrices. Various resin systemseroftliffering levels of
compatibility to natural fibres and can therefoffe@ the properties of natural fibre
reinforced composites without the need for surtagatments. There are a number of
common resin systems available for the productidibee reinforced composites and
these include polyesters, vinyl esters and epo¥dshave different properties of

strength, modulus, adhesion, cure shrinkage anenaasorptiof> - %)

Polyesters are the most widely used resins foe fibinforced plastics® ¥ They are
inexpensive, easy to use and have good mechanrcgleniies such as impact
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resistance, but, their disadvantages include podhesion and high cure
shrinkage®® ¥ Epoxy resins have excellent mechanical propertless cure

shrinkage, excellent adhesion and compatibilityhvaitany fibres and other materials.
Epoxy resins are, however, generally expensive aash be sensitive to
moisture™? ) Vinyl esters constitute a middle ground betweelygster and epoxy

resins and represent a compromise in cost andrpafece.

The effects of using different resin systems in mh@nufacture of non-woven flax
fibore reinforced polyester composites by RTM haserbeinvestigated by

Joffeet al. ®®. These investigators conducted tensile and fradimughness tests on
flax fibre reinforced composites made using thredygsters, a vinyl ester and an
epoxy resin. These were compared to glass fibrdéareied polypropylene composites
of equal density. This investigation showed that ohthe three polyesters, the vinyl
ester and the epoxy produced flax composites vathparable properties to those of
the glass fibre reinforced polypropylene compositeEM examinations were not
conducted to determine if fibre-matrix adhesion waproved by using any of these

resins.

Several investigations' 1% 2224 & 25 haye used polyester resins to produce non-woven
natural fibre reinforced composites by RTM. Oksm@nused epoxy resin and
unidirectional flax fibres in RTM as it was expeattthat this would result in good
bonding. Rodriguezt al. ”’ used vinyl ester resin and alkali-treated, bi-cticmal
jute fibre mats to manufacture composites by RTMwever, the results of these
works @ 7+ 9102224 & 25) cannot be compared since they all use eitherrdiffefibres

or weaves.
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3 OBJECTIVES

3.1 Development of objectives

It is evident from the literature review that thene a number of tests being used to
characterise the properties of composites madegusatural fibres. These tests
include tensile, flexure, impact and water absorptiTensile, flexural and impact
tests provide data regarding the mechanical pedoom of composites. Water
absorption tests provide data which can indicatg mumber of things including;
sensitivity to moisture (in terms of mass and disienal stability), fibre-wetting by
the matrix, fibre-matrix adhesion and void conte®f. the five authors’ works
examined in detail, four conducted tensile t&t$* 242 four conducted flexural
tests® 19 22 & 2 three conducted impact te$ts?? & 2 and one conducted water
absorption teste?. None of the authors conducted all four tests.

Sébeet al. @ and Sreekumaat al. ‘% made use of electron microscopes to examine
failure surfaces of either impact or tensile spe&simin order to determine the mode
of failure of their composites. Rouisenal. ) made mention of failure mechanism
but did not use an electron microscope to verigyrisults. Determining the mode of
failure gives a good indication of fibre-matrix a&diion. In the case of poor fibre-
matrix adhesion, fibre pull-out is normally the sawf composite failure and in the
case of good fibre-matrix adhesion, fibre fractsraormally the cause.

The literature survey suggests that the performapicenatural fibre reinforced
composites can be improved by methods such as fioyeng, altering mould
temperature and by utilising different resin systenin addition to these,
pressurisation of composites during cure could plsentially improve fibre-matrix
interaction. If altering processing conditions esin system proves successful, the
major implication is that better performance carobtained from composites without
the need for potentially complex and expensiveefiibeatments.

Work regarding the use of kenaf fibres as reinforeet in thermosetting matrices has
been conducted by Azit al. ¢" 2 &39ysing compression moulding and a number of
works examined other non-woven natural fibre reicdéd composites produced by
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RTM ©10.22.23.24&29)Thare have been no previous works in which kéibeés have
been used as the reinforcement in composites metouéa by RTM. Furthermore,
only one work® has examined the effects of using various resstesys on the
properties of composites manufactured by RTM. Thusre is scope for a systematic
comparison of properties of non-woven kenaf fibegnfiorced composites produced

by RTM using various processing conditions and mlmer of resin systems.

3.2 Objectives

* Determine the best method for drying of naturaldh

* Produce kenaf fibre reinforced polyester compositgsRTM and alter the
mould temperature, fibre moisture content and mpuéssure.

* Produce kenaf fibre and glass fibre reinforced amsitps using three resin
systems namely polyester, vinyl ester and epoxy.

* Investigate the resulting tensile, flexural, impamtd water absorption
properties of composites.

» Compare the properties of the composites in anogpiate manner.

» Compare the experimental results with those of aramechanical model
where applicable.

* Conduct SEM studies into the failure mechanismgesfaf fibre reinforced

composites.
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4 PRODUCTION
4.1 Production material

4.1.1 Fibres

The fibre mats used in this investigation were detdy Sustainable Fibre Solutions,
South Africa. The mats are made of kenaf cultivame8outh Africa and are produced
by a process known as needle punching. The fibris mare ordered with an areal
density of 450 g/th This value was chosen so that depending on thrbauof layers
used, the approximate fibre volume fractions showhable 4.1 would result.

Table 4.1 Expected fibre volume fractions for vasmumbers of fibre layers

No. Layers Fibre Volume Fraction

2 Layers 15 %
3 Layers 225 %
4 Layers 30 %

Using one layer of fibre mat results in fibre volerinactions too low to produce any
meaningful outcomes. The highest fibre volume foactvas selected based on the
literature survey and represents the maximum vather authors could practically
achieve without the use of either hydraulics taselonoulds or hot-pressing of fibre

mats before use.

Figure 4.1 Kenaf non-woven fibre mat
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4.1.2 Resins

The resins chosen included a polyester, a vinyereand an epoxy. All were

specifically formulated for use in vacuum infusiammd RTM.

Polyester Resin

The polyester resin used was “Scott Bader Crystigll It is an orthophthalic
unsaturated polyester resin of low viscosity. Thsim was supplied with “Crystic
Accelerator E” and “Andonox KP-9” catalyst (M-20@talyst). Scott Bader was
unable to supply data regarding mechanical prageefr this specific resin system
but a representative in the technical departmenh®fcompany provided assurance
that properties for all orthophthalic polyesterimgsare approximately the same. A
data sheet for “Scott Bader Crystic 196” was sugapby the representative.

Table 4.2 Properties of Scott Bader Crystic 19¢/gster resin

Property Unit Value

Tensile Strength MPa 69
Tensile Modulus MPa 3800
Strain to Failure % 2.3

Vinyl Ester Resin

The vinyl ester resin initially purchased was “ScBader DP 333" and it was
supplied with “Scott Bader Accelerator VE” and “Na@rMEKP 925" catalyst (M-100
catalyst). This resin system was abandoned foronsashat will be explained in
section 4.4.2.

The vinyl ester resin used as a replacement wasakaee Momentum 411-350
Epoxy Vinyl Ester Resin”. The accelerator used withis resin was Cobalt

Naphthenate 1 % (the data sheet indicated thefus€ &6 concentration so quantities
of accelerator were multiplied by a factor of 6 whaixing resin). The catalyst used

was “Norox MEKP 925”. Although suitable for a numleé production techniques,
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according to the data sheet it is suitable forins@cuum infusion and RTM. Typical

properties of this resin system can be found ind al8.

Table 4.3 Properties of Derakane Momentum 411-38¢l ester resin

Property Unit Value

Tensile Strength MPa 86
Tensile Modulus MPa 3200
Strain to Failure % 5-6
Flexural Strength MPa 150
Flexural Modulus MPa 3400

Epoxy Resin

The epoxy resin used comprised of “SP Prime 27 E@asin” with “SP Prime 20
Slow Hardener”. Typical Properties of this resisteyn can be found in Table 4.4.

Table 4.4 Properties of SP Prime 27 epoxy resin

Property Unit Value

Tensile Strength MPa 73.3
Tensile Modulus MPa 3470
Strain to Failure % 4.5

4.2 Production equipment

4.2.1 Resin transfer moulding machine

From experimentation conducted using vacuum infusiath polyester resin, it
became evident that there were problems with reging too quickly and when
accelerator and catalyst ratios were reduced, mate curing occurred. The major
factor affecting cure times was that the resin ttatie mixed in a large quantity in
order to provide enough resin for an entire speci(hgpically 600-800 grams). When
guantities of this size are mixed, the exotherre@ction which the resin undergoes

produces higher temperatures than if smaller quesitare mixed and this leads to
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shorter cure times (curing information in data seee typically for 100 grams of
resin). Attempts were made to separate resin mtler quantities and to introduce it
into the resin reservoir as needed. This requiréat af attention and special care.
After ruining a number of specimens by not maintaynthe resin level in the
reservoir or not having resin mixed in time, it wdscided that this method of

supplying resin was impractical.

RTM typically utilises what is known as a presspa¢ which is similar to using a
resin reservoir in vacuum infusion. The requirecoant of resin is mixed, placed in
the pressure pot, the pressure pot is connectedctumpressed air line and resin is

then injected into the mould.

It became clear that an RTM machine capable ofngixesin “in-line” would make

manufacturing easier and more controllable. Théradvantage of using an RTM
machine of this design is that resin is mixed wa#talyst just before it enters the
mould so the problem of resin curing too soon gniicantly reduced. Further
advantages include reduced waste, easy operatonjdbour requirement, lower

exposure to harmful chemicals and much faster aycles.

Given constraints on time and cost, it was decitted an RTM machine of the
required design would have to be designed and. Wiith little knowledge about the
workings of such machines, a concept was develdpesed on a number of
photographs and an idea developed from a scheimaibang and Richardsdf®.
The basic concept involved two cylinders with pnstoone would inject resin and
another would inject catalyst and the two wouldcbenected with an arm in order to
control the ratio of resin to catalyst. The resytinrtder was to have resin on one side
of the piston and air on the other, thus allowihg fpiston to be driven using
compressed air. The resulting motion of the arnsedilby the compressed air on the
resin piston would also cause the catalyst pistommbve. The resin and catalyst

would be mixed in a static mixer.

A number of discussions were held with an expeadmmeumatics engineer on how
pneumatic cylinders operate in terms of the avhala®als (types and materials),

operating pressures and a number of other parasndteszompany that specialises in
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custom pneumatics was contacted and two lengtipgoefwere obtained to form the
cylinders. One pipe was made from aluminium and hadinternal diameter of
100 mm and the other from stainless steel withnégrmal diameter of 20 mm. These
materials conformed to the requirements of chemesistance for chemicals such as
styrene (resin), peroxide (catalyst) and acetomecd{eaning). The rest of the machine

was designed around these two cylinders.

Apart from the cylinders, pistons and piston radest of the machine was made from
commercially available items such as stainless| stadves with Teflon seals,

aluminium pneumatic fittings, viton and siliconiogs and polyethylene tubing.

The RTM machine is capable of injection pressuresipto 600 kPa. It has two

pressurised tanks on board allowing it to storér&d of resin and 5 litres of acetone
for cleaning. When cleaning, injection lines camstfibbe cleared with compressed air
(air purge) and then with acetone to help reducstevdn a single stroke, up to 1.25
litres of catalysed resin can be injected. Theorafi catalyst to resin can be varied

from 1 % to 2.5 % by using a slider on the arm @mting the two cylinders.

The schematic from which the idea was obtained@auires of the RTM machine
that was built can be seen in Figure 4.2 - Figude 4
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4.2.2 Pressure pot

The RTM machine that was designed and built wasnited to be used for polyester
and vinyl ester resins which require the additibcagalyst to resin in a mass ratio of
approximately 1-2.5:100. The epoxy resin usedha project requires the addition of
hardener to resin in a mass ratio of approxim&8ht00. Due to this ratio, the epoxy
could not be used in the RTM machine and a pregsatrbad to be built. Composites
made using vinyl ester resin were also eventualigenusing the pressure pot for
reasons that will be explained in section 4.4.2.dascribed in section 4.2.1, the use

of a pressure pot is not ideal but it was unavdelab

The pressure pot consists of a length of steel pitie a piece of C-channel welded
on one end and a piece of steel plate welded onttiex (the C-channel was used to
allow room for the injection line to protrude frotime pressure pot). A threaded hole
was made in each end of the pressure pot to albovinfection and compressed air

lines to be connected.

4.2.3 Mould

The layout for the mould was based on that destrityeRouisoret al. “* ) It has a
rectangular mould cavity with injection ports loeatin the corners of one mould face

and a single exhaust port located in the centtkeomatching mould face.

A composite mould was initially made and showedt tthee port layout worked

provided the fibres were correctly positioned witkhe cavity. The fibre mats had to
be undersized inside the cavity in order to allowrkesin to flow around the edge of
the fibre mats freely before flowing inward and tiveg out the fibres (this is known

as edge-flow).

Following testing of the composite mould, a mouldswnade from mild steel plate.
The mould consists of three components; upper ewdrl mould plates and a spacer
into which the mould cavity and a groove for anirggrseal were machined. The
spacer was siliconed and screwed in place ontéother mould plate. The perimeter

of the upper mould plate was machined away to eraatep so it could be positioned
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easily by dropping partially into the mould cavifjhe mould was closed using 16
M12 high tensile bolts.

The design included four inlet ports located infingr corners of the mould cavity on
the lower mould surface and a single exhaust padted in the middle of the upper
mould surface. By locating the inlet ports on tér mould surface and the exhaust
port on the upper mould surface, air bubbles caasdily flow up and out of the
mould. Injecting from the corners of the mould ¢taweemed a good method as the
flow front would decrease in size as it advanced ie combination of this decrease
and four inlet ports would allow for fast mouldiifig. Problems with the composites
initially produced resulted in the mould eventudlging used in reverse i.e. the inlet
ports were used as exhaust ports and vice versaofe detailed explanation is

provided in section 4.4.1.

The mould was designed for a pressure of up tok&@0 This limiting pressure is not
an indication of when the mould would fail but istwally the point at which
deflection in the mould would result in a noticealghange in fibre fraction. The
accuracy of the fibre fraction is dependant ondbeuracy with which the mass of
fibres before resin injection and the mass of #wilting composite can be measured
(approximately 0,1 g using the laboratory scale).

The mould was designed without built-in provisiam heating in the interests of cost
and simplicity. The decision was made that when rtteaild required heating this

would be accomplished by placing it inside an oaed leaving it to reach the desired
temperature. It was assumed that the thick stesal sthe construction of the mould
would have a high enough thermal inertia to ofts®y quenching effects caused by

resin during filling.

All the fittings used were commercially availablegomatic fittings made either from
aluminium or POM plastic. The tubing used was mé&den polyethylene which

allowed for easy cleaning and removal of curednrehie to the self-lubricating
property of polyethylene.
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Composites measuring 280 mm by 260 mm by 4 mm mer@uced using the mould.
The size of each composite was sufficient to obBagpecimens for tensile testing, 6
for flexural testing, 6 for impact testing and 4 feater absorption tests. These figures
include one extra specimen for each test in acooelavith various standards that
will be detailed in section 5.1.

Figure 4.5 Mild steel mould: upper mould platetjleind lower mould plate with

spacer (right)

4.3 Production technique

Before production could commence, a number of ssueeded to be addressed.
These included: the combinations of parameters ¢e to produce polyester
composites, how long it would take to effectiveBahthe mould in an oven, how best
to dry fibres and how to determine the resultamefimass and volume fractions.

4.3.1 Combinations of processing parameters

Apart from altering fibre moisture content and ntbukmperature in polyester
composites, it was decided that some compositesidwalso be produced by
pressurising the mould after injection in the hopk increasing fibre-matrix
interaction and reducing the size of voids. The lomiations that were eventually
decided upon for production of polyester composées shown in Table 4.5. The
combination shown in red, “room temperature mouitlyes dried and mould

pressurised”, could not be produced. Resin in thection and exhaust tubes was
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found to cure before resin inside the mould, whdcle to cure shrinkage resulted in

compressed air entering the mould and ruining tmeposite inside.

The production of vinyl ester and epoxy kenaf filbeenforced composites did not
require the numerous combinations of parametens @ case of the polyester ones.
One set of parameters was decided upon and usdabforresins. The fibres were
dried and the mould heated as this provided redegete times and according to
literature should result in good quality compositésass equivalents were produced
for comparison. Glass fibre reinforced polyestat apoxy composites were produced
using a heated mould but vinyl ester ones were ymed using the mould at room
temperature due to difficulties in production. Thblems are described in more
detail in section 4.4.2. It was considered accdetéh produce these composites at
room temperature because glass fibre reinforcedposites were for comparative
purposes only and are not the focus of this stude parameters used for the

production of vinyl ester and epoxy composites loaiseen in Table 4.5.

Table 4.5 Processing conditions for composites

Fibre Volume Fraction Resin Room Temperature MouldHeated Mould (50-55°C)
15,22.5& 30 % Polyester Kenaf Fibres Undried Kdtibres Undried
15,22.5& 30 % Polyester Kenaf Fibres Dried Kefiaafes Dried
15,22.5& 30 % Polyester Kenaf Fibres Dried and Kenaf Fibres Dried and

Mould Pressurised Mould Pressurised
15,22.5& 30 % Polyester Glass Fibres
15,22.5& 30 % Vinyl Ester Kenaf Fibres Dried
15,22.5& 30 % Vinyl Ester Glass Fibres
15,22.5& 30 % Epoxy Kenaf Fibres Dried

15,22.5& 30 % Epoxy Glass Fibres
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4.3.2 Heating the mould

In order to find out how long it would take to hetie mould to the required
temperature, an oven was pre-heated to 55°C, thédmeas placed inside and
measurements of the surface temperature of thedhweite taken using an infrared
thermometer at various time intervals. 55°C wassehdased on the values found in
the literature survey. The results are shown irufeigd.6. It was decided that the
mould would need to be heated for at least 3 hdarsachieve the required

temperature.
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Figure 4.6 Mould temperature vs. time for moulémoven at 55°C

4.3.3 Drying of fibres

The method of heating the mould and applying a wacwsuch as that used by
Rouisonet al. ®* >®was experimented with but the reduction in fibr@isture content
was found to be low. It is well known that there #nree ways in which heat can be
transferred; convection, conduction and radiatidGracuum drying eliminates
convective heat transfer because there is no @ugfn which heat can be transferred.
Natural fibres are hollow in structure and are thaed insulators making conductive
heat transfer between fibres poor as well. Thisnmedghat vacuum drying natural

fibres relies mainly on radiation for heat transfewas hypothesised that the cause of
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the low reduction in moisture is because only sbnear the mould surface are dried
as radiation is unable to penetrate to the cerittbeofibre mats. To verify this, three
layers of fibres were vacuum dried in the mould ahd mass was recorded
periodically. One layer of fibres was then vacuunedl in the mould and the fibre
mass was once again recorded periodically. As é&deone layer of fibres lost a
higher percentage of moisture than three layerausecthe radiation could penetrate
proportionally deeper into the single layer of &br Results are shown in Figure 4.7.
For comparative purposes values obtained for dryafigfibres at atmospheric
pressure, 83 kPa in Johannesburg, in the oven &lavebeen included. In all cases,
fibres were taken from ambient room conditions wehemperatures ranged from 20-
23°C and relative humidity ranged from 45-55 %thiése conditions were not met,
tests would be postponed.

The investigation into the efficacy of vacuum dryjprompted a further investigation
regarding the drying method of Rouisetral. ®* >) The mould used by these authors
was made of aluminium. According to Gray and Muefi® and Harrisorf*?, steel
has a higher emissivity than aluminium. This implieat using an aluminium mould
for vacuum drying should result in poorer dryingfibres than if steel is used. To
investigate this, one layer of fibres was placetiveen two sealed aluminium plates
and heated under vacuum. As expected, the fibstsaltower mass percentage than
when the steel mould was used. The results arersihmoWwigure 4.7. Smooth surfaces
such as those required in a mould for good surfeeh emit less radiation than
rough or black surfaces. Rouisenal. * ?® did not provide any data to show the
efficacy of their method of vacuum drying. Howewre results shown in Figure 4.7
indicate that due to the low emissivity of smoothfaces, drying of fibres under

vacuum in moulds such as those used for RTM idantfe.
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Figure 4.7 Effect of various drying methods ondilmnoisture loss

It is clear that in order to adequately dry thedg) they need to be dried in air. It was
found that acceptable drying of the fibres couldabkieved by loading the fibres into
a preheated mould, placing the mould in the oveh dmawing warm air through it.
This method prevented the fibres from reabsorbingstare while being loaded into
the mould after drying. Air was drawn through theutd using a venturi connected to
the inlet port. The results obtained using thishnodtare also presented in Figure 4.7.
Not all fibres could be dried in this way. Compesitmade using dried fibres in a
room temperature mould had to be produced by dryiedibres in an oven and then
placing them inside the mould quickly enough to idvthe fibres reabsorbing
moisture from the atmosphere. A test was conduateldit was determined that if the
fibres were removed from the oven and sealed ingidenould within two minutes,
they did not absorb a significant amount of moistiResults of this test can be seen
in Figure 4.8. Fibres were dried at 55°C for fiveurs and then removed from the

oven.

As a result of these tests, all fibres were drieddt least three hours. When fibres
were dried in the oven and subsequently sealedantie mould, this process was

completed within two minutes of their removal fréine oven.
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Figure 4.8 Fibre mass increase vs. time after dryin

4.3.4 Determination of fibre mass and volume fractions

One of the advantages of using RTM to produce akfilore reinforced composites is
that the composite fibre fraction can be relativedgily controlled. Determination of
fibre mass fraction is achieved by measuring theshwd fibres before resin injection
and then measuring the mass of the composite artieof production. From these

values fibre volume fractions can then be calcdlatgng the following equation:

_ mf pc
mcpf

V, (4.1)

Because some fibres were to remain undried and seeme to be dried without
removal from the mould it was necessary to deval¢gchnique to determine the dry
mass of the fibres in each composite. The technipael was to take a small sample
of fibre mat and measure the mass of both it aadrtass of the fibre mats to be used
in the composite. The sample could then be drieiragasured in order to obtain a
percentage decrease in mass due to moisture lesgy this percentage, the dry mass
of the fibres in the composite could then be deteech Sample fibre mats were dried
at 105°C for 18 hours according to the method yesladsert™?.



41

It must be emphasised that the aim of drying thees in this manner was to
determine a value of dry fibre mass so that comessivhere fibres were undried or
dried could be compared. Drying of fibres as désctiin the previous section does
not result in complete removal of moisture and tlallscomposites contain an

unavoidable content of moisture.

4.3.5 Preparation of fibres

Fibre layers were cut from a roll of fibore mat intectangular pieces measuring
285 mm by 265 mm using a guillotine. The rectanguections were oversized
slightly to avoid the occurrence of edge-flow iretmould. The fibre layers were
always cut with the sides measuring 285 mm aligpadhllel to the lengthwise

direction of the roll because it was assumed thatas not isotropic in the plane as
found by O’Dell®®, Sample pieces of fibre mat for determination ibfef fraction

were obtained from off-cuts.

The mass of the fibre layers and the samples wesuned using a scale accurate to
0.1 g. Care was taken to ensure that the masdm@sfifor composites of the same
fibre fraction were approximately the same in eaabe. Production log sheets were
kept and these values of mass were recorded. Anmgraof a log sheet for each resin

can be found in Appendix B.

Depending on the composite to be produced, fibresldveither be loaded into the

room temperature / heated mould or placed in tkes dor drying.

4.3.6 Production of composites

Resin transfer moulding with polyester resin walsi@ed using the RTM machine.
For epoxy and vinyl ester resins, resin was mixgdhbnd and sucked into the
pressure pot using a 40 kPa (absolute pressurauracrhe vacuum was maintained
for 10 minutes to remove bubbles in the resins edlsy mixing and in the case of
vinyl ester resin also by the reaction of the resith the catalyst. Degassing was
found to be less effective for the epoxy than Far vinyl ester resin. Degassing could
not be carried out for longer than 10 minutes withiasking curing of resin before

complete mould filling.
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For polyester resin, accelerator and catalyst weseed into the resin in a ratio of
1.5 % by mass each. For vinyl ester resin, acdeleaad catalyst were mixed into the
resin in a ratio of 0.3 % and 1 % by mass respelstiHardener was mixed into

epoxy resin in a ratio of 28 % by mass.

For fibre volume fractions of 15 % and 22.5 % ajedtion pressure of 250 kPa
(gauge pressure) was used with a vacuum assissupee®f 40 kPa (absolute
pressure). For the 30 % fibre volume fraction, ¢tign pressure was increased to
350 kPa. These pressures resulted in fast cyclestiand complete mould filling
before cure. For glass fibre reinforced vinyl est@mposites, injection pressures were
0 kPa, 100 kPa and 200 kPa for 15 %, 22.5 % anth 3bre volume fractions with

40 kPa vacuum pressure.

Following complete mould filling, resin was allowéal run until no air bubbles were
observed in the exhaust lines. The vacuum was rifleased and the RTM machine
or pressure pot shut-off and disconnected. Thectioye line connected to the mould
was then plugged. In composites where the mould pvassurised after filling, a

pressure of 600 kPa was applied using a compresskde.

Composites where the mould was at room temperatureg injection were left
overnight to cure and then demoulded. Compositeevthe mould was heated were
left in the mould for at least an hour before deldimg except for epoxy composites
which were left overnight. All composites were posgted according to the

instructions laid out in the relevant data sheets.

4.4 Production problems

4.4.1 Problems with the mould

Trial runs using the mould revealed problems wite tomposites being produced.
Lines were appearing on the surfaces of compoditesome cases the lines were
barely visible and in other cases they were veonpunced and it appeared as if the

fibres were not being wet-out along these lineaargples of these composites can be
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seen in Figure 4.9. These lines did not appearngno&the composites made using
the composite mould.

Figure 4.9 Lines on composites

The lines were assumed to be related to resin ftesin cure, moisture build-up or
the accumulation of dust in the fibres along th&how visualisation was conducted
to determine the cause of the problem by replacmg of the steel mould plates with
an acrylic panel. The results can be seen in Figure.

Figure 4.10 Flow visualisation - resin injectednfronould corners
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The exact cause of the problem cannot be deternimed the pictures as the flow
front appears as expected and the design of thedm®uased on literature which
does not mention similar problems. The lines asu@med to be “knitting lines”, a
phenomenon that occurs where flow fronts meet. iBhgausible considering that the
lines appeared along the diagonals of the composie the lines along which the
corners of the flow front moved during mould filinin order to confirm this, the
mould was filled in reverse i.e. from the centrg.flling the mould from the centre,
the flow front is expected to be circular in shape thus symmetrical along any axis.

Flow visualisation was conducted again and theltesan be seen in Figure 4.11.

-

Figure 4.11 Flow visualisation - resin injectednfronould centre

Filling of the mould from the centre worked andtking lines no longer appeared on
the composites. This had implications for all cosifes to be made in future. Mould
filling would take longer than expected and mospamantly, in order to use the
central port for injection and the corner portsdahausting, the mould would have to
be flipped to ensure that resin flowed upward thllsving air bubbles to escape from
the mould more easily.
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4.4.2 Problems with vinyl ester resins

As stated in section 4.1.2 the vinyl ester resigioally purchased was “Scott Bader
DP 333” and it was supplied with “Scott Bader Aecator VE” and “Norox MEKP
925” Catalyst (M-100 catalyst). The resin is ddsedi in the data sheet as follows:

“Low Viscosity Epoxy Vinyl Ester Resin for vacuumfiision and RTM”

Initial trials using this resin with kenaf fibressulted in specimens where the fibres
were not properly wet-out by the resin. Followirggrpletion of injection, it was also
observed that resin would start to flow out of &xaust lines after a few minutes. It

appeared as if the resin was gassing.

Figure 4.12 Failed vinyl ester resin compositet)lahd vinyl ester resin gassing

following injection (right)

Technical staff at the supplier were contacted alboe gassing problem and they
included a counterpart from their U.K. divisionegmail discussions. It was suggested
that it might be the catalyst causing the gassimdthat it is not a problem in open
mould processes but when using a closed mouldftbet® are exaggerated. Although
it is common for vinyl ester resins to gas upon dlddition of catalyst, it had been
taken for granted that this would not occur givieat the resin was intended for use in
closed mould processes. First a catalyst callecgbhiox 239" was recommended to
overcome the gassing problem but it was not avail&dically. “Andonox PD-40”
catalyst was then recommended as a potential epkaat. Enquiries regarding
obtaining some of this catalyst were unsuccessfult dnad to be purchased in a

minimum quantity of 25 kg which was impractical ahédre was in fact no guarantee
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that this would solve the problem. Obtaining a $reaimple of this catalyst from a

local company utilising it in production was alsiedl but unsuccessful.

Since an alternative catalyst could not be sourttexlpnly other means by which the
gassing could be overcome was to degas the refinebimjection. This meant that
the pressure pot would have to be used insteatheoRITM machine because the
entire quantity of resin required would have torbeed at once. This worked and

kenaf fibre reinforced vinyl ester composites wanecessfully produced.

Following the production of the kenaf fibre reirded vinyl ester composites,
production began with the glass fibre reinforceceonThe same technique for
producing the kenaf fibore composites was used haé @gain, the resin was gassing
and this time for a different reason. Extended dsig@, pressurisation during cure,
reducing the amount of catalyst, altering mould gerature, washing of the fibres

with catalysed resin and combinations of these a#rteied but failed.

It seemed as though the sizing agent on the sudbttee glass fibre chopped strand
mat was reacting with the resin. When the resinecano contact with the glass fibre
chopped strand mat, gassing occurred and whemi @ato contact with kenaf fibres,
no gassing occurred. For comparison to the chogpedd mat, the resin was tested
with some unidirectional glass fibres which hadrbeaccessfully used with a vinyl
ester resin in a different project. During thisestlproject, no problems with gassing
of resin upon contact with fibres had been expegdnFigure 4.13 shows the resin
gassing with the chopped strand mat fibres anduthéirectional fibres. As can be
seen, the gassing must have been caused by aactidarbetween the sizing on the

glass fibres and the specific resin being useceras the additives in it.
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Figure 4.13 Vinyl ester resin gassing with CSM glésft) and UD glass (right)

In order to determine if it was the resin, catalysticcelerator that was the cause of
the reaction with the sizing agent, an alternatoreeach was obtained from a fellow
post-graduate student using a different vinyl estsin system. These were as
follows: “Derakane Momentum 411-350 Epoxy Vinyl &stResin”, Cobalt
Naphthenate accelerator (CoNap 1 % concentration)) 6A3 Catalyst (M-100
catalyst). Combinations of these were mixed in ssahples and degassed and glass
chopped strand mat was then added in order tdf gessing occurred. The results of
this test can be found in Table 4.6 (catalyst andelerator were added in the

minimum quantities according to the data sheetgsadbla).

Table 4.6 Results of test to determine source s$igg in vinyl ester resin

Resin Accelerator  Catalyst  Result

DP 333 Acc. VE  MEKP 925 Gas
DP 333 Acc. CoNap Cat. LA3 Gas
DP 333 Acc. CoNapMEKP 925 Gas
DP 333 Acc. VE Cat. LA3 Gas
Derakane Acc. CoNap Cat. LA3 No Gas
Derakane Acc. VE = MEKP 925 No Gas
Derakane Acc. VE Cat. LA3 No Gas
Derakane Acc. CoNap MEKP 925 No Gas
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The results of this test indicated that the Sceaitldd DP333 resin was the problem
and that it should be possible to produce glase fimmposites using the Derakane
resin. This meant that the kenaf fibore compositemsady made using the Scott Bader

resin would have to be discarded and new ones peatdlu

Inhibitor was required with the Derakane resin liseacuring was occurring before
mould filling was complete. Acetyl acetone inhibbiteas subsequently purchased and
it allowed for the mould to fill completely withoyroblems. During production of
one of the first glass composites, gassing occusrex® more. It was suspected that
excess inhibitor had mistakenly been added whibangithe resin. In order to verify
that it was the inhibitor causing the gassing, $mamhples were once again mixed.
The first of three samples contained 0.06 % by nwsmhibitor, the maximum
indicated in the Derakane data sheet and it wastegbom temperature. The second
also contained 0.06 % by mass but this time thepkanvas heated to 55°C. (The
second sample was heated to see if the reactiold ¢x@ubrought on by elevated
temperatures). The third contained 0.12 % by masthditor and it was left at room

temperature. The results of this test are present&dble 4.7.

Table 4.7 Results of test to determine the sourgassing in Derakane vinyl ester
resin containing inhibitor

Resin Accelerator  Catalyst InhibitoTemperature Result

Derakane Acc. CoNap MEKP 925 0.06 % RT No Gas
Derakane Acc. CoNap MEKP 925 0.06 % 55 Celsius No Gas
Derakane Acc. CoNap MEKP 925 >0.06 % RT Gas

As can be seen from the table, adding excess tohibould cause gassing of the
resin. Earlier trials showed that the Scott Badssir cured more slowly than the
Derakane resin indicating it probably containedbitbr. It is possible that the reason
the Scott Bader resin gassed when it came intoacomtith glass fibres was that it
contained an excess of inhibitor. The Scott Badsmrhas since been discontinued

and replaced.
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Following problems with gassing in glass fibre \iegter composites it was decided
to avoid the use of inhibitor if possible. For thésason, glass fibre reinforced vinyl
ester composites were produced using the room textype mould.

4.4.3 Other problems encountered during composite produaebn

Throughout the course of composite production, mber of other problems were
encountered and include; curing of the resin befooeild filling was complete and
loss of vacuum during mould filling. Examples ohgoosites that resulted from these
problems can be seen in Figure 4.14 and Figure 4t15 interesting to note in

Figure 4.15 the presence of bands where the vagvasiost and then reconnected.

Figure 4.14 Composite production failure - resinrog during mould filling

Figure 4.15 Composite production failure - loss@tuum
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5 TESTING
5.1 Testing standards and specimens

5.1.1 Location of test specimens in composites

All test specimens were aligned along the lengtbwdsection of each composite.
This was done because the fibre mats were potigntiat isotropic in the plane as

found by O’Dell®®. The location of each test specimen can be seEigime 5.1.
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Figure 5.1 Location of test specimens in composites

5.1.2 Tensile testing

Tensile tests were conducted in accordance withM®B38. Test specimens were
type I/ll and were machined using a bench-mounteeumatic router and a tensile

specimen jig.
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5.1.3 Flexural testing

Flexural tests were conducted in accordance witliTMSD790. Test specimens
measured 90 mm in length, £ 16 mm in width and wesehined using a bench-

mounted pneumatic router and a flexural specingen ji

5.1.4 Impact testing

Impact tests were conducted in accordance with A®R6 for in-plane Izod impact
tests. Test specimens were first machined to sk then notched on a milling

machine.

5.1.5 Water absorption testing

Water absorption tests were conducted in accordavitte ISO R62 (an ASTM

standard was not available). The specimens werercatband saw to an approximate
dimension of 50 mm by 50 mm followed by which thées were sanded on a belt
sander to a more accurate size. Sanding on thesdmaiter also produced a uniformly

smooth surface that could not be obtained usindpaimel saw.

The standard required specimens to be immersed aterwfor 24 hours and
measurements of mass and dimension then takensimdard was modified so that
an initial measurement was taken after 1 hour, amather after a further 23 hours.
Specimens were subsequently measured at various ifitarvals for four weeks.
When taking measurements, specimens were remowved thie water, dried using
paper towel and then left in air for 5 minutes ltova surface water to evaporate. The
dimensions measured included length, width, thiskred the centre and thickness at a

point located approximately 7.5 mm from the edgéhefspecimen.

5.2 Testing equipment

5.2.1 Tensile testing equipment

Tensile testing was carried out on a JJ Lloyd teriesting machine. Specimens were
mounted into rigid jaws. Depending on the specinta¥ing tested, either a 5 kN or a
100 kN load cell was used (all kenaf fibre reinfltcomposites were tested using the
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5 kN load cell). An external extensometer was ugedneasure elongation with a

gauge length of 50 mm (in accordance with ASTM D638 test setup can be seen
in Figure 5.2.

Figure 5.2 Tensile test setup

A Matlab programme was coded to process raw dataas$ found that the stress-
strain curves exhibited regions of both linear amah-linear behaviour and the
programme produces two values of elastic modulesrdangly i.e. linear modulus
and secant modulus. An example of a stress-stwawre@xhibiting this behaviour can
be found along with sample calculations in Appen@ixThis behaviour was more
pronounced in kenaf fibore composites however botear and secant moduli were
also calculated for glass fibre composites for shke of comparison (these moduli
were found to be very similar for glass fibre comsipegs as shall be seen in
section 7.6). The programme allows for processingumerous tests specimens at a
time. An output text file containing results is tien by the programme which
includes maximum stress, maximum strain, linear wheg] secant modulus, average
values for each and the corresponding standardt@vs. The code can be viewed in
Appendix D.
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5.2.2 Flexural testing equipment

Flexural testing was carried out on the same Jyd.ltensile testing machine.
Specimens were tested on a three-point bendinwitly a support span of 64 mm.
The two end-point blocks were modified to includeabng-mounted shafts which
eliminated slipping of specimens during testingp&eding on the specimens being
tested, either a 0.5 kN or a 5 kN load cell wadugeeflection was measured using

the internal extensometer of the testing machine.

Figure 5.3 Flexural test setup

A Matlab programme similar to that used for progegdensile data was coded and

can be viewed in Appendix D.



54

5.2.3 Impact testing equipment

An instrumented 1zod impact machine was used fqraich testing. Standard impact
tests allow only for the determination of total iagp energy while instrumented
impact tests can provide total impact energy, ahitinpact energy (energy absorbed
before the onset of failure), propagative impacirgy (energy absorbed between the

onset of failure and ultimate failure) and impaogsgth*.

The machine used was designed by I'Sfsa previous postgraduate. Due to the low
impact resistance of kenaf fibre reinforced comgessia smaller pendulum was
designed and built in accordance with ASTM standB@b6 to provide better

accuracy. The test setup is shown in Figure 5.4.

Figure 5.4 Impact test setup

A “PCB” accelerometer mounted to the back of thekisig pendulum was used to
measure acceleration (the data sheet for the aoosd¢er can be found in Appendix
D). The accelerometer was connected via an amptdi@ data capturing unit which

was connected to a laptop running “Graphtec Cotmora software. Using a

* The amount of energy absorbed in an impact sesbnventionally referred to as impact strength. In
this work, for the sake of consistency with tensitel flexural strength, impact strength refersttess

and impact energy to the amount of energy absdrbad impact test.
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conversion constant, raw data in mV could be caedemto acceleration using a

conversion constant of 100 mV = 9.81 fn/s

The raw data was filtered using a cut-off frequentyL.5 kHz as done by I'Orf&>.
1.5 kHz was used because it was found that a Ewrgmint of noise existed at higher
frequencies. The same Matlab code written by I'S8Hsvas used to determine where
noisy frequencies lay. The code analysed the dmtaugh the use of a Fast Fourier
Transform. The code can be found in Appendix D.

Using the filtered accelerometer data and the pendunass and dimensions, force
vs. time was determined. Velocity was determined noynerical integration of
acceleration vs. time. A programme was coded bys'®” to perform the various
integrations and produce force vs. displacemerd &am which he calculated the
impact energy. His code was modified in a numbewals for this project. The
modifications made included: updating for use owereversions of Matlab; inclusion
of code to allow for multiple specimen analysiglusion of code to write a text file
containing test results instead of visually dispigyresults (the text files contained
averages and standard deviations) and calculafi@mergy from mass and velocity
instead of integrating force vs. displacement traeggicing error caused by multiple
integrations of data. The Matlab code used cambed in Appendix D.

5.2.4 Water absorption testing equipment

Specimens were placed on racks made from alumimside plastic containers filled
with distilled water. These containers were pdstimhmersed in a tank containing tap
water. The temperature in the tank was maintaingtiearequired 23°C using a fan
and a thermocouple and controller which switchgaump on and off. The fan ran
permanently to produce a cooling effect on the watethe tank and when the
temperature dropped below the required limit, tbetller would turn on the pump
and circulate water through a heating coil locatatside the tank. The temperature
was monitored using a thermometer and was fountbetowell within the limit
required by the ISO standard (+0.5°C). One of thenamium racks used and the
water absorption test setup can be seen in Figbrarts Figure 5.6.
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Figure 5.6 Water absorption test setup
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5.2.5 Scanning electron microscope

Examination of specimen failure surfaces was cotetliasing a JEOL 840 scanning
electron microscope. Specimens were coated withocaand gold-palladium to

increase their conductivity.

Figure 5.7 Examples of coated SEM specimens
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6 OBSERVATIONS

6.1 Properties of the kenaf fibre mat

For equivalent fibre volumes, the total thicknesshe kenaf fibore mats was notably
thicker than that of the glass fibre mats. The kiickenaf fibre mats were

consequently more difficult to close inside the idailhan the glass fibre mats. Fibre
mats had to be pressed when making 30 % fibre wlfraction kenaf composites
because the layers of fibres were thicker tharsgaeer plate of the mould. The fibre
mats were pressed by placing them two at a timderthe mould and closing it. This
process was time consuming but could be avoideduinre by increasing the

thickness of the spacer plate and size of theistdpe upper mould plate.

6.2 Mould filling

Mould filling time was found to vary depending dnmettype of fibres and mould
temperature. Table 6.1 shows the time taken fon iesappear at the exhaust ports
for different fibres and mould temperatures. Thauhs in the table are for polyester
resin and values for kenaf fibre composites areaaes. As can be seen, heating the
mould leads to shorter filling times due to theuetbn in viscosity of the resin. Glass
fibore composites have much shorter filling timearttkenaf fibore composites. This is
probably due to the smoother, more regular surtdcde glass fibres offering less
resistance to resin flow than the rough kenaf fbide glass CSM, fibres are also
better aligned in the plane of the composite wraltbws for resin to flow between

plies more easily than in kenaf non-wovens.

Table 6.1 Mould filling times

Kenaf Fibres Kenaf Fibres Glass Fibres

Fibre Volume Fraction
Room Temperature MouldHeated Mould Heated Mould

15 % 91 seconds 78 seconds 35 seconds
225 % 226 seconds 168 seconds 41 seconds
30 % 256 seconds 161 seconds 59 seconds
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6.3 Composite quality

There was no difference observed in the qualitiesfaf polyester composites made
using either dried or undried fibres in the heabedoom temperature mould. The
surfaces appeared the same and composites hadrsumidl content. Poorer surface
finish was observed with increasing fibre fractidue to fibres at the surface not
being properly encapsulated by the resin. This wasesult of the amount of

compressive force required to close the fibregdmsne mould.

Epoxy composites had the best surface finish foh Benaf and glass fibres. This is
probably due to the lower shrinkage of the resirenviscompared to polyester and
vinyl ester resins. Polyester and vinyl ester kes@mhposites had smoother surfaces
than glass equivalents at low fibre volume fradidout not at high fibre volume

fractions. Areas where polyester and vinyl estasglcomposites had pulled away
from the mould surfaces during curing could eabiyseen. It is possible that the
inherent spring-back in the kenaf fibore mats causgdheir compression inside the
mould allowed kenaf composites to expand and fif areas opened up by shrinkage
of the resin. This might be detrimental to the natbal and water absorption

properties of these composites if internal voidd amcro cracks develop where resin

resists the expansion of the fibres as suggestedrbgrenet al. ¢*.

In glass fibre composites, the fibres appearedbetet out by the epoxy resin than
either the polyester or vinyl ester resins. In pshgr and vinyl ester glass composites,
fibre bundles were visible but epoxy compositesensdmost transparent. Vinyl ester
and epoxy glass composites appeared to have highdrcontent than polyester
composites presumably due to these resins beingdhix hand and in the case of the

vinyl ester resin due to gassing.

6.4 Testing

In tensile and impact tests, epoxy composite speesnad smoother failure surfaces
than polyester and vinyl ester ones where fibregrpding from the surface could
easily be seen. van den Oeeerl. ® observed a similar result for polypropylene
(PP) and maleic anhydride polypropylene (MAPP) flidxe composites where
MAPP had bonded better to fibres than PP.
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In flexural tests, epoxy composite specimens brdkanly into two pieces while
polyester and vinyl ester ones experienced faiuré¢he tensile surface and remained
in one piece. In the work of Sékkeal. ®) methacrylic anhydride treated hemp fibre
polyester composite specimens broke cleanly inwkide untreated fibre composite

specimens did not.

Based on the results of van den Oeeeral. ®® and Seébeet al. © these two
observations imply better fibore matrix adhesionaestn kenaf fibres and epoxy resin

than polyester or vinyl ester resin.
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7 RESULTS

7.1 Introduction

The results for the different processing conditians presented first. The effects of
differing resin system are then presented andlfirsgecific properties of kenaf fibre

reinforced composites are compared to those ofsdiase reinforced composites.

Where theoretical values are applicable, they Hepen included in results pertaining
to comparison of composites made using various regstems. Sample calculations
for both experimental and theoretical results cafoloind in Appendix C.

Where reference is made to the mechanical propesfi@inreinforced resins, values
were supplied by the manufacturers because spesimere found to be too brittle to
be machined and tested.

Micrographs from scanning electron microscope sidre only presented for 22.5 %
fibre volume fractions but are sufficient to obsemesults. Micrographs for 15 %,
22.5 % and 30 % and additional micrographs inclubgdnterest can be found in

Appendix E.

Results for the water absorption tests are dividéal mass change and dimensional
change of the specimens. Dimensional changes asemted for thickness, length and
width. The two measurements taken for thicknessesrh specimen are averaged
while length and width measurements are separaté asms found that all the
specimens tested experienced a larger dimensiommakase in their lengthwise
direction than in their widthwise direction.

Changes in mass for water absorption tests ovewavieek period are shown for

22.5 % fibre volume fraction composites only angdenbeen included as examples.
These are sufficient to examine trends in compositess change. Changes in
dimension for water absorption tests over a fouekveeriod have not been included
in the interest of brevity. Bar graphs showingm#ie mass and dimensional change

after four weeks of immersion have however beenuded for all fibre volume
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fractions. Comprehensive results for changes irsraad dimension for 15 %, 22.5 %

and 30 % fibre volume fractions can be found in émgix F.

All results have been presented using a codingesysEach composite was coded
using either three or four sets of characters kieoaf fibre reinforced composites, the
first set indicates the resin system: UP (unsatdrgiolyester), VE (vinyl ester) and
EP (epoxy). The second set indicates whether ofilmeats were dried: AD (air dried,

either in the open oven or using air drawn throtlgh mould) and ND (not dried).

The third set indicates the temperature of the chddl(heated) and NH (not heated).
The fourth set is used only where applicable andicates if the mould was

pressurised following injection: P (pressurised. §lass fibre reinforced composites,
the same system was used except since dryingrekfibas not applied, the AD / ND
characters were replaced with GE standing for gkxpsivalent. As an example,

UP-ND-H stands for: unsaturated polyester resbrefi not dried and heated mould.

Fibre volume fractions are presented as 15 %, 22.and 30 %. These figures
however represent approximate values and 14-15192326 and 28-30 % are more
accurate. The variations in fibre volume fractiovere caused by a number of factors
related to the resulting composite thickness aratefore volume. The composite
thickness depended to a certain degree on the murhlibre layers placed inside the
mould and the type of fibres being used (kenaflasgyfibres). Placing more fibre
layers inside the mould made the mould more diffiticlose and potentially caused
it to deflect slightly in the middle. In additiothe silicon used to seal the middle and
lower mould parts together had to be replaced omcally and this caused a variation

in the depth of the mould cavity.

7.2 Theoretical results

Theoretical results for tensile and flexural sttésgand elastic moduli were
calculated using the rule of mixtures. AccordingSteekumaet al. “9, Madserf*")

and Kavelin®®, the rule of mixtures although simple provides dj@stimates of
mechanical properties of natural fibre reinforce@mposites. Furthermore,

Sreekumaet al. 9 showed that many alternatives to the rule of mmegugive poor



63

estimates. Therefore, it was decided that it wdnddapplied in this work in order to

avoid more complex models that may provide worseodbetter results.

7.3 Specific properties

Specific properties of composites were calculatgdaking the relevant property and
dividing the value by the density of the composi@emposite density was determined

using the following equation:

(7.1)
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7.4 Results - processing conditions

7.4.1 Tensile tests
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Figure 7.1 Effect of processing conditions on tiensirength
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Figure 7.2 Effect of processing conditions on tiensecant modulus
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Figure 7.3 Effect of processing conditions on teenlsnear modulus

7.4.2 Flexural tests
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Figure 7.4 Effect of processing conditions on fl@tstrength
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Figure 7.6 Effect of processing conditions on fi@tdinear modulus
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7.4.3 Impact tests
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Figure 7.8 Effect of processing conditions on insiength
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7.4.4 SEM examinations
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Figure 7.9 SEM micrographs of impact failure sueof composites made using
various processing conditions at 22.5 % fibre vaumaction

In Figure 7.9 the letters correspond to the follogvcomposites:

a: UP-AD-H b: UP-AD-NH
c: UP-AD-H-P d: UP-ND-H
e: UP-ND-NH
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7.4.5 Water absorption tests

Mass change

8 i
S ~UP-AD-H
2 UP-AD-NH
S ~+ UP-AD-H-P
= ~-UP-ND-H
% - UP-ND-NH
2 2

0 ! T T T 1

0 200 400 600 800

Time (hrs)
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Figure 7.11 Effect of processing conditions on masgease after four weeks of

water absorption
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Thickness change

s

S

26

5

0]

Z s

v B UP-AD-H
£ 4 O UP-AD-NH
< B UP-AD-H-P
g3 B UP-ND-H
S B UP-ND-NH
— 2 -

22l

:

22 | 7

Q

2

= G -

15% 22.5% 30%

Fibre Volume Fraction
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7.5 Results — resin system

7.5.1 Tensile tests
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Figure 7.16 Effect of resin system on tensile senadulus
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Figure 7.17 Effect of resin system on tensile Im@adulus

7.5.2 Flexural tests
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7.5.4 SEM examinations

Figure 7.23 SEM micrographs of impact failure scefaof composites made using

various resin systems at 22.5 % fibre volume foarcti

In Figure 7.23 the letters correspond to the follgrcomposites:

a: UP-AD-H b: VE-AD-H
c: EP-AD-H
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7.5.5 Water absorption tests
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7.6 Results - specific properties

7.6.1 Specific tensile properties
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Figure 7.29 Comparison of specific tensile strerigttkenaf fibre and glass fibre

reinforced composites
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Figure 7.31 Comparison of specific tensile lineadurlus for kenaf fibre and glass

fibre reinforced composites

7.6.2 Specific flexural properties
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Figure 7.32 Comparison of specific flexural strénfglr kenaf fibre and glass fibre
reinforced composites
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7.6.3 Specific impact properties
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8 DISCUSSION
8.1 Processing conditions

8.1.1 Tensile tests

Results of the tensile tests show no significarffedénce in tensile strength

(Figure 7.1), secant modulus (Figure 7.2) or lineaodulus (Figure 7.3) for

composites made with either dried or undried fidoesany fibre volume fraction. At

22.5 % and 30 % fibre volume fractions, for compessimade using dried fibres
(UP-AD-H, UP-AD-NH and UP-AD-H-P) it appears as tigh a cold mould might

produce composites with slightly lower mechanicadperties than those where the
mould is heated. However, when taking into accdbeterror bars and the results for
each fibre volume fraction, the difference is né¢ac enough to be considered
significant. Composites where the mould is pressdriafter injection (UP-AD-H-P)

produce the highest strength for all fibre volumacfions and in general produce
slightly higher elastic moduli, but once again, ttiéference is not significant.

Contrary to the findings of Bledzki and Gas§ancomposites made using dried fibres
performed no better in tensile tests than thoseemathg undried fibres.

It is interesting to note that the tensile strermftlall the composites is lower than that
of the unreinforced polyester resin which, accaydim the manufacturer, is equal to
63 MPa. This is contrary to normal expectation. Té@uction in tensile strength is
probably due to the inclusion of defects such aslsv@and poor interfaces during
manufacture of specimens. The tensile strengthgekiery increases with fibre volume
fraction as expected. Even though the introduabibfibres into the resin reduces the
tensile strength, it improves the fracture tougkrngace the unreinforced resin is so
brittle that it cannot be successfully machined ispecimens. In addition, tensile
secant moduli are slightly higher than the modwaliughe unreinforced polyester resin
(3.8 GPa) for all fibre volume fractions. Tensileelar moduli are also higher than the
modulus of the unreinforced polyester resin forfialle volume fractions and increase
with fibre volume fraction. The measured tensiteeéir moduli must be viewed with

caution however, since the linear region of thessirstrain curve is very small.
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8.1.2 Flexural tests

Results of the flexural tests show no significafffedence in flexural strength
(Figure 7.4), secant modulus (Figure 7.5) or limeadulus (Figure 7.6) between the
five composite types tested except for the casbefl5 % fibre volume fraction. In
this case, the composites made using the presdunseld (UP-AD-H-P) have the
highest flexural strength which is around 15-20 #eater than that of the other
composites. Secant and linear moduli are also highienot by a significant amount.
The reason for the increase could be attributethéocompression of voids during
post-injection pressurisation. However, at higheibref volume fractions,
pressurisation of the mould has little effect ore thexural properties. This is
especially true at 30 % fibre volume fraction whalefive composites have almost
identical values of flexural strength. Contrarythe findings of de Deust al. ® the
flexural properties of composites made using dfieces are no better than those

made using undried fibres.

The flexural strength of the resin was not suppbgdthe manufacturer. It is likely
that, as in the case of tensile strength, the mddiaf fibres decreases the flexural
strength of the resin at low fibre volume fractioR$exural strength increases with
increasing fibre volume fraction after the initr@duction. Both flexural secant and
linear moduli increase with increasing fibre volurmaction and there is a larger

increase from 22.5 % to 30 % than from 15 % to 22 .fibre volume fraction.

Tensile, compressive and shear stresses existeicinspns loaded in flexure. The
tensile and compressive stresses exist in the lawdrupper halves of a specimen.
Shear stresses through the thickness of the spea@neeoften critical at the interface
between the fibres and the matrix. Failure of agpen can result from any of these
three types of stresses. I'Ofi8 found that flexural properties of polypropylenkeréis
and glass fibres in a polyester matrix were impdoby treating fibres using the
oxyflourination process. The improvement was afteld to better shear stress
transfer between the constituents. In his workcispens made using untreated fibres
failed by debonding which indicates that shearss&e were responsible for the
failure. In specimens made using treated fibresydver, tensile stresses were found

to be the cause of failure. Flexural test specimerbe current research never failed
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by delamination and always failed by cracking asrdise tensile surface. This
indicates that, for these natural fibre reinforcemmposites, an improvement in
bonding between fibres and matrix would not neadgseesult in an increase in

flexural properties.

8.1.3 Impact tests

Figure 7.7 shows the results obtained for impaetgn In this figure, the division in
each bar indicates the division between initial @anopagative impact energies and
the sum of the two represents the total energyrbbdo

For all fibre volume fractions, composites madengsindried fibres absorb slightly
more total energy than composites made using dieds except at 30 % fibre
volume fraction where the UP-ND-H composite absotiis least energy. It is
possible that the fibres dried partially during tirae taken to close the mould with
such a high fibre volume fraction. Composites whigre fibres were dried absorb
significantly more total energy however. The redlirepact energy of this composite
can therefore probably be attributed to variabiligtween specimens.

At 15 % fibre volume fraction, the UP-AD-NH compiasiabsorbs the least total
energy but at 22.5 % and 30 % fibre volume fractjdhe energy absorbed is similar
to that of the other composites in which fibreseveried. It is therefore unlikely that
better fibre-matrix adhesion is the cause of tliicgon in total impact energy and is
probably due once more to variability between gspecis. This is supported by the
results of tensile and flexural tests where at 15fiBte volume fraction, the

UP-AD-H-P composite has better properties thanUReAD-NH composite. Since

the UP-AD-H-P composite is better in tensile arexdiral tests than the UP-AD-NH
composite, it could have better fibre-matrix adbesivhich is expected to reduce its

impact energy due to the reduction in fibre pult-during failure'®.

At all fibre volume fractions, the initial impactnergy is approximately equal
indicating that the mode of failure is similar fali processing conditions because the

initial impact energy shows how much energy is atst prior to the onset of failure.
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Impact strength (Figure 7.8) at each fibre volumaetion was found to be similar for
all composites. The UP-AD-NH composite has the kiwarength at 15 % fibre
volume fraction. As discussed previously, it isiéetd that this is likely to be the
result of variability between specimens and ngtrotessing conditions.

The initial impact energy and strength are not ificantly affected at any fibre
volume fraction by the processing conditions. Tleads to the conclusion that the
processing conditions have little influence ondHonatrix adhesion.

8.1.4 SEM examinations

Figure 7.9 shows SEM micrographs of the failurdazgs of the 22.5 % fibre volume
fraction composites after impact testing. All corspes failed by fibre pull-out,

confirming why the results of the mechanical tegtane so similar. It is evident that
the variation of processing conditions does noerafailure mechanism. SEM
examinations were also conducted for 15 % and Jibeé volume fractions. These
images are not presented in the results becaugeatieenot significantly different

from those of Figure 7.9 but can be found in Appeiid

8.1.5 Water absorption tests

Figure 7.10 shows the water absorption of the 2&5fibre volume fraction
composites over a four week period. Composites5ofd and 30 % fibre volume
fraction show similar trends. The rate of massaase due to water absorption is at
first high and then diminishes with time. Due toagircal considerations, water
absorption tests could not be carried out for lortpan four weeks so equilibrium
was not reached. The results however suggest thalibeium would eventually be
obtained.

Figure 7.11 shows that water absorption increaséls fibre volume fraction as
expected due to the increasing numbers of hydngpfires. At 15 % and 22.5 %
fibre volume fractions the UP-AD-H-P composite absothe least water. This trend
suggests that pressurising the mould after injactielps reduce water absorption at
lower fibre volume fractions, probably as a resiilthe reduction in void size. There

is, however, no benefit from pressurisation at 3fil&¥e volume fraction. At this fibre
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volume fraction, the UP-AD-NH composite absorbs ligest amount of water. The
UP-AD-NH composites also absorb less water thant mbthe other composites at
15 % and 22.5 % fibre volume fractions. Thus, ihed possible to suggest a single
combination of processing conditions that will redwvater absorption. Depending on
fibre volume fraction, using dried fibres in a caftbuld or pressurising the mould

after resin injection can result in reduced watesoaption.

Figure 7.12 presents the increase in thicknessi@fspecimens after four weeks of
water immersion. The effect of processing condgion the thickness does not show
any consistent trend. At 15 % fibre volume fractidine increase in thickness is
almost identical for all composites. At 22.5 % &brolume fraction, all composites
made using dried fibres show an almost identicateiase in thickness. This is also
true for the composites made using undried fibFeégse, however absorb slightly less

water than those made from dried fibres.

A comparison of Figure 7.11 and Figure 7.12 shdved both the amount of water
absorbed and the thickness increase with fibremeltraction. Further comparison of
these figures at 15 % and 22.5 % fibre volume ilbast shows no similarity between
changes in thickness and in mass for the varioosessing conditions. For example,
at 15 % fibre volume fraction, the UP-AD-H-P compe®bsorbs the least water but
shows the largest increase in thickness. At 30¥e fyolume fraction, there is some
similarity in the results for the various procegsitonditions. At this fibre volume
fraction, the UP-AD-NH and UP-ND-H composites albstite least water and show
the lowest increases in thickness while the masstlaickness increases in the other

composites are approximately equal.

Figure 7.13 and Figure 7.14 present the increatength and width of the specimens
after four weeks of water absorption. It can bendkat they exhibit different trends.
At 15 % fibre volume fraction for example, the UBAI-P composite shows the

second lowest increase in length but the highesease in width.

It is interesting to note that the increase in tangf all the composites is larger than
that of width. This indicates that the non-wovebrdi mats are not isotropic in the

plane and that more fibres are orientated alongMbdén of the specimens i.e. in the
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direction of the length of the non-woven roll. Thbgcause the hygroscopic strain of
the fibres is greater across their diameter thangptheir lengtt* *® the widths of
the specimens increase less than their lengthepfesentation of this can be seen in

Figure 8.1.

~ Specimen Width

Length Axis of Roll

Specimen Length

Figure 8.1 Representation of fibre orientation eitev absorption specimen

When comparing thickness, length and width increaseFigure 7.12, Figure 7.13

and Figure 7.14, it is evident that the increasickness is much larger than those of
length and width. This indicates that the coeffitief hygroexpansion is greatest in
the through-thickness direction of the specimenss s believed to be due to the
greater swelling of the fibres in their radial dtien than along their length and the
fact that the preferentially in-plane alignmenttbé fibres prevents strains in the

through-thickness direction from being constrained.

8.2 Resin System

8.2.1 Tensile tests

Figure 7.15 shows the tensile strengths of theedifft composites. It is evident that
both the vinyl ester and epoxy resin produce coitgosvith higher tensile strength
than those made using polyester. The tensile dtrengf the unreinforced resin
systems are reported by the manufacturers to HdR® 86 MPa and 73.3 MPa for
the polyester, vinyl ester and epoxy resins, respayg. These values are greater than
the tensile strengths measured for any fibre volénaetion. As in section 8.1.1, this

is probably due to the inclusion of defects suclv@ds and poor interfaces during
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manufacturing of the composites. Epoxy compositagthe highest tensile strength
when considering all fibre volume fractions. Thésai good indication that the epoxy
bonds better with the fibres than the other rebersause it has a tensile strength that
is similar to that of the polyester and lower thhat of the vinyl ester resin. The
higher tensile strength of the vinyl ester compmssiin comparison to the polyester
composites is believed to be a result of the higngth of the resin but it could also

be an indication of improved bonding between thesk and the matrix.

Tensile secant moduli (Figure 7.16) are not sigaiitly different for the various resin
systems at all fibre volume fractions. For 22.58d 80 % fibre volume fractions, the
values of modulus are higher than those of theinfmreed resins (3.8 GPa, 3.2 GPa
and 3.5 GPa for the polyester, vinyl ester and gpaspectively). The largest
increase in tensile secant modulus occurs for iy ester composite at 30 % fibre
volume fraction which has a modulus just under 30gféater than that of the

unreinforced resin.

When considered across all fibre volume fractiotige tensile linear modulus

(Figure 7.17) of the polyester composites is thghést and that of the epoxy
composites the lowest. This result is unexpectesidering that the results of tensile
strength indicate that the epoxy bonds well to fthees and that the unreinforced
epoxy has the second highest elastic modulus ofeia systems. If the secant and
linear moduli of the epoxy composites are compdi@aever, it is seen that they are
quite similar which indicates that the epoxy conifgssbehave more linearly than
those made using polyester or vinyl ester resihasTalthough the epoxy composites
have lower values of modulus than composites masileguthe other resins, their

strain response is more predictable. Figure 8.%shexamples of typical stress-strain

curves for a polyester and an epoxy composite spBti
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Figure 8.2 Typical stress-strain curve for a pdigefdeft) and an epoxy (right)

composite specimen

Results of tensile tests show that epoxy compogigeform best in terms of strength
and polyester composites in terms of modulus. V@sger composites strike a middle

ground performing comparatively well in terms otlostrength and modulus.

8.2.2 Flexural tests

Results for flexural strength are presented in Fegu18. It can be seen that at 15 %
fibre volume fraction, the epoxy composite hashighest flexural strength followed
by the vinyl ester and then the polyester. At 22.%ibre volume fraction, composites
made using all three resin systems possess sisiitangth although epoxy and
polyester composites are slightly stronger thanuingl ester composite. At 30 %
fibre volume fraction, the polyester composite Has highest strength followed by
the epoxy and then the vinyl ester composite. Thlgester composites therefore
appear to improve in relative performance with ditvolume fraction. A possible
explanation is the combination of fibre volume frae and the presence of voids
brought on by the need for vinyl ester and epoxgmeto be mixed by hand and
degassed in a pressure pot instead of using the Rabhine. At lower fibre volume
fractions, stress concentrations around voids rx@ler than at higher fibre volume
fractions and thus the presence of voids playsrgetarole at higher fibre volume
fractions than at lower fibre volume fractions. tiig 8.3 shows examples of SEM
micrographs where voids can be seen in vinyl esterepoxy composites. No voids

were found when examining polyester composites.



2905 dokly " A 7986 18KU

Figure 8.3 Voids in a vinyl ester composite (lefitid an epoxy composite (right)

Flexural secant modulus (Figure 7.19) is highestpialyester and lowest for vinyl
ester composites for all fibore volume fractionsthdlugh data for flexural moduli
were not available for all the resins, this tresgxpected since the tensile moduli of
the unreinforced resins are highest for polyester lawest for vinyl ester. Flexural
linear moduli (Figure 7.20) show similar trendghose of flexural secant moduli but
the values are higher. Figure 7.19 and Figure ih@@ate that the resin system has

little effect on the flexural moduli of the comptes across all fibre volume fractions.

8.2.3 Correlation of experimental and theoretical results for tensile and

flexural tests

Theoretical values obtained for tensile strengtiguie 7.15) show poor correlation
with experimental results. The difference betwdwerotetical values and experimental
values increases with fibre volume fraction. Thdoat moduli show poor correlation
with tensile secant modulus (Figure 7.16) exceat the difference is approximately
equally large for all fibre volume fractions. Comigan with tensile linear moduli
(Figure 7.17) shows reasonably good correlationh wetxperimental values for
polyester composites and poor correlation for epa@omposites. Vinyl ester
composites show the best correlation between thiearenoduli and experimental

linear moduli with the largest difference for afiyré volume fraction within 5 %.

Theoretical flexural strength (Figure 7.18) showasonably good correlation with
experimental results especially at 22.5 % fibreuaw fraction. Polyester composites
correlate best when considering all fibre volumactions. At low fibre volume

fractions the theoretical model under-predicts\thkies obtained for vinyl ester and
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epoxy composites while at higher fibre volume fi@ts, values are over-predicted.
The good correlation of theoretical with experingntlexural strength is thus
probably coincidental especially when considerimat the theoretical value is based

on tensile failure criterion.

Flexural secant moduli (Figure 7.19) show poor @ation with theoretical moduli
which are over-predicted. Flexural linear modulig(ife 7.20) are also lower than
predicted moduli. It is clear from these resultatth simple rule of mixtures as
applied in this work is not suitable for predictifigxural moduli. This is likely to be
because of three reasons; the first being tharetieal moduli were calculated using
the tensile moduli of resins and not the flexurabduli, second because the
compressive behaviour of the fibres is not knowd #imrd because the value of the
efficiency factor §) does not take into account the out-of-plane taigon of the
fibres caused by the needle-punching manufactymiogess. For CSM, the value ipf
is typically set equal to 0.3 and this value wasdutor all calculations. However, in
CSM the fibres are orientated in the plane. Thisumsethat in kenaf fibre reinforced
composites there are fewer fibres orientated inpih@e of the applied load. Thus,

using a lower value of may result in better correlation with experimeméesults.

8.2.4 Impact tests

Figure 7.21 presents the results for impact eneltggan be seen that the impact
energy strongly depends on the resin system. Relyesmposites absorb the most
energy before failure while the epoxy compositesodt the least for all fibre volume
fractions. A number of authof& 2" 2 3 & 3%9h3ve observed a reduction in impact
energy with increased fibre-matrix adhesion. Theseilts therefore suggest that the
epoxy resin bonds better with the fibres than tlleerotwo resin systems. This
suggestion is reinforced when the propagative gnsrgonsidered. It is evident that
the propagative energy is similar for the polyested vinyl ester composites at any
fibre volume fraction while epoxy composites halrghgly lower propagative energy.
The lower propagative energy of the epoxy compssitelicates that there is less
fibore pull-out and thus better adhesion betweemefband matrix than in the
composites made using the other resin systemsdearOeveet al. ®, suggest that
better fibre matrix adhesion results in shorterrage fibre pull-out lengths which
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reduces energy absorption. Examination of the SENragraphs of Figure 7.23
shows that the epoxy composites have cleaner éadlurfaces than polyester or vinyl
ester composites. This indicates that the fibresgaxy composites have a shorter
average fibre pull-out length than those in oth@mnposites. Further examination of
these SEM micrographs shows that the polyester oeitgs fail by fibre pull-out, the
epoxy composites fail by fibre fracture and theyl/iester composites seem to fail by

a combination of both fibre pull-out and fibre frae.

Sébeet al. @ reported that the addition of hemp fibres lowetteel impact energy of

the polyester resin used in their research bubvetig the initial reduction, impact

energy was found to increase with increasing fftaetion and eventually surpass that
of the unreinforced resin. Rousiehal. ®® found that the addition of hemp / kenaf
fibres to polyester increased the impact strendtth® polyester resin they used. In
this work, testing of unreinforced resins was afitad but polyester and vinyl ester
specimens cracked easily during machining anddeis could not be obtained for
testing. Five epoxy specimens were tested butrtipact was not large enough to be
registered by the equipment. Thus, it is unlikdlgttany of the three unreinforced
resin systems have impact energies greater thaketiad fibre reinforced composites

even at low fibre volume fractions.

Impact strength (Figure 7.22) is also strongly etd by the resin system. Impact
strength is highest for polyester composites ande$b for epoxy composites.
According to van den Oevet al. ®®, a consequence of shorter fibre pull-out length is
that the matrix deformation zone is smaller. Cotregion of the strain energy into a

smaller region causes the apparent impact stréadib reduced.

8.2.5 Water absorption tests

Figure 7.24 shows the water absorption of the 2&5fibre volume fraction
composites over a four week period. Composites5of/d and 30 % fibre volume
fraction show similar trends. The trends observethéese figures are similar to those
observed for processing conditions. The rate ofewatbsorption is significantly

higher in the kenaf fibre reinforced compositesnthia the glass fibre reinforced
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composites however. As in case of the effects afcgssing conditions, water

absorption tests could not be carried out for lorigan four weeks.

Figure 7.25 indicates that the kenaf fibre reindokcomposites absorb significantly
more water after four weeks than the glass fibrefeeced composites at all fibre

volume fractions. The resin system has a signifiediect on the water absorption of
kenaf fibore composites but not on that of glassefibomposites. It can also be seen
that among the kenaf fibre composites, the onesmaith vinyl ester resin absorb the

least amount of water.

While epoxy composites absorb the most water forakdibre reinforcement, the
polyester composites absorb the most water for ethosede with glass fibre
reinforcement. It is suspected that this is dubdtier wetting of the glass fibres by
the epoxy resin than the polyester resin. Exanmonadif glass composites made using
the two resins showed that epoxy composites appednsost transparent, while in
polyester composites, glass fibre bundles couldobserved. As a result, many
pathways existed around fibres in the polyesterpmsites along which water could
move and be absorbed. The trends observed for ahserption of kenaf composites
made using the three resin systems are simildrasetfor the unreinforced resins for
which epoxy absorbs the most water followed bygbbester and finally the vinyl
ester. Results of water absorption tests condumtashreinforced resins can be found
in Appendix F. Water absorption is affected by thsin system because water can
diffuse through it and into fibres. Thus, the geedhe amount of water that is able to
diffuse through the resin, the greater the amotimtater and the rate at which it can

enter the fibres. This in turn results in the enipecimen absorbing more water.

Comparing Figure 7.25 and Figure 7.26, the tremchfass and thickness increase is
the same for the three resin systems i.e. the epomposites experience the largest
increase in mass and thickness and vinyl ester ositg@s the smallest increase in
mass and thickness. This is however not true ferléhgth (Figure 7.27) and width
(Figure 7.28). Epoxy composites experience theektrgicrease in length and width
while polyester composites experience the smailhesease in length and width. For

all resin systems, test specimens experience @&rlangrease in thickness than in
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length or width. As discussed in section 8.1.5 thidue to the greater swelling of the

fibres in their radial direction than along th&ngth.

The results for processing conditions showed thatléngth of polyester composite
specimens increase more than the width. Examinaftidtigure 7.27 and Figure 7.28
reveals the same phenomenon occurs for vinyl estdr epoxy composites, once
again confirming that the fibre mats are not ispizoin the plane. Further

examination of these figures shows that as fiblenae fraction increases, there is a
general trend of decreasing length and width irsgedor composites made using all
three resin systems. A theoretical investigation tieé hygroexpansion of the

composites was conducted in order to explain Results of this investigation are
discussed in section 8.2.6.

Vinyl ester composites generally perform best inewabsorption tests showing the
lowest mass and thickness increases. Polyesterastap perform better than vinyl
ester ones in terms of length and width increaséslis effect is not significant.

8.2.6 Hygroexpansion of kenaf fibre reinforced composites

Water absorption tests of kenaf fibre reinforcethposites showed that the increases
in length and width of the specimens decrease wnttteasing fibre volume fraction.
This is especially true in the case of epoxy contpsgsee Figure 7.27 and Figure
7.28). It is likely that this is more pronouncedepoxy composites due to better fibre
matrix adhesion. Composites made using all threereystems increase more in
length and width than the unreinforced resins. Titakcates that the decreasing trend
in length and width with increasing fibre volumedtion cannot be the result of
restraint of swelling of the matrix by the fibrese¢ Appendix F for dimensional

change of unreinforced resins).

A theoretical model was used to determine the depet¢rends in dimensional
changes that occur as a result of water absorpiitame information regarding the
model can be found in Appendix G. The model praditie coefficients of
hygroexpansion of a unidirectional ply of fiboresdamatrix and then uses classical
lamination theory to determine the coefficientshgfiroexpansion for a composite
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with randomly orientated fibres. Because a changedimension during water
absorption is equal to the corresponding coefficarhygroexpansion multiplied by
the change in water content (as shown by equatid), 8&ends observed for
coefficients of hygroexpansion will therefore bee ttkame as those observed for
changes in thickness, length and width. Througbktieéss and in-plane coefficients
of hygroexpansion determined theoretically and erpentally for kenaf epoxy
composites at various fibre volume fractions carsé&en in Figure 8.4. In the figure,
the experimental in-plane coefficient of hygroexgian was determined using the
average of the length and width dimensions becthesenodel does not account for
the lack of in-plane isotropy of the fibre mats.op composites were chosen due to

the large hygroexpansion experienced by these csitego

A& = fAm (8.1)

In equation 8.1,4¢ represents the change in dimensigh,the coefficient of
hygroexpansion andm the mass change in water content.
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Figure 8.4 Theoretical and experimental coeffigarfthygroexpansion for kenaf

composites

The results of the theoretical model indicate #safibre volume fraction is increased,
length and width increase, but at a decreasing fidtess does not however explain

why experimental measurements taken from specirsbogy smaller increases in
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length and width at high fibre volume fractionsrhat low fibre volume fractions. It
is possible that as the fibre volume fraction isréased, the three-dimensional
arrangement of the non-woven fibre mats is flatiem#o a more two-dimensional
arrangement. As previously stated, the fibres smelte through their thickness than
they do along their length. Thus, at low fibre vokifractions, where the structure of
the non-woven mat is three-dimensional, the ragiiadlling of the fibres during water
absorption contributes more to the in-plane hygwpgr strain of the composite
specimens than at high fibre volume fractions whleeenon-woven mat is more two-
dimensional in structure. Figure 8.5 gives a vigegresentation of how increasing
the fibre volume fraction makes the fibre arrangenhraore two-dimensional. This
hypothesis is supported by the experimental thrabgikness coefficient of
hygroexpansion which at a fibre volume fractionapfproximately 15 % begins to
increase at an increased rate. From this point,inbeeasingly two-dimensional

arrangement of the fibres causes a decrease ihame-pswelling and conversely

results in an increase in through-thickness swgllin

Figure 8.5 Representation of two fibres in an unp@ssed and a compressed non-

woven fibre mat

Thus, the combination of the effects shown by tieotetical model and the better
alignment of the fibres in the plane as the fibbumne fraction increases could be the
reason that the composite specimens experiencelesmatplane dimensional

increases at high fibre volume fractions than atfibre volume fractions.
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8.3 Specific mechanical properties

8.3.1 Specific tensile properties

The specific tensile strengths (Figure 7.29) of thlass fibre composites in
comparison to the kenaf fiore composites are sapéor all fibre volume fractions.
The specific strength of the kenaf fibre reinforceomposites displays a small
increase with fibre volume fraction whereas that tbé glass fibre reinforced

composites increases significantly.

Figure 7.30 shows that the specific tensile segwuuli of the glass fibre composites
are superior to those of the kenaf fibore composite®22.5 % and 30 % fibre volume
fractions for all resin systems. The kenaf fibrdypster composite is slightly better
than the glass fibre equivalent at 15 % fibre vauimaction. At 30 % fibre volume

fraction, the resin system has little effect on ¢pecific tensile secant moduli of both

the kenaf fibre and glass fibre composites.

Figure 7.31 presents the results of specific tengilear moduli. It is evident that
kenaf fibre composites made using all three regstesns are comparable to the glass
fibre composites at 15 % fibre volume fraction.225 % fibre volume fraction, the
kenaf fibre polyester composite is still comparabl¢he glass equivalent and actually
has a higher specific tensile linear modulus. A€8@ibre volume fraction, all of the
kenaf fibore composites have specific tensile lineaduli lower than those of the
glass equivalents. It must be noted however thatkdnaf fibore composites have a
small linear region when compared to the glassftowmposites. These results must
therefore be viewed with caution. A comparison toéss-strain curves for the kenaf

and glass fibre composites can be seen in Figére 8.
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Figure 8.6 Comparison of linear regions for keniarfef (left) and glass fibre (right)

composite specimens

At 15 % and 22.5 % fibre volume fractions, the mesystem has a significant
influence on the specific tensile linear moduli bbth kenaf and glass fibre
composites. At 30 % fibre volume fraction therstil a significant difference for the

kenaf fibre composites but the different glassdibquivalents all have similar values.

8.3.2 Specific flexural properties

The specific flexural properties displayed in Fgur32 to Figure 7.34 show that for
all fibre volume fractions, the glass fibre compesiare superior to the kenaf fibre
composites. At 15 % and 22.5 % fibre volume fradidoth the secant and linear
moduli of the glass fibre composites are about 3Qréater than those of the kenaf
fibre composites. At 30 % fibre volume fractionwever, this difference increases to
about 50 %. For kenaf fibre and glass fibre contpsesithe resin system has some
influence on both specific flexural secant anddmmoduli at 15 % and 22.5 % fibre

volume fraction. At 30 % fibre volume fraction, tidluence is less significant.

8.3.3 Specific impact properties

Specific properties for the impact tests (Figurd57and Figure 7.36) show that for
specific impact energy and specific impact strengite glass fibre composites are
superior to the kenaf fibre composites by an omfemagnitude. While polyester
composites have the highest specific impact enéwgypoth kenaf fibore and glass

fibre reinforcement, epoxy composites have the &gpecific impact energy. For the
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glass fibre composites however, the differencéhendpecific impact strengths of the

different resin systems is not significant at aibye volume fraction.

8.4 Practical implications for kenaf fibre reinforced composites

None of the kenaf fibre reinforced composites poediipossess tensile or flexural
strength in excess of that of the unreinforcednsedror this reason, the use of kenaf
fibre reinforced composites in load bearing appiace is not recommended. The
addition of kenaf fibres in sufficient quantitieancincrease the tensile and flexural
elastic moduli of the resins. Special consideratiorst however be made due to the
largely non-linear behaviour of the composites.hdligh kenaf epoxy composites
have a lower elastic modulus than polyester or lvasger ones, they act in a more
linear manner and are therefore more predictableemaés. Epoxy is much more
expensive however and this would have to be coraida justifying the use of it.

Although the addition of kenaf fibres does improke impact behaviour of the resins,
the composites that result perform poorly in imgasts especially when compared to
glass fibre composites. The use of kenaf fibrefoeaed composites in applications

where impact resistance is a requirement is naimecended.

When comparing thickness, length and width increasevater absorption tests, the
increase in thickness is much larger than the asgen length and width. This is due
to the greater swelling of the fibres through theickness than along their length.
There are also fewer fibres in the thickness dimacto constrain this effect. If the

large increase in thickness is not a problem, kéihaé reinforced composites do
show reasonably good dimensional stability. Tatareases for length and width are
lower than 1 % after four weeks of immersion in evatThe implications that

exposure to water / moisture have on the mechaproglerties of composites would

however first need to be tested.

In comparison to glass fibre composites, kenakfibwmposites cannot compete on a
specific property basis except at low fibre volufnactions. At these low fibre
volume fractions however, it is questionable whethienot the production process
can be justified and an alternative material copftdbably be used to meet the
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requirements of the application. In addition to pgaerformance, as shown in
section 6.2, the use of kenaf fibres in RTM resinita more time consuming process

than when using traditional fibres.

Using kenaf fibres as reinforcement in compositsults in materials with usable
mechanical properties. The primary function of kemaf fibres should however be
considered to be one of reducing the quantity dfimenaterial required for a specific
application to reduce costs and impact on the enmient. Any cost reduction would,
however be likely to be offset by the increased obgroduction and given that these
resins are thermosetting, cannot be recycled andoddiodegrade, impact on the

environment is still significant.

8.5 Closing remarks

Comparing the results obtained in this work to ¢hogntained in the literature, it can
be seen that the mechanical properties of thesaf l@mmposites are similar to the
hemp / kenaf composites of Rouis@ al. ®* %) the hemp composites of
Sébeet al. @ and the sisal composites of Sreekueta. °.

These kenaf fibres have been shown to be a pooforeement for the polyester,
vinyl ester and epoxy resins tested. The epoxyresnds better to the fibres when
compared to the other resins and still, there issmmificant improvement in

mechanical properties and in some cases, properniésct decrease. Attempts to
improve kenaf fibore composite performance by aigrprocessing conditions and
utilisation of compatible resin systems are limitegl the properties of the fibres.
Bearing this in mind, it seems that these kenakfibmay not offer the physical or

mechanical properties required from a composit#oetement to be effective.
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

1. Neither drying of fibres nor altering of mould teempture has any significant
effect on mechanical properties of non-woven keffidre polyester

composites.

2. At low fibre volume fractions, pressurising the rfibumproves tensile and
flexural strengths of kenaf fibre polyester compesi

3. SEM examinations show no change in failure modenffdore pull-out for

any processing conditions in kenaf fibre polyestenposites.

4, Water absorption is not significantly altered byygorocessing condition

except by pressurisation at low fibre volume fracs.

5. Kenaf fibre epoxy resin composites produce the dsghensile strength
followed by vinyl ester and then polyester compassitThe opposite trend is

true for tensile moduli.

6. Addition of kenaf fibres to the three resin systerasults in lower tensile

strengths but higher tensile moduli than thosédnefuinreinforced resins.

7. At low fibre volume fractions (15 %) kenaf fibreqy composites have the
highest flexural strength followed by vinyl estendathen polyester. At
medium fibre volume fractions (22.5 %) flexuralestgth is similar for all
kenaf fibre composites and at high fibre volumecticms (30 %) polyester
produces the strongest kenaf composites. Flexuogluinare approximately
equal for all three resin systems at each fibremwea fraction.

8. Polyester composites have the highest impact enamgystrength, followed

by the vinyl ester and then the epoxy composites.



10.

11.

12.

13.

14.

15.

104

Mechanical properties increase with increasingefibolume fraction for all

three resin systems.

SEM examinations of impact test specimens show épatxy composites
failed by fibre fracture, polyester composites tyd pull-out and vinyl ester
ones by a combination of fibre pull-out and fibracture. This indicates that
epoxy resin bonds better to the kenaf fibres themnylvester or polyester
resins. These observations are further supportethdyesults of the impact

tests.

Theoretical values for tensile strength and secawaduli show poor
correlation with experimental results. Theoretizalues for tensile linear
moduli correlate reasonably well for polyester amyl ester composites but

poorly for epoxy ones.

Theoretical values for flexural strength show goadrrelation with
experimental results for all resin systems. Thecaktvalues for flexural
secant moduli show poor correlation with experirméntalues and linear
moduli show reasonable correlation. The model usedhe prediction of
flexural moduli should however be adjusted to aotdar the flexural moduli

of the resin and the three-dimensional structurthefibre mats.

All kenaf fibre composites absorb substantially enarater than those made
with glass fibres.

Among the kenaf fibre composites, those made whith \tinyl ester resin
absorb the least water while those made with tlexyepesin absorb the most.
The average value of the coefficient of hygroexpansof the kenaf
composites in the thickness direction is substhytiarger than those along

the length or width.

The specific tensile and flexural properties fdrkanaf fibre composites are
inferior to glass equivalents. At low to moderated volume fractions, some

of the specific properties of kenaf fibre compasiéee comparable with those
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of glass fibre composites. However, specific impawgérgy and strength of
kenaf fibre composites are an order of magnitudeetothan their glass

equivalents for all fibre volume fractions.

The use of kenaf fibre reinforced composites rexgugareful evaluation right
from the requirements of the material through todpiction and on to end of

life disposal before they can be considered foctpral applications.

9.2 Recommendations

If the mould is to be temperature controlled irufetwork, it is recommended
that it is redesigned to incorporate heating anolicg to make production
simpler. Furthermore, it would also be beneficia redesign incorporated an

automated closing mechanism.

Thermal expansion of fibres should be investigatedrder to determine
conclusively if curing of composites at elevatethperatures is beneficial,
destructive or has no effect on the resulting castipgroperties.

Pressurising the mould following injection shoulé kexperimented with
further using a cold mould and a number of ress¢has could be beneficial
for increasing tensile and flexural properties agdiucing water absorption at

low fibre volume fractions.

A fibre treatment such as mercerisation or acetlashould be applied to
fibres and the resulting composite properties deterd. Kenaf fibres are not
the strongest fibres available and this would shiotinere is any room for
improvement in composite properties. Alternativelyme of this research
could be repeated using a stronger fibre such as #@nd thus any

improvements in properties would be more evident.

Mechanical properties of the composites should teluated following
immersion in water to determine if the water ab8orpprocess is detrimental

to composite performance.
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The use of epoxy resin for further research shbel@voided. The cost of the
resin is not justifiable when considering that mlyoshowed superior tensile
strength and other properties were inferior whemmgared to polyester and
vinyl ester resins. Vinyl ester seems the best idabel since it produces
comparatively good mechanical properties and greadduces water

absorption of composites.

Modelling of exposure of kenaf fibre reinforced quusites to moisture
should be further investigated as there is greapesdor research on many

levels in this area.

Hybrids should be investigated. For example in igpfbns where good
flexural properties are required, kenaf fibre matuld be sandwiched
between outer glass layers and function as a atalcfiller. Glass flakes
could be incorporated into the resin of kenaf cosites to help control water

absorption.
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Appendix A Overview of surface treatments

Surface treatments are a means by which the copilggtiof natural fibres and

various matrices can be increased. The incomp#filsl caused by the difference in
hydrophility between the fibres and the matrix. sT/s due largely to the hydroxyl
groups present on the surface of plant fibres tbatt easily with moisture in the air

thus reducing the number of sites for interphaseltnmy ™.

Natural fibres can be modified either by physical adnemical means. Physical
treatments alter the structural and surface prigsedf the fibre thereby influencing
the mechanical bonding to polymef Physical treatments include, stretching,

calandering, thermotreatment, mercerisation, etedischarge and hybrid yarns.

Natural fibore composites simply consist of two mials, the fibres and the matrix.
Chemical treatments of natural fibres involve idtroing another material compatible
with both®. This material can increase wettability of fibreminate weak boundary
layers or form bonds between the fibres and theixnat

The following section has been divided into threetg The first is dedicated to
treatments which involve changing the fibre surfataracteristics and changing
surface tension, thus increasing wettability (fipreperties). The second is dedicated
to treatments which result in bonding between filanel matrix (chemical coupling)
but these can also result in changes in fibre sartharacteristics and surface tension.

The third is dedicated to treatments which arecowtred by the first two sections.

Al Change in fibre properties

Mercerisation

The most common method of surface treatment isensation. It involves the use of
an alkali, usually sodium hydroxide (NaOH). Thenstard definition of mercerisation
as put forward by the ASTM is: “the process of sahjpg a vegetable fibre to an
interaction with a fairly concentrated aqueous sofuof a strong base to produce
great swelling with resultant changes in the fitmicture, dimension, morphology
and mechanical propertie’.
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The process of mercerisation has two effects onfitires that contribute to the

resulting increase in strength of a composite wt@mpared to those which have not
undergone the treatment. The first of these inwihe removal of some lignin, wax
and oils covering the external surface of the fibe# wall and it also depolymerises
some of the cellulose exposing short crystalliteghe inner fibrillar surfac&®. The

second effect of the alkali is the removal of sdremicellulosé?.

Removal of lignin, wax and oils results in an irage in fibre roughness and frees up
pores on the surfaces of fibres. The increasehire froughness and the subsequent
increase in contact area, result in improved ptoggenof composites due to the better
mechanical interlocking that occurs between theefland the matri®' *"),

According to Bledzki and Gassdh, it is likely that when the hemicellulose is
removed, the interfibrillar region becomes lesssgeand less rigid. The result of this
is that when the fibres experience tensile ladasjridividual fibrils are more capable
of realigning themselves along the direction of #pplied load. The realignment
allows for better load distribution among the fibriand therefore higher stress
development in the fibré). There is however a certain limit to this. Excessi

treatment with alkalis leads to softening of thenleellulose, thus degrading the
ability to transfer tensile loads between fibritsdatherefore the tensile properties of
the fibres are adversely affected. Excessive treatrwith alkalis can also lead to

excessive depolymerisation of the cellulose thdsicing fibre strengtf?.

The effectiveness of mercerisation depends on @heaentration and additives in the

alkaline solution, the temperature and the treatrtiere .
Acetylation

Acetylation is a well known esterfication mofde The principle of the method is to
react hydroxyl groups on the surface of the fibréth acetyl groups. The result of
this is that the fibre surface becomes more hydsbjghdue to the lower number of

hydroxyl groups that are free to react with watseetylation increases the surface
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free energy of the fibres which increases wettgbiind interfacial adhesiofi”.

Acetylation also removes non-crystalline constitgent fibres.

According to Mohantyet al. @, acetylation has been extensively applied to wiod
stabilise the cell walls of the fibres. This impesv dimensional stability and
environmental degradation. Both Bledzki and Ga$8aand Mohantyet al. ® have

reported that when used in natural fibre reinforcethposites, acetylation greatly
reduces moisture uptake and prevents swelling imlshg of the composite material

if moisture is absorbed.

Acetylation is most commonly accomplished usingtiacanhydride and acetic acid.
Sometimes, co-solvents or catalysts are used et chemicals in order to increase
their effectiveness or decrease the treatment fieelzki and GassafY state that the
hydroxyl groups of cell walls are accessible infedént ways but without a good

catalyst or co-solvent, only easily accessible byl groups can be reached.

When co-solvents are used, the combinations fotylat®n must be heated in
solvents such as benzol or acetic atldAcetic acid can be used either as a co-
solvent or as the source of the acetyls requiradtlie reaction. According to
Mohantyet al. ®, acetic acid does not react sufficiently with eklse and acetic
anhydride is preferred. Acetic anhydride howevernot a good swelling agent for
cellulose (this is desired to ensure maximum patietr of treatment). Cellulose
materials are therefore often soaked in acetic arid then treated with acetic
anhydride in order to ensure sufficient reactiod swelling of the cells.

As with mercerisation, the acetylation process &asoptimum degree to which it

should be carried out.
Sizing
Sizing is a method of modifying the surface of maltuibres using fatty acids.

Through an esterfication reaction, carboxyl groopshe fatty acid react with the

hydroxyl groups of the fibre surface. The resultha treatment is that there are fewer
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hydroxyl groups that are free to react with waterlenules and hence the fibres are
hydrophobised®.

One of the most common fatty acids used for siBrgjearic acid. Another advantage
of the treatment when using stearic acid is thist @ long hydrocarbon chain which is
hydrophobic thus resulting in improved water regatle. When fatty acids are
oxidised however, they become water soluble ancetbee lose their ability to repel

water. One of the main causes of oxidation is heghperatures which are a problem

in composite materials due to the temperaturesreqpeed during production.

Sizing has been found to deteriorate the fibre-matterface in some cases. In tests
done using stearic acid, this has been attributexktess stearic acid acting more as a
lubricant between the fibres and the matrix thareffective surface treatmeft’.
This implies that there is an optimum degree ahgiz.e. treatment time, temperature

and concentration.
Thermo treatment

Thermo treatment is one of the simplest methoddilime modification. It involves
heating natural fibres to the point where certaomstituents begin to denature or
undergo chemical change. According to Madsth and Rouisonet al. ©®
temperatures of between 130-160°C are sufficiebetgin this process. The principal
behind thermo-treatment is in fact to alter therbpthilic elements (hemicellulose) of
the fibres using elevated temperatures. The methadported to increase strength

and decrease sensitivity to moisture in composites.

A2 Chemical coupling

Graft copolymerisation

This process involves treating the fibre with aahie solution which is compatible
with the matrix. The resulting copolymer possega®perties characteristic of both
the cellulose of the fibre and the polymer of thatim ®. This method results in

bonds being formed across the interface.
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The actual way in which graft copolymerisation ce@mplished is described briefly
by Bledzki and Gassdh. Free radicals of the cellulose molecule initidiis reaction.
First the fibre is treated in an aqueous solutiontaining selected ions following
which it is exposed to high energy radiation. Ttesises the cellulose molecules to
crack and free radicals are formed. Afterwards,filwe is treated with the selected
solution that is compatible with the matrix. Thiddion then reacts with the radical
sites and the interface is formed.

The most common graft copolymerisation system isleimaanhydride and
polypropylene. Maleic anhydride polypropylene cgpaérs result in covalent bonds
across the interface between the matrix and the.fithe surface energy of the fibres
is also increased, the result of which is increasegitability and interfacial
adhesiort”). Water absorption is also decreased by the prahesgo the increase in

hydrophility ®”.

There is an optimum concentration of maleic antdalthat should be used but it has
to be determined experimentally for a particulabrdi Maleic anhydride
polypropylene is available commercially, with contrations ranging from 0.1 % to
4 % by weight®.

Treatment by graft copolymerisation is effectivet somplex Y. Furthermore, the
solutions and / or chemicals must be selected fpadby for a particular chosen
matrix. Some solutions can be used with a numbenaifices in theory, however in
practise, often do not work very well. Hassan arati&N®® conducted tests using
maleic anhydride treated natural fibres and pogrestsin and observed no significant

change in properties.



117

Silanation

Silanes are the main coupling agents used for dibss reinforced polymer§”. In
these compounds, different groups are appendatidansin such a way that one end
can interact with the fibres and the other end remt with the polymer matri®”.

Most silane coupling agents can be representeallasvé:
R — (CH2), - Si(OR)

OR’ is the alkoxy group which reacts with the hydpogroups on the fibre surface
and R is the functional organic group which reatith the polymer. The reaction
with the polymer could result in copolymerisationda/ or the formation of an

interpenetrating networf.

Very often, silane compounds are inherently hydiapin nature. When this is the
case, hydrophilic properties are contributed toitierface. This results in bonds with
poor water resistanc®. Some silanes can however decrease water absogutid

increase mechanical properties of natural fibnefoeced composites.

According to Bledzki and Gass4M, tests conducted using silanes produce varying
results which shows that theories used for thdrtreat of natural fibres with silanes
are contradictory and require further study. Soes¢stfor example showed interfacial

bonding to be quite poor when using silanes.
Isocyanates

Little information is available regarding isocyaesas they are a relatively new form
of surface modification. The isocyanate group reaeadily with the hydroxyl groups
on the fibre surfacé”. The bonds that result are strong covalent bdfdsThe
bonding with the hydroxyl groups of the fibres leavfewer free hydroxyl groups to
react with water. In tests conducted by SreekatbTdromas®®, isocyanate treatment
was found to be very effective in reducing watesaption.
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Excess treatment with isocyanates can have a megafiect on properties such as
moisture absorption. If too many isocyanates aesgnt on the surface of the fibre,
they can cause the fibre wall to split open resgltin new hydroxyl groups being

exposed.

Surface modification using isocyanates, it wouldmsgis dependant on choosing a
polymer to match the isocyanate and only polymesable of forming covalent
bonds can be used.

Triazine

Less information regarding triazine coupling agestavailable than for silanes or
isocyanates, the reason being that they are alativedly new surface treatments.
Triazines form covalent bonds with cellulose fibeggl polymer matrices. They bond
to the hydroxyl groups on the fibre surface thuduoeng hydrophility and therefore
moisture absorption. Triazines not only reduce agtility but also restrain swelling

of the fibres due to the cross-linked network addtetween the fibre and matfk

Methanol compounds

Chemical compounds containing methanol groups £€0H) form covalent and / or
hydrogen bonds with cellulose fibres. Treatment®lwving methanol groups are

known to decrease water absorption and increasstveetgth of composites.

A3 Other

Impregnation of fibres

Impregnation of fibres allows for the polymer matto form bonds across the fibre
cell walls. This results in very good mechanicétitocking.

Impregnation involves using chemicals to first dwied cell walls. Once the cell walls
have been swollen, matrix polymers can penetrdi@ time lumen and cross-link.
Hepworthet al. ©, describes this process using urea to swell tHis waich is slowly
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replaced by a solution of ethanol and finally awskuring epoxy. Fibres having
undergone impregnation should exhibit good dimeraicstability and low water

absorption due to the mechanical interlocking efithpregnated polymer.

Polymer solutions or dispersions must be of loveessty in order to be used for this

method. In order to obtain the required viscositesvents must be added to the
polymers. However, for a number of polymers, theklaf solvents limits the use of

the techniqué®.



120

Appendix B Sample production log sheets

B1 Polyester production log sheet

Date|19/01/2009 Date(20/01/2009
Composite Code|GE2/UP/ND/250/45 Composite Code|2L/UP/ND/250/45-NH
Drying Drying
Temperature - Temperature -
Pressure e Pressure e
Fibres Fibres
No. Layers 5 No. Layers 2
Fibre Mass (RT) 110.63 g Fibre Mass (RT) 7114
Fibre Mass (Dry) - g Fibre Mass (Dry) 64.68 g
Sample Mass (RT) - g Sample Mass (RT) 2348 g
Sample Mass (Dry) - g Sample Mass (Dry) 21.36 g
Humidity - % Humidity 55 %
Resin Injection Resin Injection
Injection Pressure 250 Kpa Injection Pressure 250 Kpa
Vac. Assist Pressure -40 Kpa Vac. Assist Pressure -40 Kpa
Time to Fill 00:35 Time to Fill 01:45
Composite Composite
Final Mass 390.5¢g Final Mass 350.1¢g
Fibre Mass Fraction 28.3 % Fibre Mass Fraction 18.5 %
Fibre Vol. Fraction 14.97 % Fibre Vol. Fraction 14.69 %
Matrix Density 1140 kg/m”3 Matrix Density 1140 kg/m”3
Fibre Density 2560 kg/m*3 Fibre Density 1500 kg/m”3
Composite Density| 1352.55 kg/m”3 Composite Density| 1192.89 kg/m*3
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Date(27/08/2009 Date(10/09/2009
Composite Code|3GE/VE/ND/NH//45 Composite Code|3VE/AD/250/45
Drying Drying
Temperature - Temperature 55
3hrs
Pressure - Pressure Atm.
Fibres Fibres
No. Layers 5 No. Layers 3
Fibre Mass (RT) 158.3 g Fibre Mass (RT) 103.2 g
Fibre Mass (Dry) - g Fibre Mass (Dry)| 97.85343 g
Sample Mass (RT) - g Sample Mass (RT) 18.53 g
Sample Mass (Dry) - g Sample Mass (Dry) 1757 g
Humidity e % Humidity 40 %
Resin Injection Resin Injection
Injection Pressure 100 Kpa Injection Pressure 250 Kpa
Vac. Assist Pressure -40 Kpa Vac. Assist Pressure -40 Kpa
Time to Fill - Time to Fill -
Composite Composite
Final Mass 409.9 g Final Mass 3454 g
Fibre Mass Fraction 38.6 % Fibre Mass Fraction 28.3 %
Fibre Voi. Fraction 21.89 % Fibre Voi. Fraction 23.10 %

Matrix Density
Fibre Density

Composite Density

1140 kg/m”3

2560 kg/m"3

1450.78 kg/m"3

Matrix Density
Fibre Density

Composite Density

1140 kg/m”3

1500 kg/m*3

1223.17 kg/m"3
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Date(29/08/2009 Date(15/09/2009
Composite Code|4GE/EP/ND/250/45 Composite Code|4EP/AD/350/45
Drying Drying
Temperature - Temperature 55
3hrs
Pressure - Pressure Atm.
Fibres Fibres
No. Layers 7 No. Layers 4
Fibre Mass (RT) 2206 g Fibre Mass (RT)| 137.77 g
Fibre Mass (Dry) - g Fibre Mass (Dry)| 1316919 g
Sample Mass (RT) - g Sample Mass (RT) 18.36 g
Sample Mass (Dry) - g Sample Mass (Dry) 17.55 g
Humidity e % Humidity 40 %
Resin Injection Resin Injection
Injection Pressure 250 Kpa Injection Pressure 350 Kpa
Vac. Assist Pressure -40 Kpa Vac. Assist Pressure -40 Kpa
Time to Fill - Time to Fill -
Composite Composite
Final Mass 460.8 g Final Mass 3791 ¢
Fibre Mass Fraction 479 % Fibre Mass Fraction 34.7 %
Fibre Voi. Fraction 29.01 % Fibre Voi. Fraction 28.78 %

Matrix Density
Fibre Density

Composite Density

1139 kg/m”3

2560 kg/m"3

1551.21 kg/m"3

Matrix Density
Fibre Density

Composite Density

1139 kg/m”3

1500 kg/m*3

1242.91 kg/m"3
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Appendix C Sample calculations

The following material properties were used for aitetical and experimental

calculations (properties of the resins were supghe the manufacturers):

Table C.1 Properties of kenaf fibres and resinesgst

Property Unit Kenaf Fibre Polyester Vinyl Ester Epoxy

Elastic Modulus ~ MPa  4000¢” 3800 3200 3470
Elongation at Break %  2.5-3.59 2.3 5-6 45

Density kg/ni 150049 1140 1140 1139

Cl Sample theoretical calculations

Elastic modulus

The elastic moduli of composites were calculatedgughe rule of mixtures by the

following equation:

E=gEV, +EV, (C.1.1)

In this equatiory = 0.3 for chopped strand mat.

Equation C.1.1 was used to evaluate both tensite feaxural elastic moduli of
composites. No data were available for the flexaratuli of the polyester and epoxy
resins and thus those values listed in Table Creapplied in both calculations for
all three resin systems.

For the case of a kenaf fibre reinforced polyestmmposite with a fibre volume

fraction of 22.5 %, theoretical elastic modulughiss equal to:

E =0.3x4000(x0.225+380(x 0.77<
E =5645MPa = 5645GPa
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Tensile strength

Tensile strength of composites can be estimatedgusne of the two following

equations:

o=nE\V; &, (C.1.2)
or,

og=EV. &, (C.1.3)

Equation C.1.2 is applicable for composites whaeefibre strain to failure is higher
than the matrix strain to failure and equation &is.applicable for composites where
the matrix strain to failure is higher than thedilstrain to failure. Looking at the data
presented in Table C.1, it can be seen that equ&ia.2 is strictly speaking only
valid for use with the polyester resin. It has hearebeen applied to predict the
tensile strength of all the composites for a nundfeeasons: it was found to produce
the most conservative values of tensile strengthigfivbest suited values obtained
experimentally); equation C.1.3 results in tensiieength decreasing with increasing
fibre content; non-woven fibre mats were used aat umidirectional fibres; fibre

pull-out was assumed to be the mode of failure dbrnatural fibre reinforced

composites and thus the matrix should fail firstaih cases and finally, it was

considered important that the same model be usprkthct values for all composites.

In all calculations, fibre strain at failure wakea as the midway value presented in
Table C.1 i.e. 3 %. Thus, for the case of a keimag freinforced composite with a

fibre volume fraction of 22.5 %, the theoreticalgie strength is:

o =0.3x4000(x0.22Ex0.03
o =81MPa
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Flexural strength

Flexural bending of a beam involves tensile, corsgfire and shear stresses and
failure can result due to any of these. No data aaslable for the compressive
strength of any of the resins or the fibres usethis research. It was assumed that
failure due to shear stress was unlikely becausentinm-woven fibre mats contain
some fibres that are aligned in the through-thisknédirection and four layers were
the maximum number of fibre mats used. Flexurdlifaiwas therefore assumed to be
caused by tensile failure in the fibres on the lotest specimen surface. Thus, the
theoretical values of flexural strength have beesdenequal to those for tensile

strength.

C2 Sample experimental calculations

Composite density

The density of a composite can be determined ubmdpllowing equation:

p. =k (C.2.1)
\/

C

The volume of a composite is difficult to determinghout submerging it into some
fluid (which might be absorbed) and measuring thsulting displacement. The
approximate volume of a composite can be calculaigidg values of mass and

density. Approximate composite density is equal to:

P, = M (C.2.2)
m, —m; m;
IS I S L
[ pm J {pf ]

This equation cannot take into account the exigteriaefects such as voids but it is
still the best value obtainable in the contexthi$ research. Even if the volume of the
composite could be determined, there would still diber factors leading to

inaccuracies. These inaccuracies arise primardgnfthe fibres which have variable
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density and therefore volume depending on theirstnge content and to a lesser
extent on their chemical composition (specific toltigation and geographical
conditions). In addition, it is difficult to deteine the actual fibre density because
different fluids result in different values of dégysdepending on the chemistry
involved ™. Apart from the fibres, there can also be densigiation within the
composites due to variation in fibore mats and foomould deflection depending on

the quantity of fibres placed inside.

For the case of the polyester composite made fréayeds of dried fibres in a heated

mould, the composite density is:

b= 3602x10°
" ((3602-999)x107 ) (999x10°
1140 1500

0. =12213kg/m®

Fibre volume fraction

The fibre volume fraction of a composite can beedatned using the following

equation:

v, =Yt (C.2.3)

For the same reasons previously stated, it iscditfito determine the volume of the
fibres and the composite and thus the followingrapinate equation was used to

determine fibre volume fraction:

_ mfpc

Vf
mcpf

(C.2.4)
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For the case of the polyester composite made fréayeds of dried fibres in a heated

mould, the fibre volume fraction is:

-3
_ 999x10 _:122]_3 — 226%
36C.2x1C™ x150(

f

Tensile testing

The specimen used in this example is 3UP-AD-H-T4afgrs of fibres, polyester

resin, fibres dried, heated mould, tensile specimenber 4).
Force at failuref) = 1528 N

Strain at failured) = 0.00787

Width (w) =10.28 mm

Thicknesst) = 4.06 mm

Tensile strength

Using the values above, stress is obtained asafsilo

F
g=— C.25
Wt ( )
o= ﬂ = 3661 MPa
10.28%x4.06

Tensile modulus

According to ASTM D638, materials can exhibit lines non-linear behaviour when
examining stress-strain curves. Although the kermhposites tested exhibited a
region of linear behaviour, it was very small ahdvas decided that both the linear
and non-linear values of modulus would be calcdlat€he linear modulus is
determined by calculating the slope of the linesjion on the stress-strain curve and

the non-linear (or secant) modulus is determinedlibjing the maximum stress by
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the maximum strain. A Matlab programme was codedorocess raw data and

produce values of linear and secant modulus.
Tensile linear modulus

In order to calculate the linear modulus the Magmbgramme prompts the user to
select the start and end of the linear regiormdntcreates a “best-fit” line from the
data points between the selected start and endspdihe gradient of this line is the
linear modulus. An example of the linear region t@nseen in Figure C.1 and is

highlighted in red. The tensile linear modulustfis specimen is 6.26 GPa.
Tensile secant modulus

In order to calculate the secant modulus, the Matlemgramme extends a line (from
the linear region) to determine a zero-stress pait the corresponding value of
strain. This point of zero-stress is then used asew origin for the curve, thus
offsetting the “bedding-in” region. The secant miodus then calculated by dividing

the stress at failure by the corresponding strain.

The tensile secant modulus is calculated usindaff@ving:

secant

e =2 (C.2.6)
£

3661

e = ———" = 465GPa
0.0078:

An example of the secant modulus can be seen rdig.1 and is highlighted in

green.
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Select Start and End of Linear Region of 3404 Tensile.txt

40

35

1]

Stress [MPa]
P [ ]
[} (a3}

—
iy}

10

i -3
Uncorrected Strain w10

Figure C.1 Typical tensile stress-strain curvedafdenaf fibre composite specimen

Flexural testing

The specimen used in this example is 3UP-AD-H-F3af&rs of fibres, polyester

resin, fibres dried, heated mould, flexural specimember 5).

Force at failureR) = 256.148 N
Deflection at failured) = 4.038 mm
Width (w) = 15.82 mm
Thicknesst) = 4.15 mm

Support Spanl() = 64 mm
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Flexural strength

The stress at failure is calculated according t@ 3790 by the following:

3FL
o=

= (C.2.7)

_ 3%x256148x64

o= > = 9025 MPa
2x1582x4.15

Flexural modulus

As in the case of the tensile tests, it was obsktivat the kenaf composites exhibited
linear and non-linear behaviour when examining ssusrain curves (this
phenomenon is also detailed in ASTM D790). A Matfabgramme was coded to
process raw data and produce values of linear erehs modulus.

Flexural linear modulus

The programme performs the same operation to edtethe linear modulus as the
programme for tensile testing (with the necess&ignges made to stress and strain
calculations). An example of the linear region da seen in Figure C.2 and is
highlighted in red.

The flexural linear modulus for this specimen #34GPa.

Flexural secant modulus

The strain at failure experienced by the specinseaaiculated according to ASTM
D790 using the following:

g =od (C.2.8)
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= 6x 4038% 415

o - 002455

Once the flexural strain is known, the flexurala®anodulus can be calculated:

An example of the flexural secant modulus can bense Figure C.2 and is

highlighted in green.

Select Start and End of Linear Region of 3AD5 Flexural.txt

¥ 10
I I ! | |
L bl R R L e ST —
o e T R e ST s
s A
BF------------ T-"-TmTmmomoo- e
‘m
=
;' Bl-emmeeo - T-"-TmTmmomoo- i
o
=)
i
L L T B e TP PP
3 R, N, do .
2 oS aoonnann0 Mo onooonoon00
Th-mmmmmrm et
0
0 0.005 0.m 0.015 0.0z 0.025 0.03

Uncaorrected Strain

Figure C.2 Typical flexural stress-strain curve ddtenaf fibore composite specimen

Impact testing

The following flow diagram describes the methodduseobtain the energy absorbed

and the force experienced by a specimen duringngmadt test. A similar flow
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diagram was used by 'on&>. A Matlab program was written to analyse raw data

and the code can be found in Appendix D.

Raw Data — Accelerometer

(Volts vs. Time)

L4
Filter
L4
Conversion Constant - Acceleration vs. Time _ Newton's 2 Law
100mV = 9.81m/s? N (m/s?) (s) il F=ma
v
Boundary Condition - Velocity vs. Time
Initial Striker Velocity il (m/s) (s)
L4
Initial Pendulum Energy = Pendulum Energy = 0.5 mv?
05 m\-"-_nim" (D (D
L4
Absorbed Energy =
> Initial Pendulum Energv-
Pendulum Energy
h 4 v
Absorbed Energy vs. Time Force vs. Time
)] (s) (N) (s)

Figure C.3 Flow diagram describing matlab impacteco

The specimen used in this example is 3UP-AD-H-11ai&rs of fibres, polyester

resin, fibres dried, heated mould, impact specimenber 1).

Force at failureK) = 104.22 N

Width (w) =10.16 mm

Thicknesst) = 4.19 mm

Span ) =20 mm

Pendulum initial velocityWelizo) = 2.1271 m/s
Pendulum velocity at endd=eng) = 2.0711 m/s
Pendulum velocity at failure/@=pea) = 2.1013 m/s
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Impact resistance

The Matlab programme that was coded requests thetasselect the start, end and
peak force points of the impact event on a gragindgJthe velocity of the pendulum
at these points, the corresponding energies canalmellated. By subtracting the
instantaneous pendulum energy from the initial pé&nd energy, the energy
absorbed by the specimen at the points of interast be determined using the

following:

Total Energy Ewt): between t=0 and t=end

t=end

E, = %m(veltzoz - vel 2) (C.2.9)

Ey = %x1.9955>< (21272 - 2071%)= 0.2346J

tot

Initial Energy E): between t=0 and t=peak

E = %m(velt:oz vl ) (C.2.10)

E, = %x 1.9955x (2.127% - 21013 ) = 0.1088J

Propagative Energyef): between t=peak and t=end

E =E_-E (C.2.11)

p tot i

E, =0.2346-0.1088=0.1258J
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ASTM D256 requires that these values of energy dreverted to energy per unit

thickness of the specimen. For this example:

E) _023464_. .,
t ) 000419

E) _010894_,.

t ), 000419

E) _012570_, .
t), 000419

Impact strength

Stress in a beam is given by:

og=—2 (C.2.12)

where, for a cantilever beam:

M =FL (C.2.13)

and for a rectangular section:

| =W (C.2.14)
12
hence, substituting C.2.13 and C.2.14 into C.2.12,
= OFL (C.2.15)
tw

6x10422x20
o=—— """+

4,19x1C.16° - 2891MPa
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Water absorption

The specimen used in this example is 3UP-AD-H-W2a&rs of fibres, polyester
resin, dried fibres, heated mould, water absorpsipecimen number 2). The values

presented for this specimen are for water absoratiter 168 hours.

Initial mass (n) = 12.7890 g
Initial length (j) = 50.57 mm
Initial width (W) = 50.55 mm
Initial thickness at centre) = 4.12 mm

Initial thickness at edgeg) = 4.10 mm

Mass at 168 hoursrges) = 13.3368 g

Length at 168 hourgi6s) = 50.66 mm

Width at 168 hourswigg) = 50.64 mm
Thickness at centre at 168 houigeg) = 4.21 mm
Thickness at edge at 168 houesdg) = 4.23 mm

The percentage change from the initial values isutated using the following
generalised equation:

% X e :(%—1}100 (C.2.16)

hence,

% Mygg = (”raﬁg —1} x100= [E?:gg—g x100= 428%

%, = ('}ﬁ —1jx100: (%g? —1) x100= 018%
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% Wi, = (%—1}100: (%gg—ljxmo: 018%

421
% tC,qy = (tféﬁs —1} x100= (4—12 —1) x100= 218%

t 423 _
% teq =( fg‘s —1j><100= (m—ljwa— 317%
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Appendix D Matlab codes and accelerometer data sheet

D1 Tensile test matlab code

%CODE FOR ANALYSING TENSILE TEST DATA
% - Stefan Rassmann
%

clear;

prompt = {'type the directory containing tensile te st files'};

default =

{'C:\Tensile_Data\Polyester_Tensile\3_Layers_Tensil e_Polyester\3AD
Tensile'};

title = 'directory’;

lineNo = 1;

directory = inputdlg(prompt, title, lineNo, default );

directory = char(directory);

prompt = {'Enter the Number of Specimens'};
number_of_specimens = inputdlg(prompt);
M = str2num(number_of_specimens{1});

cd(directory);
[filenamel, pathnamel] = uigetfile(*.txt', ['Selec t File Containing
Dimensions );
for z=1:M
specimen_number = numz2str(z);

% CONSTANTS

strain_calibration_factor = 0.02903;
guage_length = 50;

% 1. TENSILE DATA FILE GETS OPENED
% The data is sorted into FORCE and EXTENSION

cd(directory);

[filename2, pathname?2] = uigetfile(*.txt', ['S elect Specimen ',
specimen_number));

data = csvread(filename2, 39);

% 2. DIMENSIONS CAN BE OBTAINED EITHER FROM A *.txt FILE OR
ENTERED
% MANUALLY

% OPTION 1 - USE A *.txt FILE

dimensions = dimread(filename1l);
area = dimensions(z,1);

% OPTION 2 - ENTER DIMENSIONS MANUALLY

%  prompt = {'Enter specimen width (mm):', 'Ente r specimen
thickness (mm):', 'or Enter specimen area (mm”"2):'} ;

%  default={'0', '0', '0'};

% title = 'Specimen Dimensions'’;



%
%
%
%
%
%
%
%

lineNo=1,;

dimensions = inputdlg(prompt,title,lineNo,def
width = str2num(dimensions{1});

thickness = str2num(dimensions{2});

area = str2num(dimensions{3});

if area <=0
area = width*thickness
end
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ault);

% 3. STRESS AND STRAIN ARE CALCULATED FROM T
% DIMENSIONS

stress = (1000/area)*data(:,1);
strain = (strain_calibration_factor/guage_lengt

HE INPUT DATA &

h)*data(:,2);

% 4. USER IS REQUESTED TO SELECT LINEAR REGI

scrsz = get(0,'ScreenSize";
figure(‘Position',[0.5*(scrsz(3)-scrsz(3)*0.75)

scrsz(4)*0.75) scrsz(3)*0.75 scrsz(4)*0.75));

figure(1)

plot(strain, stress);

xlim([0 1.1*max(strain)]);

ylim([0 1.1*max(stress))]);
xlabel('Uncorrected Strain");
ylabel('Stress [MPa]");

grid on

% Introduce crosshairs to select origin
x = 0.15*max(xlim);

y = 1.05*max(ylim);

text(x,y, ['Select Start and End of Linear Regi

filename2]);

[start_linear_strain, start_linear_stress]=ginp
[end_linear_strain, end_linear_stress]=ginput(1

% Now we want to disregard anything before th

the

% linear region

N=length(stress);

a=1;
whilea<=N
if strain(a) <= start_linear_strain
lowerlim = a;
elseif strain(a) <= end_linear_strain
upperlim = a;
else
break
end
a=a+1,
end

lowerim = lowerlim + 1;

linear_strain = strain(lowerlim:upperlim);

linear_stress = stress(lowerlim:upperlim);
p = polyfit(linear_strain, linear_stress, 1);
f = polyval(p,linear_strain);

ON

0.5*(scrsz(4)-

on of ',

ut(1);
);

e start and end of




% 5. THE FITTED LINEAR CURVE IS USED TO DETE
ZERO
% STRAIN

grad = p(1);

y_int = p(2);

zero_strain = (-y_int)/grad;

for b=1:N
strain(b)=strain(b)-zero_strain;

end
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RMINE THE POINT OF

% 6. THE MAXIMUM STRESS, MAXIMUM STRAIN AND
ARE CALCULATED

c=1,
max_stress = 0;
while c <= N
if stress(c) >= max_stress;
max_stress = stress(c);
failure_point = c;
end
c=c+1,;
end

maximum_stress(z)=stress(failure_point);
maximum_strain(z) = strain(failure_point);
secant_modulus(z) = (maximum_stress(z)/maximum_
linear_modulus(z) = grad/1000;

maximum_stress_squared(z)=(stress(failure_point
maximum_strain_squared(z)=(strain(failure_point

secant_modulus_squared(z)=(((stress(failure_point))
re_point))*2))/(1000"2);
linear_modulus_squared(z) = (grad”~2)/(1000"2);

closereq;
end

average_maximum_stress = sum(maximum_stress)/M;
average_maximum_strain = sum(maximum_strain)/M;
average_secant_modulus = sum(secant_modulus)/M;
average_linear_modulus = sum(linear_modulus)/M;

stress_std_deviation=((sum(maximum_stress_squared)-
(average_maximum_stress”*2)*M)/(M-1))"0.5;
strain_std_deviation=((sum(maximum_strain_squared)-
(average_maximum_strain~2)*M)/(M-1))"0.5;
secant_modulus_std_deviation=((sum(secant_modulus_s
(average_secant_modulus”2)*M)/(M-1))"0.5;
linear_modulus_std_deviation=((sum(linear_modulus_s
(average_linear_modulus*2)*M)/(M-1))"0.5;

ELASTIC MODULUS

strain(z))/1000;

N2,
N2,

A2)/((strain(failu

quared)-

quared)-

%

% 7. THE RESULTING VALUES ARE WRITTEN INTO text

results = [maximum_stress; maximum_strain; secant_m
linear_modulus];

FORMAT

odulus;



average_results = [average_maximum_stress; average

average_secant_modulus; average_linear_modulus];
std_deviation = [stress_std_deviation; strain_std_d
secant_modulus_std_deviation; linear_modulus_std_de

cd C:\Tensile_Results\Epoxy_Tensile_Results;
[filename3, pathname3] = uiputfile(*.txt', 'Save R
fid = fopen(filename3,'w");

fprintf(fid,"\t Stress \t Strain \t Secant_Modulus
Linear_Modulus\n");

fprintf(fid,\t MPa\t mm/mm\t GPa\t GPa\

for y=1:M
y_str=num2str(y);
fprintf(fid,'Specimen %c', y_str);
fprintf(fid,\t %3.1f \t %7.5f \t %3.2f \t

%3.2f\n",results(:,y));

end

fprintf(fid,"\n";

fprintf(fid,'Average");

fprintf(fid,\t %3.1f \t %7.5f \t %3.2f \t %3.2f\n’
fprintf(fid,'Std. Dev. %c");

fprintf(fid,\t %3.1f \t %7.5f \t %3.2f \t %3.2f\n’
fclose(fid);

maximum_strain;
eviation;

viation];

esults As:");

\t

n’;

,average_results);

,std_deviation);

140



D2 Flexural test matlab code

%CODE FOR ANALYSING FLEXURAL TEST DATA
% - Stefan Rassmann
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%

clear;

prompt = {'type the directory containing flexural t
default =
{'C:\Flexural_Data\Polyester_Flexural\3_Layers_Flex
Flexural'};

title = 'directory’;

lineNo = 1;

directory = inputdlg(prompt, title, lineNo, default
directory = char(directory);

prompt = {'Enter the Number of Specimens'};
number_of specimens = inputdlg(prompt);

M = str2num(number_of_specimens{1});

cd(directory);
[filenamel, pathnamel] = uigetfile(*.txt', ['Selec
Dimensions ');
for z=1:M
specimen_number = numz2str(z);

% CONSTANTS

support_span = 64;

est files'};

ural_Polyester\3AD

t File Containing

% 1. FLEXURAL DATA FILE GETS OPENED
% The data is sorted into FORCE and EXTENSION

cd(directory);

[filename2, pathname?2] = uigeffile(*.txt', ['S
specimen_number));

data = csvread(filename2, 39);

elect Specimen ',

% 2. DIMENSIONS CAN BE OBTAINED EITHER FROM
ENTERED
% MANUALLY

% OPTION 1 - USE A *.txt FILE

dimensions = dimread(filename1l);
width = dimensions(z,1);
thickness = dimensions(z,2);

% OPTION 2 - ENTER DIMENSIONS MANUALLY

%  prompt = {'Enter specimen width (mm):', 'Ente
thickness (mm):'};

%  default={'16', '4};

% title = 'Specimen Dimensions';

%  lineNo=1;

% dimensions = inputdlg(prompt,title,lineNo,def

A *.txt FILE OR

r specimen

ault);



%
%

width = str2num(dimensions{1});
thickness = str2num(dimensions{2});
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% 3. STRESS AND STRAIN ARE CALCULATED FROM T

% DIMENSIONS

stress = (3*support_span*1000*data(:,1))/(2*wid
strain = 6*thickness*data(:,2)/support_span”2;

HE INPUT DATA &

th*thickness"2);

% 4. USER IS REQUESTED TO SELECT LINEAR REGI

scrsz = get(0,'ScreenSize";
figure(‘Position',[0.5*(scrsz(3)-scrsz(3)*0.75)

scrsz(4)*0.75) scrsz(3)*0.75 scrsz(4)*0.75));

figure(1)

plot(strain, stress);

xlim([0 1.1*max(strain)]);
ylim([0 1.1*max(stress))]);
xlabel('Uncorrected Strain’);
ylabel('Stress [MPa]");

grid on

% Introduce crosshairs to select origin
x = 0.15*max(xlim);

y = 1.05*max(ylim);
text(x,y, ['Select Start and End of Linear Regi

filename2]);

[start_linear_strain, start_linear_stress]=ginp
[end_linear_strain, end_linear_stress]=ginput(1

% Now we want to disregard anything before th

the

% linear region

N=length(stress);

a=1,
while a <= N
if strain(a) <= start_linear_strain
lowerlim = a;
elseif strain(a) <= end_linear_strain
upperlim = a;
else
break
end
a=a+1,
end

lowerim = lowerlim + 1;

linear_strain = strain(lowerlim:upperlim);

linear_stress = stress(lowerlim:upperlim);
p = polyfit(linear_strain, linear_stress, 1);
f = polyval(p,linear_strain);

ON

0.5*(scrsz(4)-

on of ',

ut(1);
);

e start and end of

% 5. THE FITTED LINEAR CURVE IS USED TO DETE

ZERO

% STRAIN

RMINE THE POINT OF



grad = p(1);

y_int = p(2);

zero_strain = (-y_int)/grad;

for b=1:N
strain(b)=strain(b)-zero_strain;

end
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% 6. THE MAXIMUM STRESS, MAXIMUM STRAIN AND
ARE CALCULATED

c=1,
max_stress = 0;
while c <=N
if stress(c) >= max_stress;
max_stress = stress(c);
failure_point = c;
end
c=c+1,
end

maximum_stress(z) = stress(failure_point);
maximum_strain(z) = strain(failure_point);
secant_modulus(z) = (maximum_stress(z)/maximum_
linear_modulus(z) = grad/1000;

maximum_stress_squared(z)=(stress(failure_point
maximum_strain_squared(z)=(strain(failure_point

secant_modulus_squared(z)=(((stress(failure_point))
re_point))*2))/(1000"2);
linear_modulus_squared(z) = (grad”~2)/(1000"2);

closereq;
end

average_maximum_stress = sum(maximum_stress)/M;
average_maximum_strain = sum(maximum_strain)/M;
average_secant_modulus = sum(secant_modulus)/M;
average_linear_modulus = sum(linear_modulus)/M;

stress_std_deviation=((sum(maximum_stress_squared)-
(average_maximum_stress”2)*M)/(M-1))"0.5;
strain_std_deviation=((sum(maximum_strain_squared)-
(average_maximum_strain~2)*M)/(M-1))"0.5;
secant_modulus_std_deviation=((sum(secant_modulus_s
(average_secant_modulus”2)*M)/(M-1))"0.5;
linear_modulus_std_deviation=((sum(linear_modulus_s
(average_linear_modulus”~2)*M)/(M-1))"0.5;

ELASTIC MODULUS

strain(z))/1000;

N2,
N2,

2)/((strain(failu

quared)-

quared)-

%

% 7. THE RESULTING VALUES ARE WRITTEN INTO text

results = [maximum_stress; maximum_strain; secant_m
linear_modulus];

average_results = [average_maximum_stress; average_
average_secant_modulus; average_linear_modulus];
std_deviation = [stress_std_deviation; strain_std d
secant_modulus_std_deviation; linear_modulus_std_de

FORMAT
odulus;
maximum_strain;

eviation;
viation];



cd
C:\Flexural_Results\Polyester_Flexural_Results\4_La
xural_Results;

[filename3, pathname3] = uiputfile(*.txt', 'Save R

fid = fopen(filename3,'w");

fprintf(fid,\t Stress \t Strain \t Secant_Modulus
Linear_Modulus\n");

fprintf(fid,\t MPa\t mm/mm\t GPa\t GPa\

for y=1:M
y_str=num2str(y);
fprintf(fid,'Specimen %c', y_str);
fprintf(fid,\t %3.1f \t %7.5f \t %3.2f \t

%3.2f\n',results(:,y));

end

fprintf(fid,"\n");

fprintf(fid,'Average");

fprintf(fid,"\t %3.1f \t %7.5f \t %3.2f \t %3.2f\n’
fprintf(fid,'Std. Dev. %c");

fprintf(fid,"\t %3.1f \t %7.5f \t %3.2f \t %3.2f\n’
fclose(fid);
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yers_Polyester_Fle
esults As:");

\t

nY;

,average_results);
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D3 Impact test fast fourier transform code

This code was used “as is” from the work of I'G#
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%

% 1. IMPACT DATA FILE GETS OPENED

cd C\; %Set path to data files
[FileName,PathName] = uigetfile("*.txt','Select the
data=dimread(FileName);

prompt={'Specify Sampling Interval in Seconds'};
sampling_interval=inputdlg(prompt);
sampling_interval=str2num(sampling_interval{1});
samplerate=1/sampling_interval,
time=sampling_interval*data(:,1);

volts=data(:,2); %Acquire si

File";

gnal

%

% 2. FAST FOURIER ANALYSIS IS PERFORMED ON THE V
%

% The FFT function works as follows: x=[data];

% (Data to be analysed) samplerate;

% (Used when creating frequency domain (Hz)) poin
% (i.e. 2~9=512-Must be a power of 2 for computat
% Y=fft(x,points);

% (FFT function gets used) Mag=Y.*conj (Y)/points
% (Magnitude data for y-axis from fft data)

% Freq=samplerate*(0:points/2)/points;

% (Frequency domain gets created from samplerate)
% plot (Freq, Mag(1:257))

% (Only half data is plotted due to the unwanted
effect”

% created by the FFT)

% Data may be needed to be zoomed into!

%

% Therefore:

points=4096; % 2~12=4096
fftvolts=fft(volts,points);
amp=fftvolts.*conj(fftvolts)/points;
freq=samplerate*(0:points/2)/points;

plot(freq, amp(1: (points/2+1)))

ylim([0 3])

xlim([0 250001)

%axis([0 samplerate/2 0 max(amp)]) %Half data
grid on;

titte=('Fast Fourier Transformation');
ylabel('Magnitude’);

xlabel('Frequency [Hz]");

% END

OLTS DATA

ts=512;
ional efficiency)

"wrap around

%
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D4 Impact test code

%
% THIS PROGRAM IS INTENDED FOR THE INSTURMENTED 1ZO D
% IMPACT MACHINE IN THE COMPOSITE LABORATORY

% (ENERGY AND STRESS CALCULATIONS)

% - By Trevor I'Ons

% - Updated and Modified by Stefan Rassmann

% - Changes include

% - Adapting to work with new data capturing equipment

% - Adapting to work with newer versions of M atlab

% - Changing method of energy calculation to reduce inaccuracy
by

% calculating energy from velocity instead of displacement
% - Loop for multiple specimen analysis

% - Coding to write results to a *.txt file

%

clear;

clf;

% DECLARATION OF CONSTANTS

mass1=4.65; %Mass of striker/pendulum 1.9955
acc_const=100*10"(-3); %100mV is '1g' (9.81m/s"2)

rs=0.481; %Distance to STRIKER 0.350
rg=0.408; %Distance to CENTRE OF GRAVI TY 0.2411
ra=0.490; %Distance to ACCELEROMETER 0.3875
v0=2.791; %Initial velocity of CENTRE OF GRAVITY
2.1271

t0=0.000; %Initial time

s0=0.000; %Initial DISPLACEMENT of spe C.

€0=0.000; %Initial ENERGY of specimen

Lstrike=20; %Length of specimen cantilve r

%
% 1. THE USER IS PROMPTED TO ENTER THE PATHOF T HE FOLDER
CONTAINING RAW

% DATA, INPUT THE NUMBER OF SAMPLES, SELECT THE F ILE CONTAINING THE
% SAMPLE DIMENSIONS AND ENTER THE SAMPLING RATE A ND FILTER
FREQUENCY

prompt = {'Type the Directory Containing Impact Tes t Files'};
default = {'C:\Impact_Data\Epoxy_Impact\AGE-EP_Impa ct'};

title = 'directory’;

lineNo =1,

directory = inputdlg(prompt, title, lineNo, default );

directory = char(directory);

prompt = {'Enter the Number of Specimens'};
number_of specimens = inputdlg(prompt);
M = str2num(number_of_specimens{1});

cd(directory);
[filenamel, pathnamel] = uigetfile(**.txt', ['Selec t File Containing
Dimensions'));

prompt={'Specify Sampling Interval’, 'Specify Filte r Frequency'};
default={"0.000005', '1500';

titte="Sampling Interval & Filter Frequency’;

lineNo=1;

sampling_filter=inputdlg(prompt,title,lineNo,defaul t);
sampling_interval=str2num(sampling_filter{1});

samplerate=1/sampling_interval,



filterfreq=str2num(sampling_filter{2});
filterperiod=1/filterfreq;
bmatnum=filterperiod/(1/samplerate);

for z=1:M;

specimen_number = num2str(z);
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% 2. IMPACT DATA FILE GETS OPENED
% The data is sorted into TIME and VOLTS

cd(directory);
[filename2, pathname?2]=uigetfile(**.txt*, ['Se

specimen_number));

data=dimread(filename?2);
time=sampling_interval*data(:,1);
volts=data(:,2);

lect Specimen ',

% 3. DATAIS FILTERED ACCORDING TO USERS INP

PASS

% BAND !l!

a=1,

for b=1:bmatnum;
c(b)=1/bmatnum;

end

voltsFiltered=filter(c,a,volts);

UT OF DESIRED LOW

% 4. USER IS REQUESTED TO SELECT STRIKING PO

POINT)

figure(1);
plot(time, voltsFiltered)
xlabel('Time [s]);
ylabel('Volts [V]);
grid on
% Now introduce crosshairs to select origin
x=0.15*max(xlim);
y=1.05*max(ylim);
text(x,y, 'Select Start and End of Impact Curve
[zero_time, zero_volts]=ginput(1);
[finish_time, finish_volts]=ginput(1);
% From this, a new force vector is calculated
% origin
N=size(voltsFiltered);
for d=1:N
voltsFiltered(d)=voltsFiltered(d)-zero_volt
time(d)=time(d)-zero_time;
end
% Now we want to disregard anything before t=
for e=1:N
if time(e)>=0
if (finish_time-zero_time)>=time(e)
VOLTS(e)=voltsFiltered(e);
TIME(e)=time(e);
end
end
end

SITION (ORIGIN

s

, setting the true

0]



%
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5. DATA IS CONVERTED TO ACCELERATION (OF A

N=length(VOLTS);
for f=1:N

accel(f)=(-1)*(9.81/acc_const)*VOLTS(f);

end

ac

%
%

cel=transpose(accel);

CCELEROMETER)

6.1. DATAIS USED TO COMPUTE VELOCITY OF
NUMERICAL INTEGRATION

for g=1:N-1

vel(1)=v0*(ra/rg);
vel(g+1)=vel(g)+((accel(g)+accel(g+1))/2*(T

TIME(g)));
end
vel=transpose(vel);

%
VIA
%

ACCELEROMETER VIA

IME(g+1)-

6.2. DATA IS USED TO COMPUTE DISPLACEMEN

NUMERICAL INTEGRATION

for h=1:N-1

disp(1)=s0;
disp(h+1)=disp(h)+((vel(h)+vel(h+1))/2*(TIM

end
disp=transpose(disp);

%
%
%
%
%
%
%
%
%
%
%
%
%

fo

T OF ACCELEROMTER

E(h+1)-TIME(h)));

7. DATA IS USED TO COMPUTE FORCE FROM MOME
AND PENDULUM PROPERTIES.

(F=MA)

Fg*rg=Fs*rs

Fs=(rg/rs)*Fg ------- Q)

but

Fg=Mg*ag ------- @)

ag=(rg/ra)*aa ------- 3

where ag= acc. of centre of gravity
as= acc. of striker
aa= acc. Of accelerometer
Fs=Mg*(rg/rs)*(rg/ra)*aa

ri=1:N
force(i)=(-1)*mass1*(rg/rs)*(rg/ra)*accel(i

end

fo

rce=transpose(force);

NTS

% 8. DATA IS USED TO COMPUTE ENERGY VIA NUME

OF

% MASS AND VELOCITY OF PENDULUM

fo

ri=1:N  %j=1:N-1
%energy(1)=e0;

RICAL INTEGRATION
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energy(j)=0.5*mass1*((vel(1)*(rg/ra))"2-(ve 1(j)*(rg/ra))"2);
%energy(j+1)=energy(j)+(((force(j)+force(j+1))/2)*( (disp(j+1)-
disp(j))*(rs/ra)));
end

energy=transpose(energy);

% 9. DATA IS USED TO PLOT FORCE AND ENERGY VS
% TIME OVERLAY
% Plot data

clf;

[AX,H1,H2]=plotyy(TIME, force, TIME, energy, 'p lot");
% Labels all three axes

set(get(AX(1), 'Ylabel'), 'String', 'Force [N]' )
set(get(AX(2), 'Ylabel), 'String', 'Energy [J] )]

xlabel('Time [s]);

% Set axes limits and increments
ylmax=ceil(1.1*max(force));
y2max=ceil(1.1*max(energy));
ylim(AX(1), [0 ylmax])

ylim(AX(2), [0 y2max])

set(AX(1), 'ytick', [0:ylmax/5:ylmax])
set(AX(2), 'ytick', [0:y2max/5:y2max])
grid on

% 10. USER IS PROMPTED FOR THE POINT OF PEAK FORCE

x=0.12*max(xlim);
y=1.05*max(ylim);
text(x,y, 'Select Peak Force Along Force Curve' );
[TIMEPeak, FORCEPeak]=ginput(1);
% Now that the failure point is known, calcul ate the
corresponding
% energy!!!
for k=1:N
if TIMEPeak > TIME(K)
energyPeak(k)=energy(k);
forcePeak(k)=force(k);
end
end
% Now get the energies from the created array S

dimensions = dimread(filenamel);
width = dimensions(z,1);
thickness = dimensions(z,2);

Peak Energy_cm2 = max(energyPeak)/(width*thickn €ss)*100;
Total_Energy_cm2 = max(energy)/(width*thickness )*100;
Impact_Strength_cm2 = Total_Energy_cm2;

Peak Energy_cm = max(energyPeak)/thickness*10;

Total_Energy_cm = max(energy)/thickness*10;

Impact_Strength_cm = Total_Energy_cm;

Fmax = max(forcePeak);

Ei_cm2(z) = Peak_Energy cm2;

Ep_cm2(z) = (Total_Energy_cm2-Peak Energy_cm?2);
IS_cm2(z) = Impact_Strength_cm2;

Ei_cm(z) = Peak _Energy cm;

Ep_cm(z) = (Total_Energy_cm-Peak Energy cm);



IS_cm(z) = Impact_Strength_cm;
Smax(z) = (6*Fmax*Lstrike)/(thickness*width”2);

Ei_squared_cm2(z) = Peak_Energy _cm2/2;
Ep_squared_cm2(z) = (Total_Energy_cm2-Peak Ener
IS_squared_cm2(z) = Impact_Strength_cm2/2;
Ei_squared_cm(z) = Peak_Energy cm”2;
Ep_squared_cm(z) = (Total_Energy_cm-Peak_Energy
IS_squared_cm(z) = Impact_Strength_cm”2;
Smax_squared(z) = ((6*Fmax*Lstrike)/(thickness*

closereq;
clear volts voltsFiltered VOLTS time TIME accel
energy;

end

average_Ei_cm2 = sum(Ei_cm2)/M;
average_Ep_cm2 = sum(Ep_cm2)/M;
average IS _cm2 = sum(IS_cm2)/M;
average_Ei_cm = sum(Ei_cm)/M;
average_Ep_cm = sum(Ep_cm)/M;
average_IS_cm = sum(IS_cm)/M,;
average_Smax = sum(Smax)/M;

Ei_cm2_std deviation = ((sum(Ei_squared_cm?2)-
(average_Ei_cm272)*M)/(M-1))"0.5;
Ep_cm2_std_deviation = ((sum(Ep_squared_cm?2)-
(average_Ep_cm272)*M)/(M-1))"0.5;
IS_cm2_std_deviation = ((sum(IS_squared_cm2)-
(average_IS_cm2/2)*M)/(M-1))"0.5;

Ei_cm_std_deviation = ((sum(Ei_squared_cm)-(average
1))"0.5;

Ep_cm_std_deviation = ((sum(Ep_squared_cm)-(average
1))0.5;

IS_cm_std_deviation = ((sum(IS_squared_cm)-(average
1))0.5;

Smax_std_deviation = ((sum(Smax_squared)-(average_S
1))"0.5;

gy_cm2)"2;

_cm)™2;

width"2))"2;

vel disp force

_Ei_cm”2)*M)/(M-
_Ep_cm”2)*M)/(M-
_1S_cm”2)*M)/(M-

max”2)*M)/(M-

%

% 11. THE RESULTING VALUES ARE WRITTEN TO A *.tx

results = [Ei_cm2; Ep_cm2; IS_cm2; Ei_cm; Ep_cm; IS
average_results = [average_Ei_cm2; average_Ep_cm?2;
average_Ei_cm; average_Ep_cm; average_IS_cm; averag
std_deviation = [Ei_cm2_std_deviation; Ep_cm2_std_d
IS_cm2_std_deviation; Ei_cm_std_deviation; Ep_cm_st
IS_cm_std_deviation; Smax_std_deviation];

cd C:\Impact_Results\Epoxy_Impact_Results;
[filename3, pathname3] = uiputfile(*.txt', 'Save R
fid = fopen(filename3,'w");

fprintf(fid, A EIM Ep \t ISMEIi t Ep \t IS \t
fprintf(fid,"\t J/Jcm”2 \t J/cm”2 \t J/cm”2 \t J/cm
MPa\n');

for y=1:M
y_str=num2str(y);
fprintf(fid,'Specimen %c', y_str);

t FILE

_cm; Smax];
average_IS_cmz2;
e_Smax];
eviation;
d_deviation;

esults As:");

S_max\n’);
\t J/em \t J/em \t
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fprintf(fid,\t %3.2f \t %3.2f \t %3.2f \t %3.2
%3.2f \t %3f\n',results(:,y));
end

fprintf(fid,"\n");

fprintf(fid,'Average");

fprintf(fid,\t %3.2f \t %3.2f \t %3.2f \t %3.2f \t
%3f\n',average_results);

fprintf(fid,'Std. Dev. %c");

fprintf(fid,\t %3.2f \t %3.2f \t %3.2f \t %3.2f \t
%3f\n',std_deviation);

fclose(fid);

f\t %3.2f \t

%3.2f \t %3.2f \t

%3.2f \t %3.2f \t
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Appendix E  SEM examinations

E1l Effects of processing conditions

In the following pictures the letters correspondhte following composites:

a: UP-AD-H b: UP-AD-NH
c: UP-AD-H-P d: UP-ND-H
e: UP-ND-NH

Y \ @
ool 10k ,-.-'e‘i ba 4015

Figure E.1 SEM micrographs of impact failure suefaof composites made using

various processing conditions at 15 % fibre voludraetion
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Figure E.2 SEM micrographs of impact failure suefof composites made using

various processing conditions at 22.5 % fibre vaunaction
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Figure E.3 SEM micrographs of impact failure suefof composites made using
various processing conditions at 30 % fibre voldraetion
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E2 Effects of resin system

In the following pictures the letters correspondhe following composites:

a: UP-AD-H b: VE-AD-H
c: EP-AD-H

Figure E.4 SEM micrographs of impact failure sueof composites made using

various resin systems at 15 % fibre volume fraction
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Figure E.5 SEM micrographs of impact failure suegof composites made using

various resin systems at 22.5 % fibre volume foacti
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Figure E.6 SEM micrographs of impact failure sueof composites made using

various resin systems at 30 % fibre volume fraction
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E3 Other

Figure E.7 Fibres fractured at surface of 22.5Btefivolume fraction composites,
vinyl ester (left) and epoxy (right)
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Appendix F  Water absorption tests

F1 Effects of processing conditions

Mass change

S ~UP-AD-H

2 UP-AD-NH
2 ~ UP-AD-H-P
= ~UP-ND-H

4 ~=- UP-ND-NH
=

0 200 400 600 800
Time (hrs)

Figure F.1 Effect of processing conditions on masgase over four weeks of water

absorption at 15 % fibre volume fraction

S ~ UP-AD-H

2 UP-AD-NH
5 ~+ UP-AD-H-P
= ~ UP-ND-H

3 - UP-ND-NH
P

O T T T 1
0 200 400 600 800
Time (hrs)
Figure F.2 Effect of processing conditions on masgase over four weeks of water

absorption at 22.5 % fibre volume fraction
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12 1
) ~ UP-AD-H
e UP-AD-NH
2 ~+ UP-AD-H-P
S - UP-ND-H
3 - UP-ND-NH
=

O # I I T 1

0 200 400 600 800

Time (hrs)
Figure F.3 Effect of processing conditions on masgase over four weeks of water

absorption at 30 % fibre volume fraction

Thickness change

340

2.5
S
2 2.0 ~UP-AD-H
S UP-AD-NH
g 154 ~+ UP-AD-H-P
% ~UP-ND-H
2 1.0 - ~ UP-ND-NH
X
=

0.5 -

0.0 T T T ]

200 400 600 800

Time (hrs)

Figure F.4 Effect of processing conditions on thiegs increase over four weeks of
water absorption at 15 % fibre volume fraction
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S

5 —UP-AD-H

3 UP-AD-NH
8 ~+ UP-AD-H-P
2 - UP-ND-H
£ —~ UP-ND-NH
=

0.0 T T T 1
0 200 400 600 800

Time (hrs)
Figure F.5 Effect of processing conditions on thiegs increase over four weeks of

water absorption at 22.5 % fibre volume fraction

7 —_

6 .
S 5
9 ~UP-AD-H
S 4 UP-AD-NH
g —~+ UP-AD-H-P
23 ~-UP-ND-H
g —~ UP-ND-NH
S 9
=
=

0 T T T T 1
0 200 400 600 800

Time (hrs)
Figure F.6 Effect of processing conditions on thiegs increase over four weeks of

water absorption at 30 % fibre volume fraction
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Length change

0.6 -

0.5 - T
< 04 -
i":: — UP-AD-H
2 03 - UP-AD-NH
5 — UP-AD-H-P
= 0.2 A - UP-ND-H
& — UP-ND-NH
D *
— 0.1 4

0.0 § . . . !

0.1 -

0 200 400 600 800

Time (hrs)

Figure F.7 Effect of processing conditions on léngtrease over four weeks of

water absorption at 15 % fibre volume fraction

0.6 1

% ~ UP-AD-H

Z UP-AD-NH
5 ~+ UP-AD-H-P
g -« UP-ND-H
2 ~ UP-ND-NH
]

0 200 400 600 800
Time (hrs)
Figure F.8 Effect of processing conditions on léngtrease over four weeks of

water absorption at 22.5 % fibre volume fraction
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0.6 -

S

< ~ UP-AD-H
5 UP-AD-NH
5 ~UP-AD-H-P
= ~ UP-ND-H
8 ~ UP-ND-NH
Q

—

0 200 400 600 800
Time (hrs)
Figure F.9 Effect of processing conditions on léngtrease over four weeks of
water absorption at 30 % fibre volume fraction

Width change

0.40 ~

0.30 A
§ - UP-AD-H
% 0.20 - UP-AD-NH
E ~+ UP-AD-H-P
E 0.10 - UP-ND-H
= . ~ UP-ND-NH
? ;

0.00 - T T T 1

-0.10 -

0 200 400 600 800
Time (hrs)

Figure F.10 Effect of processing conditions on Wwitdticrease over four weeks of

water absorption at 15 % fibre volume fraction
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0.40 -

0.30 -
& — UP-AD-H
2 0.20 1 UP-AD-NH
§ ~ UP-AD-H-P
= 0.10 - = UP-ND-H
B — UP-ND-NH
=

000 3 ]

-0.10 4

0 200 400 600 800

Time (hrs)

Figure F.11 Effect of processing conditions on Wwitdicrease over four weeks of

water absorption at 22.5 % fibre volume fraction

0.30 - [
S 1 1 ' —+ UP-AD-H
2 : UP-AD-NH
5 ~ UP-AD-H-P
E ~ UP-ND-H
= : — UP-ND-NH
=
0 200 400 600 800
Time (hrs)

Figure F.12 Effect of processing conditions on Wwitdicrease over four weeks of

water absorption at 30 % fibre volume fraction
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Effects of resin system

Mass change

Mass Increase (%)

Mass Increase (%)

1.2 5

11} ~

0.8
—— UP-Cast

VE-Cast
-+ EP-Cast

0.6 -

0.4 A

0.2

0.0 T T T 1
0 200 400 600 800

Time (hrs)
Figure F.13 Effect of resin system on mass increase four weeks of water

absorption at 0 % fibre volume fraction

- UP-AD-H
VE-AD-H
-+ EP-AD-H
- UP-GE-H
-+ VE-GE-NH
-+ EP-GE-H

0 T T T 1
0 200 400 600 800

Time (hrs)
Figure F.14 Effect of resin system on mass increase four weeks of water
absorption at 15 % fibre volume fraction
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- UP-AD-H
VE-AD-H
-+ EP-AD-H
-+ UP-GE-H
= VE-GE-NH
-+ EP-GE-H

0 I T I 1
0 200 400 600 800

Time (hrs)
Figure F.15 Effect of resin system on mass increase four weeks of water
absorption at 22.5 % fibre volume fraction

—~+ UP-AD-H
VE-AD-H
-+ EP-AD-H
— UP-GE-H
-= VE-GE-NH
-+ EP-GE-H

0 200 400 600 800
Time (hrs)
Figure F.16 Effect of resin system on mass increase four weeks of water

absorption at 30 % fibre volume fraction



Thickness change

0.40 1
0.30 A
0.20 A
0.10 -
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—+ UP-Cast

0.00 44 ETEE T i . |

010 YN
-o.zo—wlul =1L 10

-0.30 +

Thickness Increase (%)

-0.40 -
0 200 400 600

Time (hrs)

| VE-Cast
-+ EP-Cast

800

Figure F.17 Effect of resin system on thicknessdaase over four weeks of water

absorption at 0 % fibre volume fraction

Thickness Increase (%)

— UP-AD-H
VE-AD-H
- EP-AD-H
— UP-GE-H
-+ VE-GE-NH
-+ EP-GE-H

0 200 400 600
Time (hrs)

800

Figure F.18 Effect of resin system on thicknessdaase over four weeks of water

absorption at 15 % fibre volume fraction
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-~ UP-AD-H
VE-AD-H
-+ EP-AD-H
— UP-GE-H
-= VE-GE-NH
-+ EP-GE-H

Thickness Increase (%)

0 200 400 600 800
Time (hrs)

Figure F.19 Effect of resin system on thicknessdaase over four weeks of water

absorption at 22.5 % fibre volume fraction

- UP-AD-H
VE-AD-H
- EP-AD-H
- UP-GE-H
-= VE-GE-NH
-+ EP-GE-H

Thickness Increase (%)

0 200 400 600 800
Time (hrs)

Figure F.20 Effect of resin system on thicknessdaase over four weeks of water

absorption at 30 % fibre volume fraction
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Length change

0.20 ~
0.15 A1

0.10 ~
— UP-Cast

VE-Cast
-+ EP-Cast

o
(]
o
b

Length Increase (%)
o
o
wh

005411

-0.10 -
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Figure F.21 Effect of resin system on length insesaver four weeks of water

absorption at 0 % fibre volume fraction
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Figure F.22 Effect of resin system on length insesaver four weeks of water
absorption at 15 % fibre volume fraction
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Figure F.23 Effect of resin system on length insesaver four weeks of water

absorption at 22.5 % fibre volume fraction
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Figure F.24 Effect of resin system on length insesaver four weeks of water
absorption at 30 % fibre volume fraction
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Figure F.25 Effect of resin system on width inceeaser four weeks of water
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Figure F.26 Effect of resin system on width inceeaser four weeks of water

absorption at 15 % fibre volume fraction
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Figure F.27 Effect of resin system on width inceeaser four weeks of water

absorption at 22.5 % fibre volume fraction
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Figure F.28 Effect of resin system on width inceeaser four weeks of water

absorption at 30 % fibre volume fraction
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Appendix G Hygroexpansion of kenaf fibre reinforced composite

The following section details the theoretical mdidgl of hygroexpansion in kenaf
fibre composites. The aim of this section is noptoduce an absolute result but to
determine approximate values of coefficients ofrbggpansion for the in-plane and
through-thickness directions of composite specimé&hss is done in order to explain
the reduction in in-plane expansion with increadibge volume fraction experienced

by the specimens during water absorption tests.

Gl Model

The model used to predict the behaviour of a coigaegith randomly orientated
fibres exposed to moisture is that derived by Alemgt al. ®¥. These authors used it
to back calculate the coefficients of hygroexpamsior wood fibres by
experimentally determining the coefficients of hygxpansion of composite plates

made from wood fibres and polylactic acid (PLA) mat

In order to predict the -coefficients of hygroexpans for a composite, a
micromechanical model is first applied to a unidirenal ply of fibres and matrix to
determine the longitudinal and transverse elastioduh, Poisson’s ratios and
coefficients of hygroexpansion. Classical lamimatitheory “? is then used to
determine the coefficients for a composite withd@nly orientated fibres. The
micromechanical model used by Almgrenal. ®¥ is “Hashin’s model®Y for an

assembly of concentric cylinders and it has alsmlapplied in this analysis.

In the following, the subscripfsandm indicate fibre and matrix respectively and the
subscriptd andT indicate the longitudinal and transverse direcigFspectively.
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The axial Young’s modulus of a unidirectional pdygiven by:
E. =ViE +V,E, + 2/11(Vm ~Va )zvam (G.1)

whereV; andV,, are the volume fractions of fibres and matrix eggely, Eq_ is the
longitudinal Young’s modulus of the fibrds;, is the Young’s modulus of the matrix,
v is the major Poisson’s ratio of the fibres apds the Poisson’s ratio of the matrix.
The coefficienti; is given by:

Al = (GZ)

2
1V, V.
+—+_m
G, k, kg

m

whereGy, is the shear modulus of the matrix dadandkqr are the bulk modulus of
the matrix and transverse bulk modulus of the Sbrespectively. These can be

calculated using the following:

—_ Em
Co = Jiev] (G.3)
E
k — , m N G4
" 2d-v, -2v,?) G4

EvEx
2
2EfL (1_VfT )_ 4VfL EfT

Ky = (G.5)

wherekE;r is the transverse Young's modulus of the fibre$\gnis the Poisson’s ratio

of the fibres in the transverse direction.

The major Poisson’s ratio of a unidirectional @ygiven by:

A 1 1
Vir = Vf Vi +vam + El (Vm ~Va {k_ - k_)vf Vm (G 6)
fT mT
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The transverse elastic modulus of a unidirectighals given by:

. (G.7)
1+ A,G;
:
where,
2
A, =14 BV (G.8)
EL
andks is the transverse bulk modulus of a unidirectiguigl given by:
k. \k; +G +k, Kk, +G
k-r — m( T m)\/m fT( m m)vf (Gg)

(ka +Gm)\/m + (km +Gm)\/f

The effective Poisson’s ratio in the transverse @laha unidirectional ply is given
by:

_ky 4,6y

Vo = G.10
A (G.10)

Gr is the lower bound of shear modulus in the trarsvplane and is given by:

Y
G, =G, + . f T (G.11)
+ m m

EfT/2(1+VfT)_Gm 2Gm(km+Gm) "
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Using the values obtained from equations G.1, G.8,and G.10, the coefficients of

hygroexpansion for a unidirectional ply can be dateed using the following:

_ ViE B *VaEnBn t+ 2/]1\/fvm(vm — Vi )((1+Vm)lgm ~ B _VfL:GfL)

B E,
(G.12)
Alvam((l-'-vm)ﬂm _ﬂfT _VfTIBfL)
ﬂT = (ﬂfT +VfL)\/f +ﬂm(1+vm)\/m + 2
1 1
X[E_EJ_VLTIBL (G.13)

where, . andpr are the longitudinal and transverse coefficiefitsygroexpansion of
the ply, S andgsr are the longitudinal and transverse coefficieriteygroexpansion
of the fibres ang,, is the coefficient of hygroexpansion of the mathbairn @9 gives

approximate equations for determinjf\gandf:

— Vf EfLﬂfL +VmEmﬂm

(G.14)
Vf EfL +Vm Em

B

:BT = ﬁm(l+vm)vm + :BfL (1+VfL )\/f _IBL (vam +Vfo ) (615)
Equations G.14 and G.15 were used as a check 1@ &d G.13.

Using classical lamination theory, it is possible derive the hygroexpansion
coefficients for a randomly oriented fibre reinfedccomposite. This derivation can
be found in Almgreret al. ®¥. The equations for calculating the hygroexpansion
coefficients are:

E B +E B +Vi-E; (IBL +ﬂT) (G.16)

ﬂi_p ) E +E +2vE




177

B.=f + Vi _Vir ELET(IBT _:BL) (G.17)
! ! E; E JE +E +2v E

where, i, and py are the in-plane and through-thickness coeffisiemtf
hygroexpansion respectively.

G2 Data

Cichocki and Thomasofi? determined comprehensive mechanical propertigstef
fibres and this is the only work found that congathis information for any natural
fibre. They showed that the jute fibres have a ilmwiinal elastic modulus of 39.4
GPa which is similar to the 40 GP? of kenaf fibres. The values determined by
Cichocki and Thomasofi? for jute fibres were therefore applied to kenafdis with
the assumption that their other mechanical propertould also be similar. The
Young’'s modulus used is for epoxy and the value svgmplied by the manufacturer.
The Poisson’s ratio of the epoxy was taken from Ett@y and Kelly*®. Epoxy was
chosen because the epoxy composites show the masoumced occurrence of
decreasing in-plane extension with increasing fibodume fraction. Furthermore,
epoxy was found to bond best to fibres and the maskumes a perfect fibre matrix
bond. The values of mechanical properties usethtfibres and epoxy can be found
in Table G.1.

Apart from mechanical properties, values for theftaents of hygroexpansion of
the fibres and matrix had to be estimated. No mtdion could be found for any
natural fibre and there is little information awdile for polymer matrices. Values for
the transverse coefficient of hygroexpansion foloavdibres and the coefficient of
hygroexpansion for PLA have subsequently been télen Aimgrenet al. ®* and
applied to kenaf fibres and epoxy resin. Accordimglmgrenet al. ¥, it has been
suggested that the transverse and longitudinakgabd hygroexpansion and stiffness
of fibres are inversely related as shown in equa@ol8. This equation was used to
determine the longitudinal coefficient of hygroempmn of the fibres. The values
used for the hygroexpansion coefficients of theefiband the matrix can be found in
Table G.1.



178

(G.18)

Note: Coefficients of hygroexpansion are usuallfirei in terms of strain per unit
percentage mass increase of water as in Herak&%@nd Marklund and Varn@®.
Moisture content will however differ from constitueto constituent in composite
materials due to their particular hydrophility f@a given moisture condition.
Almgrenet al. @ suggests that coefficients of hygroexpansion shahius be
expressed in terms of strain per unit increaselative humidity. The purpose of this
section is merely to illustrate the behaviour cé@mens when exposed to moisture
and thus it is assumed that specimens exposegéaotiaular change in atmospheric
humidity level behave in the same manner as spe&drmemersed in water, as is the
case in this work. Coefficients of hygroexpansia@pressed in this manner were thus

used.

Table G.1 Mechanical properties and coefficientsyafroexpansion of kenaf fibres
and epoxy resin

Property Unit Value
= MPa 40000
Err MPa 5500?
Em MPa 3 476nanufacturer)
ViL - 0.11“?
ViT - 0.01“?
Vin - 0.35¢3)
i ¢/ ARH 0.034G%
Brr ¢/ ARH 0.25G%
Pim ¢/ ARH 0.0001G%

It shall be shown in the following section that dbevalues can be applied with
reasonable confidence in determining the coeffisiesf hygroexpansion of kenaf
fibre reinforced epoxy composites by varying theakies and examining the effects

on the resultant coefficients of hygroexpansion.



179

G3 Results

Figure G.1 shows the coefficients of hygroexpandmma kenaf fibre reinforced
epoxy composite with varying fibre volume fractiabtained using the values
presented in Table G.1. Fibre volume fraction rarfgem 0 % to 40 % in the figure.
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o

=

(O8]
1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Fibre Volume Fraction

Figure G.1 Composite coefficients of hygroexpansisnfibre volume fraction

Because the values used in the model had to beatstl, the effects of varying the
input parameters have been determined by plottiegcurves off. and fr against

fibre volume fraction with an upper and lower bourfdeach estimated parameter.
The central estimate used in each instance is egudhe values presented in
Table G.1E, v, Vir, Srr andpy, are variedEy, En, andvy, are not varied ang. has

been changed in accordance with equation G.18 wheis varied. The upper and
lower bounds oEsr were chosen to lie just over 25 % or 1500 GPath eside of the

central estimate. Almgreet al. ®¥ used values ofy. andvir equal to 0.3 which have
been set as the upper bounds for these two vahesha lower bounds were then
calculated by subtracting the difference betweea tipper bounds and central
estimates from the central estimates. The upper@mer bounds fop:r were taken

from Almgrenet al. ®¥. The actual value g8y, is likely to be the value that differs
most from that estimated and has therefore beaadvay an order of magnitude for
the lower and upper bound. The lower and upper td®wmd central estimates for

each variable parameter can be found in Table G.2.
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Table G.2 Lower and upper bounds of variables

Property Unit

Lower Bound Central Estimate Upper Bound

B MPa
ViL -

4000
-0.08
-0.28

0.2G%

0.001

VT -
Brr e/ARH
e/ARH

55062

0.114?

0.014?
0.25C4
0.000£3%

7000
0.36%
0.36%
0.36%

0.00001

Figure G.2 shows the resultant plots for each bégiaData was not plotted for the

equations of Nairff® because equations G.14 and G.15 are only approxiama as

described earlier were used as a check. The diredi the arrows in the figures

indicates the direction of increasing value ofthéable being altered.
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Figure G.2 Effect of varying input parameters oaftioients of hygroexpansion
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G4 Correlation of theoretical and experimental results

Because the change in strain during hygroexpanisiaggual to the coefficient of
hygroexpansion multiplied by the unit change iratige humidity (equation G.19),
the same trends observed fip andpy will be observed for length and width and

thickness respectively.

Ae = BARH (G.19)

In order to compare the curves obtained in Figurgé ® the length, width and
thickness data collected experimentally, a sprezgtsias created to produce a least-
squares fit of the experimental data to the themketata. Experimental data was
divided by a variable and by using the solver fiorctn Microsoft Excel, the variable
was altered to achieve a least-squares fit. Digidihve data through by a variable is
the equivalent of dividing equation G.19 BRH to obtain a value gf except, the
value of4RH is not known. As the aim of this investigationtasexamine trends in
hygroexpansion and not absolute values, the agalak of4RH is irrelevant. The
results for kenaf composites made using epoxy mEainbe seen in Figure G.3. In the
figure, the experimental values of length and witlilre been combined as an average

of the two.
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Figure G.3 Theoretical and experimental least-sepifir curves of hygroexpansion
coefficients
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It is clear from Figure G.3 that using the valuesspnted in Table G.1 does not result
in theoretical data that fits the experimental datey well. Values of3: need to be
larger and values ¢fi.,, need to be much smaller. Looking at Figure G.2s itlear
that varyingEsr, Vi, VT, Sir Or S Will not result in the required change. If however
the relationship given by equation G.18 is disrdgdrand the value ¢f_is reduced,
the desired effect can be achieved. Marklund anaa/&® found that the longitudinal
coefficient of hygroexpansion in the S2 layer af@od fibre can be negative. As was
explained in section 1.3, the S2 layer of a natfilbag is primarily responsible for the
mechanical properties of the fibre and this is atse for wood fibre§*®. Thus, it is
plausible that the value @f of a natural fibre can be negative. Figure G.4ashthe
effect of varyingpy. on the resulting coefficients of hygroexpansion docomposite
with randomly orientated fibres. In the figure, tlygper bound is equal to the value
presented in Table G.1 and the lower bound is eputde negative of that value, the

middle bound is equal to zero.
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Figure G.4 Effect of varyingn. on coefficients of hygroexpansion for a non-woven

composite

Comparing Figure G.3 and Figure G.4, it can be $leanif 5y is approximately equal
to zero, the theoretical data would be a bettecimtd the experimental data. It was

found that makings;. = -0.01 provides a good fit of the data. The restilmaking
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S =-0.01 and applying the same least-squares fiita@ed previously can be seen in
Figure G.5.
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Figure G.5 Theoretical and experimental least-sepifir curves of hygroexpansion
coefficients g = -0.01)

G5 Discussion of results

Looking at Figure G.5, it can be seen that the faoefht of through-thickness

hygroexpansion predicted by the model increasesroappately linearly with

increasing fibre volume fraction. The predictedplane coefficient increases but at a
decreasing rate with increasing fibre volume fi@ttiThis suggests that the rate of in-
plane dimensional increases could tend to zeroeoprne negative at higher fibre
volume fractions. It does not however explain whg experimental rate of in-plane
swelling becomes negative at the fibre volume foast investigated. Thus, there
must be another mechanism causing this phenoménisnpossible that as the fibre
volume fraction is increased, the three-dimensia@eingement of the non-woven
fibore mats is flattened into a more two-dimensioaalangement. Since the fibres
swell more through their thickness than they don@loheir length, at low fibre

volume fractions where the structure of the non-evowmat is three-dimensional, the
radial swelling of the fibres during water absaspticontributes more to the in-plane

swelling of the composite specimens than at highefivolume fractions where the
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non-woven mat is more two-dimensional in structiit@s hypothesis is supported by
the experimental coefficient of hygroexpansionha through-thickness plane which
at a fibre volume fraction of around 15 % begingntrease at an increased rate. The
flattening of the fibre arrangement causing a des#en in-plane swelling conversely
results in an increase in through-thickness swellilne to the increased in-plane

alignment of the fibres.

- T g M
~ S e .

Figure G.6 Representation of two fibres in an ungssed and a compressed non-

woven fibre mat

A theoretical estimation of the swelling behavialuring water absorption of kenaf
fibre reinforced epoxy composites has been impleetknit has been shown that
reasonable estimates of fibre and matrix propert&s be made. By altering the
longitudinal coefficient of hygroexpansion of thenaf fibres (Figure G.5), good
agreement can be obtained between theoretical afquerimental data for
hygroexpansion coefficients of the composites mttirough-thickness direction. In-
plane coefficients of hygroexpansion of composiesw reasonable agreement up to
a fibre volume fraction of around 20 %. After 15 e experimental values begin to

decrease while theoretical values continue to asze

In conclusion, there is much scope for future wiorbe aimed at the determination of
the exact mechanical and physical properties oak&bres and the various matrices.
Using this information, predictions of the behavioof these composites when
exposed to moisture could be made. There is alepesto extend the model to
include the quasi three-dimensional arrangementeffibres at low fibre volume

fractions. One of the major drawbacks to natutalefireinforced composites is their
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poor dimensional stability. The use of a compretvensnodel with accurate data
would therefore be especially useful in the comigodesign phase when considering

these types of materials.
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Appendix H Results of mechanical testing

Table H.1 Tensile results for 15 % fibre volumectran polyester composites
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Table H.2 Tensile results for 22.5 % fibre volumection polyester composites
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Table H.3 Tensile results for 30 % fibre volumectran polyester composites
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Table H.4 Tensile results for vinyl ester compasite
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Table H.5 Tensile results for epoxy composites
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Table H.7 Flexural results for 22.5 % fibre volufrection polyester composites
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Table H.8 Flexural results for 30 % fibre volumadtion polyester composites
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Table H.9 Flexural results for vinyl ester compesi
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Table H.10 Flexural results for epoxy composites
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Table H.11 Impact results for 15 % fibre volumectran polyester composites

2UP-AD-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 Jicm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.18 0.2 0.38 0.18 0.2 0.39 21.4
Specimen 2 0.18 0.14 0.32 0.18 0.15 0.33 21.5
Specimen 3 0.18 0.2 0.39 0.19 0.2 0.39 21.4
Specimen 4 0.18 0.16 0.34 0.18 0.16 0.35 21.6
Specimen 5 0.19 0.22 0.41 0.19 0.22 0.42 22.8
Specimen 6 0.19 0.11 0.3 0.19 0.11 0.3 22.9
Average 0.18 0.7 0.36 0.19 0.8 0.36 21.9
Std. Dev. 0.01 0.04 0.04 0.01 0.04 0.04 0.7
2UP-AD-NH
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.13 0.1 0.24 0.14 0.1 0.24 13.8
Specimen 2 0.15 0.14 0.29 0.15 0.14 0.3 16.8
Specimen 3 0.15 0.11 0.26 0.15 0.11 0.26 16.8
Specimen 4 0.15 0.1 0.25 0.15 0.1 0.26 16.8
Specimen 5 0.15 0.1 0.25 0.15 0.1 0.25 16.8
Specimen 6 0.15 0.09 0.25 0.16 0.09 0.25 16.9
Average 0.15 0.11 0.26 0.15 0.11 0.26 16.3
Std. Dev. 0.01 0.02 0.02 0.01 0.02 0.02 1.2
2UP-AD-P-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.18 0.22 04 0.18 0.22 04 21.5
Specimen 2 0.18 0.12 0.29 0.18 0.12 0.3 21.4
Specimen 3 0.18 0.14 0.31 0.18 0.14 0.32 21.4
Specimen 4 0.18 0.14 0.32 0.18 0.15 0.33 20.7
Specimen 5 0.18 0.14 0.32 0.18 0.14 0.32 20.8
Specimen 6 0.18 0.13 0.31 0.18 0.14 0.32 20.8
Average 0.18 0.15 0.33 0.18 0.15 0.33 21.1
Std. Dev. 0 0.04 0.04 0 0.04 0.04 0.3
2UP-ND-H
Ei Ep IS Ei Ep IS S_max
Jiem”2 Jiem”2 Jiem”2 Jiem J/iem Jiem MPa
Specimen 1 0.16 0.2 0.36 0.16 0.21 0.37 19.0
Specimen 2 0.18 0.2 0.38 0.18 0.21 0.39 21.4
Specimen 3 0.2 0.21 04 0.2 0.21 0.41 21.3
Specimen 4 0.18 0.16 0.34 0.18 0.16 0.34 21.3
Specimen 5 0.18 0.19 0.37 0.18 0.19 0.37 21.5
Specimen 6 0.2 0.24 0.43 0.2 0.24 0.44 23.4
Average 0.18 0.2 0.38 0.18 0.2 0.39 21.3

Std. Dev. 0.01 0.02 0.03 0.01 0.03 0.03 1.4
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2UP-ND-NH
Ei Ep IS Ei Ep IS S_max

Jicm”2 Jicm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.2 0.23 0.43 0.2 0.23 0.44 23.2
Specimen 2 0.21 0.22 0.43 0.21 0.22 0.44 226
Specimen 3 0.21 0.19 0.4 0.21 0.19 0.41 21.6
Specimen 4 0.21 0.15 0.37 0.21 0.16 0.37 21.7
Specimen 5 0.21 0.17 0.38 0.21 0.17 0.39 21.6
Specimen 6 0.21 0.19 0.41 0.21 0.2 0.41 217
Average 0.21 0.19 0.4 0.21 0.2 0.41 221
Std. Dev. 0 0.03 0.03 0 0.03 0.03 0.7
2UP-GE-H

Ei Ep IS Ei Ep IS S_max

Jicm”2 Jiem”2 JicmA2 Jicm Jicm Jicm MPa
Specimen 1 1.62 1.55 3.16 1.64 1.57 3.21 104.8
Specimen 2 2.04 1.53 3.57 2.07 1.56 3.62 116.0
Specimen 3 2.04 1.32 3.36 2.07 1.34 3.41 116.0
Specimen 4 242 1.79 4.21 2.46 1.81 4.27 136.3
Specimen 5 2.42 1.08 3.5 2.46 1.1 3.56 136.3
Specimen 6 2.43 0.73 3.16 2.47 0.74 3.21 136.6
Average 2.16 1.33 3.49 2.19 1.35 3.55 124.3
Std. Dev. 0.33 0.38 0.39 0.33 0.38 0.39 13.8
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Table H.12 Impact results for 22.5 % fibre volumaction polyester composites

3UP-AD-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 Jicm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.26 0.3 0.55 0.26 0.3 0.56 28.9
Specimen 2 0.26 0.27 0.52 0.26 0.27 0.53 28.8
Specimen 3 0.26 0.34 0.6 0.26 0.35 0.61 32.4
Specimen 4 0.23 0.36 0.59 0.23 0.37 0.6 31.1
Specimen 5 0.26 0.31 0.57 0.26 0.32 0.58 31.4
Specimen 6 0.25 0.29 0.55 0.26 0.3 0.56 31.4
Average 0.25 0.31 0.56 0.26 0.32 0.57 30.7
Std. Dev. 0.01 0.03 0.03 0.01 0.03 0.03 1.5
3UP-AD-NH
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.24 0.37 0.62 0.25 0.38 0.63 32.0
Specimen 2 0.25 0.29 0.54 0.25 0.3 0.55 32.2
Specimen 3 0.25 0.3 0.55 0.25 0.31 0.56 32.2
Specimen 4 0.27 0.38 0.65 0.27 0.39 0.66 32.2
Specimen 5 0.27 0.29 0.56 0.27 03 0.57 324
Specimen 6 0.27 0.28 0.55 0.27 0.28 0.56 32.4
Average 0.26 0.32 0.58 0.26 0.32 0.59 32.2
Std. Dev. 0.01 0.05 0.05 0.01 0.05 0.05 0.1
3UP-AD-P-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.24 0.36 0.59 0.24 0.36 0.6 31.3
Specimen 2 0.24 0.3 0.54 0.24 0.3 0.54 31.6
Specimen 3 0.24 0.35 0.59 0.25 0.36 0.6 32.1
Specimen 4 0.25 0.35 0.6 0.25 0.36 0.61 32.5
Specimen 5 0.26 0.36 0.62 0.26 0.37 0.63 31.5
Specimen 6 0.26 0.3 0.56 0.26 0.3 0.57 31.6
Average 0.25 0.34 0.58 0.25 0.34 0.59 31.8
Std. Dev. 0.01 0.03 0.03 0.01 0.03 0.03 0.5
3UP-ND-H
Ei Ep IS Ei Ep IS S_max
Jiem”2 Jiem”2 Jiem”2 J/em Jlem J/lem MPa
Specimen 1 0.21 0.45 0.66 0.21 0.46 0.67 25.0
Specimen 2 0.2 0.44 0.64 0.21 0.44 0.65 24.9
Specimen 3 0.21 0.45 0.66 0.21 0.46 0.67 249
Specimen 4 0.23 0.58 0.81 0.23 0.59 0.83 28.1
Specimen 5 0.23 0.47 0.7 0.24 0.48 0.72 28.1
Specimen 6 0.26 0.3 0.55 0.26 0.3 0.56 29.0
Average 0.22 0.45 0.67 0.23 0.46 0.68 26.7
Std. Dev. 0.02 0.09 0.09 0.02 0.09 0.09 1.9
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3UP-ND-NH
Ei Ep IS Ei Ep IS S_max

Jicm”2 Jicm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.28 0.43 0.72 0.29 0.44 0.73 31.3
Specimen 2 0.28 0.39 0.67 0.29 0.39 0.68 31.5
Specimen 3 0.28 0.31 0.59 0.29 0.31 0.6 31.6
Specimen 4 0.37 0.47 0.84 0.37 0.48 0.85 394
Specimen 5 0.38 0.48 0.86 0.38 0.49 0.87 40.2
Specimen 6 0.38 0.35 0.73 0.38 0.36 0.75 404
Average 0.33 0.41 0.73 0.33 0.41 0.75 35.7
Std. Dev. 0.05 0.07 0.1 0.05 0.07 0.1 4.7
3UP-GE-H

Ei Ep IS Ei Ep IS S_max

Jicm”2 Jiem”2 JicmA2 Jicm Jicm Jicm MPa
Specimen 1 3.08 6.07 9.15 3.13 6.16 9.29 2394
Specimen 2 3.2 5.59 8.79 3.25 5.68 8.93 240.3
Specimen 3 3.54 545 8.99 3.6 5.54 9.14 2447
Specimen 4 3.53 543 8.96 3.59 5.52 9.1 2441
Specimen 5 3.53 4.96 8.49 3.59 5.04 8.63 244 1
Specimen 6 3.08 5.78 8.87 3.13 5.88 9.01 2458
Average 3.33 5.55 8.87 3.38 5.64 9.02 243.0
Std. Dev. 0.23 0.37 0.22 0.23 0.38 0.23 2.6
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Table H.13 Impact results for 30 % fibre volumectran polyester composites

4UP-AD-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 Jicm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.32 0.4 0.72 0.33 0.41 0.73 37.8
Specimen 2 0.32 0.3 0.62 0.33 0.3 0.63 38.1
Specimen 3 0.32 0.34 0.66 0.33 0.35 0.67 37.9
Specimen 4 0.33 0.43 0.76 0.33 0.44 0.77 37.9
Specimen 5 0.33 0.3 0.63 0.33 0.31 0.64 38.1
Specimen 6 0.33 0.31 0.63 0.33 0.31 0.64 38.3
Average 0.32 0.35 0.67 0.33 0.35 0.68 38.0
Std. Dev. 0 0.06 0.06 0 0.06 0.06 0.2
4UP-AD-NH
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.26 0.44 0.7 0.26 0.45 0.71 35.2
Specimen 2 0.29 04 0.69 0.29 0.41 0.7 354
Specimen 3 0.29 0.41 0.7 0.3 0.42 0.71 37.2
Specimen 4 0.29 04 0.69 0.3 0.41 0.71 37.5
Specimen 5 0.4 0.42 0.82 0.41 0.43 0.83 42 .4
Specimen 6 0.35 0.44 0.78 0.35 0.44 0.8 39.3
Average 0.31 0.42 0.73 0.32 0.42 0.74 37.8
Std. Dev. 0.05 0.02 0.06 0.05 0.02 0.06 2.7
4UP-AD-P-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.32 0.4 0.72 0.33 04 0.73 37.5
Specimen 2 0.32 0.35 0.67 0.33 0.35 0.68 374
Specimen 3 0.33 0.4 0.73 0.34 0.4 0.74 38.1
Specimen 4 0.33 0.35 0.68 0.34 0.35 0.69 38.1
Specimen 5 0.38 0.41 0.79 0.38 0.42 0.8 411
Specimen 6 0.36 0.42 0.77 0.36 0.43 0.79 39.2
Average 0.34 0.39 0.73 0.35 0.39 0.74 38.6
Std. Dev. 0.02 0.03 0.05 0.02 0.03 0.05 1.4
4UP-ND-H
Ei Ep IS Ei Ep IS S_max
Jiem”™2 JlemA2 Jiem”2 Jiem J/iem Jiem MPa
Specimen 1 0.36 0.38 0.74 0.36 0.39 0.75 371
Specimen 2 0.36 0.22 0.58 0.37 0.23 0.59 373
Specimen 3 0.36 0.2 0.56 0.37 0.21 0.57 37.4
Specimen 4 0.36 0.19 0.56 0.37 0.2 0.57 37.6
Specimen 5 0.37 0.1 0.48 0.37 0.1 0.49 38.0
Specimen 6 0.35 0.25 0.6 0.36 0.25 0.61 36.5
Average 0.36 0.23 0.59 0.37 0.23 0.6 37.3

Std. Dev. 0 0.09 0.09 0 0.09 0.09 0.5
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4UP-ND-NH
Ei Ep IS Ei Ep IS S_max

Jicm”2 Jicm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.33 0.39 0.73 0.34 04 0.74 38.1
Specimen 2 0.35 0.41 0.75 0.35 0.41 0.77 37.7
Specimen 3 0.35 0.4 0.75 0.35 0.41 0.76 37.8
Specimen 4 0.38 0.5 0.88 0.39 0.51 0.9 43.3
Specimen 5 0.38 0.49 0.87 0.39 0.49 0.88 41.4
Specimen 6 0.38 0.45 0.84 0.39 0.46 0.85 424
Average 0.36 0.44 0.8 0.37 0.45 0.82 401
Std. Dev. 0.02 0.05 0.07 0.02 0.05 0.07 25
4UP-GE-H

Ei Ep IS Ei Ep IS S_max

Jicm”2 Jiem”2 JicmA2 Jicm Jicm Jicm MPa
Specimen 1 3.73 7.43 11.16 3.79 7.55 11.34 2711
Specimen 2 3.72 5.85 9.57 3.78 5.95 9.72 270.4
Specimen 3 3.71 7.04 10.75 3.77 715 10.92 269.8
Specimen 4 3.46 7.33 10.79 3.51 7.45 10.96 275.5
Specimen 5 3.49 7.85 11.34 3.54 7.97 11.52 275.5
Specimen 6 3.48 6.23 9.71 3.53 6.33 9.86 274 .8
Average 3.6 6.96 10.55 3.65 7.07 10.72 272.8
Std. Dev. 0.13 0.76 0.74 0.14 0.78 0.75 2.7
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2VE-AD-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 Jicm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.12 0.12 0.24 0.12 0.12 0.24 13.9
Specimen 2 0.12 0.13 0.25 0.12 0.13 0.25 14.0
Specimen 3 0.13 0.16 0.29 0.14 0.16 0.3 16.7
Specimen 4 0.13 0.14 0.27 0.14 0.14 0.28 16.7
Specimen 5 0.13 0.14 0.27 0.13 0.15 0.27 15.8
Specimen 6 0.14 0.18 0.32 0.14 0.18 0.33 17.9
Average 0.13 0.14 0.27 0.13 0.15 0.28 5.8
Std. Dev. 0.01 0.02 03 0.01 0.02 0.03 1.6
2VE-GE-NH
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 2 1.59 3.58 2.03 1.61 3.64 132.6
Specimen 2 2.19 1.77 3.95 222 1.8 4.02 139.9
Specimen 3 219 1.14 3.33 222 1.16 3.38 139.9
Specimen 4 2.18 1.19 3.37 222 1.21 3.42 139.5
Specimen 5 219 0.88 3.07 2.23 0.89 3.12 140.2
Specimen 6 2.21 1.42 3.63 2.24 1.44 3.69 141.8
Average 2.16 1.33 3.49 2.19 1.35 3.54 139.0
Std. Dev. 0.08 0.33 0.3 0.08 0.33 0.31 3.2
3VE-AD-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.21 0.27 0.48 0.21 0.27 0.48 26.5
Specimen 2 0.23 0.24 0.47 0.24 0.24 0.48 256
Specimen 3 0.23 0.19 0.43 0.24 0.2 0.43 257
Specimen 4 0.23 0.24 0.47 0.24 0.24 0.48 26.1
Specimen 5 0.23 0.21 0.44 0.24 0.21 0.45 248
Specimen 6 0.23 0.23 0.47 0.24 0.24 0.47 26.4
Average 0.23 0.23 0.46 0.23 0.23 0.47 25.8
Std. Dev. 0.01 0.02 0.02 0.01 0.03 0.02 0.6
3VE-GE-NH
Ei Ep IS Ei Ep IS S_max
Jiem”2 Jiem”2 Jiem”2 J/em Jlem J/lem MPa
Specimen 1 3.04 3.08 6.12 3.09 3.13 6.22 229.5
Specimen 2 4.26 3.1 7.37 433 3.16 7.49 259.6
Specimen 3 429 1.16 5.46 4.36 1.18 5.54 261.6
Specimen 4 427 0.95 5.22 4.34 0.97 5.31 257.2
Specimen 5 432 0.98 5.29 438 0.99 5.38 259.8
Specimen 6 434 0.81 515 4.41 0.82 523 261.1
Average 4.09 1.68 577 415 5.86 254.8
Std. Dev. 0.51 1.1 0.86 0.52 0.87 12.5
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4VE-AD-H
Ei Ep IS Ei Ep IS S_max

Jicm”2 Jicm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.25 0.33 0.58 0.25 0.34 0.59 33.0
Specimen 2 0.27 0.36 0.64 0.28 0.37 0.65 34.0
Specimen 3 0.26 0.35 0.61 0.26 0.36 0.62 33.0
Specimen 4 0.28 0.34 0.62 0.28 0.34 0.63 341
Specimen 5 0.3 0.36 0.66 0.3 0.37 0.67 34.8
Specimen 6 0.27 0.36 0.62 0.27 0.36 0.63 34.4
Average 0.27 0.35 0.62 0.28 0.36 0.63 33.9
Std. Dev. 0.02 0.01 0.03 0.02 0.01 0.03 0.8
4VE-GE-NH

Ei Ep IS Ei Ep IS S_max

Jicm”2 Jiem”2 JicmA2 Jicm Jicm Jicm MPa
Specimen 1 55 4.51 10 5.58 4.58 10.16 327.2
Specimen 2 5.48 3.33 8.81 5.57 3.38 8.95 326.3
Specimen 3 5.58 4.27 9.85 5.67 4.34 10 332.1
Specimen 4 545 2.55 8 5.54 2.59 8.13 324.7
Specimen 5 5.58 2.23 7.81 5.67 2.27 7.94 332.1
Specimen 6 5.55 4.38 9.93 5.64 4.45 10.09 330.5
Average 5.52 3.54 9.07 5.61 3.6 9.21 328.8
Std. Dev. 0.05 0.99 1 0.05 1.01 1.02 3.2




Table H.15 Impact results for epoxy composites
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2EP-AD-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 Jicm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.08 0.11 0.19 0.08 0.11 0.19 11.3
Specimen 2 0.09 0.14 0.23 0.09 0.15 0.24 13.7
Specimen 3 0.09 0.12 0.21 0.09 0.12 0.22 13.7
Specimen 4 0.1 0.15 0.25 0.1 0.15 0.25 15.0
Specimen 5 0.1 0.1 0.2 0.1 0.11 0.21 15.0
Specimen 6 0.1 0.11 0.21 0.1 0.11 0.21 15.0
Average 0.09 0.2 0.22 0.09 0.13 0.22 3.9
Std. Dev. 0.01 0.02 0.02 0.01 0.02 0.02 1.5
2EP-GE-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm J/icm MPa
Specimen 1 0.91 1.07 1.97 0.92 1.08 2 86.3
Specimen 2 0.97 1.15 212 0.99 1.17 215 88.8
Specimen 3 1.28 1.06 2.34 1.3 1.08 2.38 103.8
Specimen 4 1.25 1.06 2.31 1.27 1.08 2.34 100.5
Specimen 5 1.55 1.18 273 1.58 1.2 278 114.2
Specimen 6 1.55 0.93 2.49 1.58 0.95 2.53 114.5
Average 1.25 1.08 2.33 1.27 1.09 2.36 101.3
Std. Dev. 0.28 0.09 0.27 0.28 0.09 0.27 12.1
3EP-AD-H
Ei Ep IS Ei Ep IS S_max
Jicm”2 J/icm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.15 0.23 0.38 0.16 0.23 0.39 221
Specimen 2 0.15 0.18 0.33 0.16 0.18 0.34 22.0
Specimen 3 0.15 0.19 0.34 0.16 0.19 0.35 22.0
Specimen 4 0.15 0.19 0.34 0.16 0.19 0.35 22.0
Specimen 5 0.15 0.17 0.32 0.16 0.17 0.33 221
Specimen 6 0.15 0.15 0.3 0.16 0.15 0.31 22.1
Average 0.15 0.18 0.34 0.16 0.19 0.34 22.0
Std. Dev. 0 0.03 0.03 0 0.03 0.03 0.1
3EP-GE-H
Ei Ep IS Ei Ep IS S_max
Jiem”2 Jiem”2 Jiem”2 J/em Jlem J/lem MPa
Specimen 1 2.8 2.23 5.02 2.84 2.26 5.1 209.4
Specimen 2 2.86 2.55 5.41 2.91 2.59 5.49 232.8
Specimen 3 2.86 1.9 476 2.91 1.93 4.83 232.8
Specimen 4 2.88 2.52 54 2.93 2.56 5.49 232.8
Specimen 5 2.65 2.52 517 2.7 2.56 5.26 213.4
Specimen 6 2.91 25 5.41 2.95 2.55 55 216.9
Average 2.83 2.37 5.2 2.87 2.41 5.28 223.0
Std. Dev. 0.09 0.26 0.27 0.09 0.27 0.27 11.0
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4EP-AD-H
Ei Ep IS Ei Ep IS S_max

Jicm”2 Jicm”2 Jicm”2 Jicm Jicm Jicm MPa
Specimen 1 0.19 0.23 0.42 0.19 0.23 0.42 245
Specimen 2 0.19 0.19 0.38 0.19 0.19 0.39 245
Specimen 3 0.19 0.2 0.39 0.19 0.2 04 247
Specimen 4 0.19 0.23 0.42 0.19 0.23 0.43 249
Specimen 5 0.14 0.23 0.38 0.15 0.24 0.38 22.4
Specimen 6 0.15 0.27 0.42 0.15 0.27 0.43 251
Average 0.18 0.22 0.4 0.18 0.23 0.41 243
Std. Dev. 0.02 0.03 0.02 0.02 0.03 0.02 1.0
4EP-GE-H

Ei Ep IS Ei Ep IS S_max

Jicm”2 Jiem”2 JicmA2 Jicm Jicm Jicm MPa
Specimen 1 3.97 3.39 7.37 4.04 3.45 7.48 294.0
Specimen 2 3.98 3.31 7.3 4.05 3.37 7.41 294.7
Specimen 3 4383 3.09 7.91 49 3.14 8.04 291.3
Specimen 4 4.85 1.2 6.05 493 1.22 6.15 292.7
Specimen 5 487 1.57 6.44 495 1.59 6.54 294 1
Specimen 6 4.88 2.71 7.59 4.96 2.75 7.72 294 .8
Average 4.56 2.55 711 464 2.59 7.22 293.6
Std. Dev. 0.45 0.94 0.71 0.46 0.95 0.73 1.4
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Summary of material properties

Appendix |
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