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Abstract

Great interest has been generated in the use ofahdibres as environmentally
friendly reinforcing materials in polymeric comptes, which do not require high
load bearing capabilities. kenaf fibres extractedmf kenaf plants (hibiscus
cannabinus) have been identified as an attractwiero due to its production cost
and the ability of the kenaf plants to grow in aiety of climatic conditions.

Polypropylene (PP) has a relatively low productioost, excellent corrosion
resistance, good retention of mechanical propedresless recycling challenges
in comparison to other matrix systems such as tbsets. Given the individual

advantages of kenaf fibre and polypropylene, kewm@iforced polypropylene

composites (kenaf/PP composites) have considecaimtenercial interest in the
composite industry. However, limitations arise widspect to the mechanical
performance and to the resistance to moisture ptisorwhen natural fibres are

used.

This study focuses on the improvement of the meachiproperties (e.g. tensile,
flexural, fatigue and impact properties) and th&stance to moisture absorption
of kenaf reinforced polypropylene composites by mseaf fibre treatments (e.g.
alkali and alkali-silane treatments) and the use filer materials (e.g.
functionalized multi-wall carbon nanotubes). Kenainforced polypropylene
composites are manufactured by a modified compressioulding using the
film—stacking technique. The crux of this techniqgise that kenaf mats are
impregnated with polypropylene powder in order aghi a uniform material
distribution and to lower the manufacturing tempene, thereby preventing the
thermal alteration of the composite constituentg.(&enaf fibres) and silano
functional groups attached to the multi-wall carbwmotubes. Fibre treatments
including alkali treatments and alkali followed byane treatments (alkali-silane)
are considered in order to improve the fibre-maitriterfacial adhesion. The
concentrations of the alkali solutions range fro¥h tb 8% in intervals of 1% by
mass. Fibre contents ranging from 20% to 35% ierial of 5% by mass are
considered for both kenaf and glass fibre reinfdrgktes. Functionalized multi-



wall carbon nanotubes are used as filler matemaloider to improve the
mechanical properties of the composite plates. ddreentrations of the multi-
wall carbon nanotube (MWCNT) range from 0.1% tcb¥%a2

Mechanical test and microscopic examination resdt®wed that alkali
treatments improve the mechanical properties obiB®P composites. However,
the improvements due to alkali-silane treatmentsewund to be more
significant because additional silane treatmenbstsuntially enhanced the fibre-
matrix interfacial adhesion. Material failures imtreated kenaf/PP composites
and alkali treated kenaf/PP composites were mahgracterized by fibre pull-
outs, whereas in alkali-silane treated kenaf/PPpusites they were characterised
by fibre breakage. Alkali concentrations of 5% &% NaOH are found to the
optimum concentrations for both alkali treatmend atkali-silane treatment.

The use of functionalized MWCNTSs as filler mateii@proved furthermore the
mechanical properties of kenaf/PP-MWCNT compositesomparison to those
of kenaf/PP and glass/PP composites. The main ibatitg factors of the
improvements were found to be the enhancement efirterfacial adhesion
between the nanoparticles and the matrix, andtmseeen the nanoparticles and
kenaf fibres. Material failures in kenaf/PP-MWCNTongposites were
characterized by fibre breakage and matrix cradkse optimum MWCNT
concentrations were found to be 0.5% and 0.75%. 8066 contents was found
to be the optimum fibre content for both kenaf/Pid &enaf/PP-MWCNT
composites. Test results showed that the fibrénreats, especially alkali-silane
treatment, improved the resistance to moisturergkiso of the composites. Test
results also showed that the manufacturing tecleniquhich enables the
manufacturing of composite plates with layers dfedent moisture diffusion
resistances, has a significant influence on thisteexce of kenaf/PP composites.
The addition of multi-wall carbon nanotubes to guypropylene matrix did not
alter the moisture absorption resistance of kealyRVCNT composites. The
impregnation of kenaf and fibre glass mats with ypodpylene powder
significantly lowered the manufacturing temperatirdelow the typical melting

temperature of the unreinforced polypropylene.



For the purposes of this study, “composite” refavsfibre reinforced polymer composite
laminate.
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1 INTRODUCTION

The use of natural fibres as substitutes for syiHdédres (e.g. glass fibres) in
polymer base composites has raised great intemast@st material scientists and
engineers for the past two decades. Accompanyiigy tiew regulations (e.qg.
carbon emission tax and waste and recycling dues}iwhich enforce the use of
environmentally friendly materials are being impented, further motivating the
use thereof'™. Consequently, strategies promoting the use ofremwmentally

friendly and sustainable materials have recentignbgiscussed during the 17th
session of the Conference of Parties (COP 17) ddsyeSouth Africa® and

many other conferencés?Y to address certain environmental challenges Heat t
world is facing. The need to investigate differamplications of sustainable,
environmental friendly reinforcing material has riéfere increased, in order for

the composite industry to comply with the new regjohst % ©

Growth prediction of the composite industry e.g. wenufacturers) showed that
it is actively considering the use of lignocellutb$ibres (e.g. kenaf, coir, flax,
jute and hemp) as substitutes for synthetic filfein the fabrication of parts
which do not require high load bearing capabilitidor example in the
automotive industry, lignocellulosic fibres are fereed for weight reduction (e.g.
natural fibres are half the weight of glass fibres)order to optimize the fuel
efficiency of the vehicle. Low production cost agrocellulosic fibres (e.g.
natural fibres are currently priced at 1/3 of tlstoof glass fibres) also motivates
their growing utilizatior™®. Suddell® reported that studies conducted by Ellison
and Mc Naught in 1999 showed that about 20 kg taifrahfibres could be used in
each of the 53 million vehicles produced globalbcle year. Table 2.4 lists

different automotive manufacturers that make udegnbcellulosic fibres.

Among the wide variety of lignocellulosic fibres alable in the composite
market, kenaf fibres extracted from the kenaf pifibiscus cannabinus) have
been identified as an attractive option due torthmv processing costs and the
ability of the kenaf plant to grow in a varietyfmatic conditions® * #!) Thanks



to the innovation of the technology of processirandf plant (e.g. separation
process of the inner woody core material, whichstitutes the 60% of the plant
from the outer bark which constitute the remaind0§6), different types of fibres
can be produced as there is a possibility of usithghe plant constituent$®.
Kenaf is not only produced for use in compositealdo serves a viable source of
raw materials for applications such as food andfléb processing. All these
factors make kenaf a potential commodity of interespecially in the emerging

and developing countriéd 2%

The use of natural fibres only partly satisfies tequirements of regulations that
enforce the use of sustainable and environmeritadiydly materials; the polymer
matrix system must also be considered in this egére polymer matrix used for
the fabrication of natural fibre reinforced polymeomposites can either be
thermoplastics, thermosets or bio-polyrffef 2% %) It is obvious that completely
biodegradable materials such as cellulosic plastiog-based plastics, polylactic
acids and polyhydroxyalkanoates (bacterial polys¥tevould be the preferred
matrix system ®®. But the current production cost constitutes a omaj
disadvantage in comparison to polypropylene (PPichvinas a relatively low
production cost and less recycling challenges. ftolyylene is extensively used
as matrix system in various applications becauseatfexcellent corrosion
resistance and good retention of mechanical pr@sefe.g. impact resistance)
makes this materia® 2 A study of the economy of the polymer industry
revealed that the production of polypropylene iasesl by 31.1% from 2002 to
2010 and the trend is expected to increase in dheref ¢ 2% 22 Given the
individual advantages of kenaf fibre and polyprey, kenaf fibre reinforced
polypropylene composites have considerable comalanterest in the composite

industry.

Even though natural fibres have the potential fgpfament glass fibres in some
specific applications in polymeric composites, tations arise with respect to the
mechanical properties and the resistance to meisalisorption when natural

fibres are used. The main cause of these limitatleas been reported to be poor

fibre-matrix interfacial adhesion between the hydfibc natural fibres and the



hydrophobic matrix system. Various options inclgdichemical treatments of
fibres and the use of coupling agents are considereachieve the necessary

13 conducted a

compatibility between the fibre and matrix. Llét al
comprehensive study to investigate different teghes currently used to improve
the fibre-matrix adhesion. The authors listed salvéypes of fibre treatments
including alkali treatment, silane treatment, alzgiyn treatment, benzoylation
treatment, etc. However, studies have also showanthie improvements of the
mechanical properties achieved through fibre treatsiwere limited. Therefore,
the use of filler materials (e.g. nano-clay, carboano-fibres and carbon

nanotubes) is generally considef&d*®)

The manufacturing technique also has a signifiaafhience on the resistance to
moisture absorption and the mechanical propertiesatural fibre reinforced
thermoplastic composites. It affects the fibre eont fibre distribution, fibre
aspect ratio and fibre orientatiéf' '® There are several processing techniques
(e.g. injection moulding, compression and extrusitinat are used in the
composite industry. However, the compression maoglds preferred when non-
woven mats are used for the fabrication of compgsiates. Compared with other
moulding techniques, the compression moulding hasatlvantages of producing
composite plates with uniform material distributimd high fibre aspect ratio due
to reduced fibre breakage. Rowellal *® reported that the fibres are generally
oriented parallel to the extrusion flow directiondomposite plates fabricated by
extrusion technique and the probability of fibredlkage due to abrasion is high.
Whereas in composite plates fabricated by commessanoulding, the fibre
orientation is not altered and the extent of fibreakage is reduced.

Several studies on natural fibre reinforced PP asitg plates fabricated by
compression moulding technique were conducted, iemiavestigations into the
influences of processing variables (e.g. fibrettreant, inclusion of filler material
and stacking sequence of the mates) on the meeclaproperties (tensile,
flexural, fatigue and impact properties) and th&stance to moisture absorption

gt 18, 17)

are limite It is therefore significant to get a better ursti@nding of the

influences of the manufacturing variables in order fabricate kenaf fibre



reinforced PP composites plates with improved meiclah properties and

improved resistance to moisture absorption.

Given the prospective commercial advantages of fkidma&s and polypropylene,
studies were initiated at the University of the Wétersrand; Johannesburg to
develop kenaf fibre reinforced polypropylene conigss with improved
mechanical properties and improved resistance tstare absorption that can

effectively be used in various applications.



2 LITERATURE SURVEY

Fibre reinforced polymer composite (FRP) is defireda composite material
made of a reinforcing material embedded in a potymmatrix system. The

reinforcing material provides the structural stittngnd stiffness to the composite,
whereas the matrix embeds the fibres. The reinigrenaterial can either be
synthetic fibres (e.g. glass, carbon and aramide$ip or natural fibres (e.g.
lignocellulosic fibres). Either thermoset (e.g. ®po vinylester and phenol
formaldehyde resins) or thermoplastic polymers .(e.golypropylene,

polyethylene, polyvinyl chloride and polystyren@ncbe used as matrix systems
(23)

21 Kenaf fibres
2.1.1 Origin of kenaf fibres

Kenaf fibres are natural fibres (lignocellulosibriés) extracted from kenaf plants
(hibiscus cannabinus). Kenaf plants shown in Figude(b) are wild plants that
can be cultivated under a wide variety of climatanditions. They are annual
plants and they grow to more than 3m high withimé@nths with stem diameter of
25mm to 51mm®@ 39 Kenaf plants have been used as raw materials for
application such as food and fibre processing fanynyears. It is reported that
the first cultivation of hibiscus cannabinus goeskto 3500 B.C in Asia; and
they were introduced in several other countriesuging South Africa, Egypt,

China, Thailand, America and Russia since the Stvdorld War?® 2°)

Kenaf is a promising source of raw materials forioa#s industrial applications.
Studies suggest that kenaf has high percentageigestible proteins. For
example, the digestibility of dry matter and crymteteins in kenaf feeds ranges
from 53% to 58%, and 59% to 71% respectively. Kesedds, Figure 2.1 (a),
produce edible vegetable oils which contain a wiglkeety of omega antioxidants.

Kenaf oils are used for cosmetics, industrial ledanis and bio-fuel purposés.



Kenaf is made up of approximately 40% cellulosef2d lignin and pectin, and
other constituents such as ash and silica. Howetrex, amount of these
constituents may differ depending on several factocluding the climatic and
soil conditions, the age of the plant and the stfgbe growing seasdf® 230

The chemical composition of kenaf fibres in comgami with other natural fibre is
shown in Table 2.4*% 3% whereas the mechanical properties of kenaf fibre

comparison with other natural fibres are shownabl& 2.22% 39

The processing technique to extract fibres fromakeplant has significantly
improved. For example, the separation processefrther woody core material,
(which constitutes the 60% of the plant) from thieo bark (which constitutes the
remaining 40%) has significantly improved in suctvay that different types of
fibres (coarser fibres and finer fibres) can bedpoed as there is a possibility of
processing either the entire plant or its constits&®. Kenaf fibres shown in
Figures 2.1 (c¢) and 2.1 (d) are used in several edtim and engineering
applications. Coarser fibres have traditionallyrbeised as raw materials in the
manufacturing of cordage products such as ropesveings whereas finer fibres
are mainly used in the manufacturing of carpet,|pagler, roofing felt, copy
machine paper and fast-food containers. In the toact®n and transportation
industry, kenaf fibres are generally used as reaig material for parts, which
do not require considerable load bearing capaslie.g. door panels). Cross-

section view of a 4 months old kenaf is shown guié 2.2.

With regard to its environmental attributes, thdtication of kenaf plants can
significantly contribute to the sequestration of LDhis is because kenaf plant
absorbs carbon dioxide gas (§@om the atmosphere more than any other crop.
As an example, approximately 1.5 tons of G©required to produce 1 ton of dry
matter of kenaf. This suggests that every hectikemaf requires 30 to 40 tons of
CO, for each production cycle. Comparing the amouniCak required for a
single production cycle and the amount of QfPoduced by a car engine (e.qg.
combustion engine) it was found that 1 hectareenfak can consume the amount
of CO,that 20 car engines release for the whole §{®ar



Figure 2.1: Kenaf: (a) Kenaf seed, (b) Kenaf plgct,Kenaf fibres and (d) Kenaf
mat

Figure 2.2: Cross-sectional view of kenaf



Table 2.1: Chemical composition of kenaf fibre omparison with other natural

fibres
Type of fibre Cellulose Lignin Ash Silica
(%) e ) (%)
Kenaf
Bast fibre 31-39 15-19 22 -23 5
Core fibre 31-34 15-22 - 2.2
Jute
Bast fibre 45 - 53 21 - 26 18-21 05-2
Core fibre 41 24 22 0.8
Wood
Coniferous 40 - 45 26 - 34 7-14 -
Deciduous 38 -49 23 -30 19-26 -

Table 2.2: Properties of kenaf fibre in comparisoth other natural fibres

Fibre Density Tensile  Young's Elongation Specific
(g/cm3) strength modulus at break tensile
(MPa) (GPa) (%) strength
(MPa/ g.cr)
Kenaf 1.5 450.24 43.36 3.1 31974
Sisal 1.45 468-640 9.4-22.0 3-7 323-4%1
Jute 1.3-1.45 393-773 13-26.5 1.16-1.5 2868862
Coir 1.15 131-175 4-6 15-40 114-18%
Ramie 1.5 400-938 61.4-123 1.2-3.8 267-6%5




2.1.2 Production, trade and consumption of kenaf

Market survey showed that the annual world productf kenaf largely depends
on various factors such as the market demand, @wimanditions as well as
agricultural outputs. Forecasts of kenaf productiommajor producing countries
are presented in Table 2%, Studies have shown that the demand for natural
fibre reinforced polymer composites is expectednitrease, especially in the
automotive and construction industries. Luncirt® indicated that the global
market of natural fibre reinforced polymer compesitreached $2.1 billion in
2010, with compound annual growth rate of 15% ia thst five years. It is
expected to reach $ 3.8 billion by 2016. Sud&@lteported that the predicted
increase of kenaf trade volume is justified by shistained demand of sustainable
and environmentally friendly materials, especially the construction and
automotive industries. Furthermore, the author edgihat political drive towards
new environmental regulations (e.g. carbon emiss&é) aimed to tackle the
global pollution issues will also contribute to thmerease of the trade volume.
Studies showed that the Far East countries inaudihina, India and Thailand
account for 80 percent of the global cultivatechaatocated to kenaf. These three
countries produce more than 90% of the global prtdn. However, a major
portion of the global trade of kenaf fibres is feed on developed countries such
as the United States of America and Western Europeantries. This is due to
scientific innovation, increasing awareness on atimchallenges and acceptance
of natural fibore composites by various players .(eigil societies, governments

and industries¥?.

Other factors which also contribute to the increafehe production of kenaf
plants are the improvement of farming practices ahd biotechnology

breakthroughs. LilfYreported that scientists from the BiotechnologRakearch

Centre, Chinese Academy of Agricultural Sciencegehsuccessfully produced
the first transgenic kenaf plant by transferringe tfungal resistance genes
chitinase and glucanase into the kenaf plant. Hykeinafs (e.g. KB2 and KB11
varieties) developed by the Institute of Bast Fikeops China are capable of

producing 3.7 ton/ha of fibres, which is about 16igher than the control variety.



Table 2.3: World production of kenaf and alliedréb in major producing

countries
Production
----------------- Thousand tonnes-----------------
2004/05 2005/06 ~ 2006/07 2007/08 2008/09 2009/10
World 352.1 325.4 314.1 323.3 279.8 290.1
Far East 302.3 262.1 250.3 260.2 217.3 227.6
China 86.9 82.8 86.8 86.8 80.0 80.0
India 156.4 153.0 144.0 139.7 120.0 131.2
Indonesia 7.0 7.0 3.1 4.0 3.8 3.8
Thailand 35.7 4.6 3.6 2.2 2.9 1.8
Vietnam 14.2 12.6 10.6 25.7 8.8 9.0
Cambodia 0.9 0.8 0.6 0.3 0.3 0.3
Pakistan 1.2 1.3 1.6 1.5 1.5 1.5
South 259 394 39.9 39.1 385 38.5
America
Brazil 12.6 26.1 26.0 25.7 25.1 25.1
Cuba 10.0 10.0 10.0 10.0 10.0 10.0
Other 3.3 3.3 4.0 3.4 3.3 3.3
Africa 13.2 13.2 13.3 13.3 13.3 13.3
Near East 3.7 3.7 3.7 3.7 3.7 3.7
Developed 7.0 7.0 7.0 7.0 7.0 7.0

countries
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2.1.3 Processing of kenaf fibresfor polymeric composite utilization

Several methods are used to produce kenaf fibrégsel are: mechanical
separation, bacterial retting, chemical retting andar cane separation method
are used to process kenaf. Kenaf fibres extraatewh the kenaf plant can be
processed into yarns (continuous strand of fibrelmrt fibore non-woven mats
(Figure 2.1). A comprehensive review of differenttraction and fabrication
processes of kenaf fibres can be found in repoblighed by Zhand®®. Non-
woven kenaf fibore mats are generally fabricatesbugh the needle punching

method®Y,

2.1.4 Utilization of kenaf fibresasrenforcing material

As previously mentioned, the composite industrgasvely considering the use of
lignocellulosic fibres (e.g. kenaf, coir, flax, guand hemp) as substitutes for
synthetic fibres. Suddeff’ reported that about 20 kg of natural fibres cood
used for the parts that do not require high beadad in each of the 53 million
vehicles produced globally each year. Differentomdtive manufacturers that
make use of lignocellulosic fibres are listed inblEa2.4®). Considering the
economical and environmental advantages of lighaosic fibres over synthetic
fibres (e.g. glass fibres) in conjunction with tblic awareness towards green
products, it is evident that kenaf fibre has a ptiéé prospective in the composite
industry® 22, Classification of natural fibres for use in th@mposite industry is

shown in Figure 2.8%.

Natural fibres

Non-wood

natural fibres Wood natural fibres|

Soft and hard

Straw fibres Bast Leaf Seed/fruits Grass fibres woods

Corn, wheat an Flax, kenaf, jut
rice straws and hemp

Sisal, henequen, Bamboo,
pineaple leaf Cotton and coi switch, grass
fibre and miscanthu

Figure 2.3; Classification of natural fibres foeus the composite industry
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Table 2.4: Utilization of natural fibre in the aototive industry

Automotive Model applications

manufacturers

AUDI A2, A3,A4 (& Avant), A6, A8, Roadster, Coupe&t
backs, side and back door panels, boot liningrduk,
spare tyre lining

BMW 3,5,7 series

MERCEDES-BENZ

VOLKSWAGEN

PEUGEOT

ROVER

VOLVO

DAIMLER-
CHRYSLER

FORD

LOTUS

TOYOTA

Door panels, headliner panel, boot lining, seakbac
noise insulation panels, moulded foot well linings
TRUCKS

Internal engine cover, engine insulation, sun visor
interior insulation, bumper, wheel box, roof cover
Golf, Passat, Bora

Door panel, seat back, boot lid finish panel, dor
406

Seat backs, parcel shelf

2000 and others

Insulation, rear storage shelf/panel

C70, V70

Seat padding, natural foams, cargo floor tray

A, C, E and S-class models, EvoBus (exterior)
Door panels, windshield, dashboard, business table,
pillar cover panel

Mondeo CD 162, Focus

Door panels, B-pillar, boot liner

Eco Elise (July 2008)

Body panels, Spoiler, Seats, Interior carpets
Brevis, Harrier, Celsior, Raum

Door panels, seat backs, Spare tyre cover

12



2.2 Polypropylene matrix

Polypropylene is a polymer with linear structuresdxh on the monomer,B;,.
Based on its molecular structure, polypropylena 8nyl polymer with a methyl
group attached to every alternate carbon atom enntlain structure. It can be
manufactured from the polymerization of propylemes ¢n presence of a catalyst
such as titanium chloride. Polypropylene is alstyaproduct of oil refining
processe$? *®) The molecular structure of the polypropylene ohaipresented
in Figure 2.4.

H H

I Polymerization |

|

C=c ———> [C=c],
I o

H CH2 H CHZ

Propylene Polypropylene
Figure 2.4: Molecular structure of polypropylene

The manufacturing technology of polypropylene hesmendously improved
because of the continued demands from the marked. ilprovement of the
polymerization process for the manufacturing ofypobpylene is summarized in
Figure 2.5. More detail on different manufacturprgcess of polypropylene can
be found on report published by Sato and Ogéfta
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First generation Solvent polymerization process

Monomer Recovery ‘4(—

Polymerization }—l'| Degassing }—>| Deashing H Drying }—> PP
y

—{ Solvent Recovery I-‘-

AP, Ash

Second generation  Solvent polymerization process

Monomer Recovery ‘

Polymerization H Degassing Drying PP

4{ Solvent Recovery |<—

AP

Bulk polymerization process (Non-solvent)

r{ Monomer Recovery |
% AP, Ash

Polymerization }—>| Exfraction I > PP
Third generation Vaper phase polymerization process (Non-deashing; AP)
Polymerization > PP

Figure 2.5: Process flow diagram of polypropylene

Polypropylene has several advantages when comparexther thermoplastic
polymers. For example, it has excellent impact fatigue strengths, low specific
mass (e.g. 0.90 - 0.92 g/cm3) and a broad speatfurorrosion resistance. It is
highly resistant to organic solvents, most of tlk@legs and acid, degreasing agents
and electrolytic attack. Due to its high meltingmfeerature (164°C),
polypropylene has a relatively high service tempeea The use of polypropylene
materials for domestic and commercial applicatif@g. delay life commodities)
does not have any significant effects from an oatiopal health and safety point

of view in terms of chemical toxicity.
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In terms of the processability, polypropylene issyedo process due to its
extraordinary melt-flow characteristics. This albwthe fabrication of
polypropylene parts in a low cycle time. In additiopolypropylene can be
processed several times without significant loss ntechanical properties.
Thermoplastic polymers, including polypropylenes ausceptible to degradation
when exposed to ultraviolet radiation. However ttas be significantly reduced

by the use of filler materials (e.g. carbon bla¢k)®

Over the last five decades, polypropylene has plagesignificant role in the
polymeric composite due to its reduced environnentpacts and manufacturing
cost. For example, light weight, optimal balancenoéchanical properties and
excellent surface finish of polypropylene found usehe automotive industry.
This allowed the automotive manufacturers to repkeveral metallic parts which
do not require considerable load bearing capadslidt lower cost and with less
environmental impact. The consumption of polyprepg in the automotive
industry is shown in Table 2.5. The processinghef polypropylene material has
a very small carbon footprint when compared to Isgti¢ fibres (e.g. glass and
carbon fibres), and its water footprint is sigrafitly smaller than that of glass
fibres. Also, less energy is required for the puwitlin of the polypropylene

polymer®2 3%

Based on this survey, it is evident that the adwged of kenaf fibres and
polypropylene definitely position natural fibre m@rced polypropylene
composites as an important economic resource fercttimposite industry to

address the environmental challenges the worldn®notly facing.
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Table 2.5: Utilization of polypropylene in the aototive industry

Production

2002 2003 2004 2007 2010
World 142284 199384 234110 344000 442600
Australia 12275 14624 13638 15600 16400
China 44068 80755 92650 160000 220000
India 28158 36319 47134 60000 80000
Indonesia 7739 8128 10000 14000 16000
Iran 18810 21996 28000 40000 48000
Malaysia 15200 12996 14594 20000 23200
Pakistan ~ ----- 1687 1730.4 2400 2800
Philippines  ----- 1546 1600 2200 2400
Taiwan 9260 10594 11985 12000 12600
Thailand 6773 10067 11977 16800 20000
Vietham  --—--- 671 800 1000 1200

2.3 Mechanical and moisture absorption properties of natural fibre

reinfor ced polymer composites

Lignocellulosic fibres have an enormous potent@l substitute conventional
synthetic fibres, such as glass fibres, in manyiegions that do not require high
load bearing capabilitie€). However, natural fibres reinforced composited sti
have limitations with respect to mechanical perfances and resistance to
moisture absorption. These limitations are morenpumced when hydrophobic
thermoplastics such as polypropylene matrix ared tse matrix a systerfi.

Previous researchers reported that the level of diemical incompatibility

16



between the natural fibore molecules and the thelastip molecule is the main
factor that dictates the mechanical performancégedcellulosic fibre reinforced
thermoplastic composites. This incompatibility Iea difficulties in ensuring
proper bonding on fibre—matrix interfaces, whichtumn causes ineffective load

transfer between the fibre and maffik**

Good resistance to moisture absorption is esseatigbaranty extended service
life of natural fibre reinforced composites wherpesed to a moist environment.
Moisture uptake can result in reduced mechanicalpgnties due to fibre
degradation (e.g. leaching, biodegradation andlsggland dimension stability.
To eradicate entirely the moisture uptake in fitgmforced polymer composites
iIs a big challenge. However, it can be minimized éysuring a good
encapsulation of the fibres by the matrix or by Igiog layers of corrosion

barriers onto the composite surface.

Chemical treatments of fibres and the use of coimifiaers have been suggested
as a means to create a strong interfacial bonddaetvthe fibre and matrix in
order to improve the mechanical properties and b&stance to moisture
absorption of natural fibre reinforced composifés™). Previous works related to
the influences of fibre treatments on the mechamicaperties and the resistance
to moisture absorption of natural fibre reinforaemnposites are reviewed. The

influences of the manufacturing process are algewned.

2.3.1 Effects of fibre treatments on the mechanical properties of natural

fibrereinforced polymer composites

Tensile and flexural properties of natural fibre reinforced polymer

composites

Li et al ™ carried out an investigation study on various deahtreatments for

improving the compatibility between the naturalré® and the polymer matrix.
Fibre treatments using chemicals such as alkaliansj permanganate,
benzoylation, acrylation, acetylation, isocyanatemve been reviewed. The

researchers reported that alkali treatment can dmel wo improve the overall
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properties of the composite. They argued that ali@tment modifies the texture
of the fibre surface, increases the amount of lmkion the fibre surface, which
in turns increases the number of the reaction.siteey also reported that alkali
treatment enhances the fibre strengtideerozeyet al “? studied the

morphological changes of kenaf fibres caused bwlialkeatments at different
temperatures (ambient and 95°C). Sodium hydroxioetisns with different

concentrations (3%, 6% and 9% NaOH) were usediloe ftreatments. It was
found that the concentration of the sodium hydrexsblutions influences the
cleanness and the mechanical properties of thee.fil8canning electron
microscopy revealed that alkali treatment with 3%4C¥ does not remove the
impurities on the fibre surface in an effective man Surface impurities were
removed completely at 6% NaOH. The researchermeliithat 9% NaOH alkali
treated kenaf fibres had the cleanest surface. Menvematerial degradations
caused by excessive alkali concentration (9% NaQid)npromised the

mechanical properties of the fibres. The tensilergiths of 9% NaOH alkali
treated fibres were found to be even smaller tiamsed of the untreated fibres.
They finally concluded that 6% NaOH is the optimaoncentration for alkali

treatment at 95°C since kenaf fibres were suffityertlean and exhibited
improved tensile strengthvan de Weyenburget al ©® reported up to 30%

increases in the tensile strength and modulusa&friéinforced epoxy composite.

Silane solutions are also used to improve the fibagrix interfacial bonds. Leet
al ©9 reported the effects of the three glycidoxyprofylethoxy silane
treatement on kenaf fibre reinforced poly (lactiwd® bio-composites. They
indicated that silane solution with a concentratadnl% improved the flexural
strength and stiffness of a composite of 50% masdidon by approximately 20%
and 25%, respectively, when compared against thteated kenaf/PLA
composites. Chat al ©” considered kenaf fibres as reinforcement for P& an
polyester. Three different  silanes  were consideredgamma-
aminopropyltriethoxysilane, gamma-glycidopropytni@tysilane and three-
methacryloxypropyltrimethoxy  silane.  They reportedthat gamma-
glycidopropytriethoxysilane treatment was the meffiective when using a

concentration of 0.5% by mass. Mechanical testltesiowed that the flexural
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and tensile strengths increased relative to thdsthedo composite made from
untreated fibre by 26% and 17%, respectively. Waeréhe corresponding

increases in the moduli were about 8% and 20%.

Although several researchers have looked at edtkati or silane treatments, the
combined effects of the two treatments have beesidered as well. Masia al
“2 investigated on the effects that the fibre treatim¢e.g. alkali treatment, silane
treatment and alkali-silane treatment) have ormikehanical properties of kenaf
reinforced polylactic acid composites. They reportieat chemical treatments of
kenaf fibres improved the tensile and flexural nies of the composites. The
researchers argued that silane treatment was #umminant contributing factor
for the improvement of matrix—fibre interfacial lhnThey explained the effects
of silane as follow: When the three aminopropythiaxysilane is dissolved in
water, the ethoxy groups hydrolyze and producensilanolecules. Subsequently
the silanol molecules react with the hydroxyl grq@#H ) of alkali treated kenaf
fibres and establish stable covalent links. Theeeathe silanol radicals connect
to kenaf fibres and create stable ties that enhaheefibre-matrix bonding
strength by ensuring strong cross-linkages andladleng between the fibre and
polymer matrix. The mechanism of the improvementta fibre-matrix bond
reported by Loat® is summarized in below in Figure 2.6.
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Figure 2.6: Interfacial fibre-matrix bonds causgdibre treatments
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The improvement of the fibre-matrix interfacial lboiwaused by alkali-silane
treatment was also reported by Retdal (. They used compression moulding
techniques to fabricate composite plates usingfii#éa mats and polypropylene
as reinforcing and matrix system, respectively. &s example, they tensile
modulus and strength improved by more than 100%revthe flexural strength
improved by 70% in comparison to unreinforced pobyylene. The authors
reported that alkali-silane treatment of kenafdgrmproved the specific tensile
and flexural strength of kenaf reinforced polypra@me composites with 30%
fibre contents to such extent that they comparé wiéh those of glass reinforced

polypropylene composites.
Fatigue properties of natural fibrereinforced polymer composites

Several studies related to the improvement of teehanical properties of natural
fibre reinforced polymer composites by means afefitbeatments mainly focus on
the tensile and flexural properties of the matetdrdly any have been focused
on the fatigue behaviour§® *¥ Still, the studies devoted to the fatigue
characteristics are generally orientated towardsthgyic fibre reinforced
thermoset composites!®. Understanding the fatigue behaviours of these
materials is therefore indispensable in order tanmehend the fatigue
characteristics of natural fibre reinforced polypylene composites.

Gassar*® conducted tension-tension fatigue tests at asstaio of 0.1 and a

10Hz frequency to investigate the influences offthee characteristics and fibre-
matrix bond on the fatigue behaviour of naturatdilcomposites. Natural fibres
including flax fibre yarns, tossa jute fibre yarmsd woven textile were used as
reinforcing materials. Epoxy resin, unsaturated/g@ster resin and polypropylene
were used as a matrix system. The author repohidtihe effectiveness of the
fibre-matrix bond significantly affects the fatiglehaviours of both reinforced
thermoset and thermoplastic composites. He arghat the critical load for

initiating and propagating damage through the nedteould be increased by
means of fibre treatments. This proposal was vedatldy inferior values of the

critical load to initiate and propagate damage mireated fibre composites.
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Microscopic examination has shown that cracksatetiat the weakest points of
the material (e.g. fibre-matrix interfaces) andpagate preferentially along the

fibres before spreading through the matrix.

Mallik @ also reported complex failure mechanism in crdgs-pnd
multidirectional continuous fibre reinforced comjes. The author stated that the
damage grows in size and intensity in a progressiaaner until the ultimate
failure occurs. The sequence of damage developmeents in cross-ply
laminates was found to be similar to those of rdukctional laminates
containing off-axis fibres. The author argued tiat initiation of fatigue damage
in [0/90)s laminates was characterized by the formationaridverse microcracks
at the fibre-matrix interface in the 90° laminaes éycling progresses, the initial
damages (microcracks) develop toward the adjaceln@inae. Depending of the
stress level, these microcracks may deflect partdlehe 0° laminae, thereby
causing delamination between the adjacent lamimzdamination generally
occurs at the early stage of the cycling load, thegome stable overtime and
rapidly increase during the last stage of the tegtigycle of the laminate. Fatigue
damage growth in [0/99] laminate is depicted in Figure 2.7. Mallidk’
concluded that that the fatigue strengths of coig®dghat have strong fibre-
matrix interfacial bond were significantly affectég the fibre contents. This is
because test results showed that the critical ioaditiate and propagate damage
increases with the increase in fibre content. Nearclcorrelation between the
critical load and the fibre content was noticed tGiotreated fibre reinforced PP
composites. It is believed that such behaviourewaused by poor fibre-matrix
interfacial bond.

It is evident that the fatigue behaviours of filbeenforced polymer composites is
a very complex mechanism. It is often analyzed gsogressive phenomenon.
The sequence of the damage events largely depesevenal factures such as the
laminate configuration (packing sequences of laglineesin characteristics (e.g.
thermoset or thermoplastic), test temperaturesstievel, load frequency and test
control mode. As such a rigorous and systematicdogmh was considered to

study the fatigue behaviours of kenaf reinforcedypmpylene composites.
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Details on the preliminary fatigue tests condudtedetermine the optimums test
control parameters (e.g. stress ratio, load frequand stress levels) can be found

in Chapter 4.

ﬁ Load
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Figure 2.7: Fatigue damage development in [Q/@hinate

Towo and Ansell®® evaluated the effects of alkali treatments on fateue
behaviours of sisal reinforced thermoset compositasufactured through the hot
press process. Sisal fibres were treated with 0.088DH alkali solution. The
authors reported that the improvement of the fatigerformances was caused by
the strong fibre-matrix bond between the fibre @imel matrix. The researchers
also indicated that factors including load frequenstress ratio significantly
influenced the test results. They suggested tHa{Non-reversing stress cycles)
was the appropriate stress ratio to prevent latsthbility of the specimens and

maximize the load amplitude.

Although most of the previous works focus more tomef reinforced thermoset
composites, the survey however, shows that thexgisssibility of improving the
fatigue strength of natural fibre reinforced comijessthrough fibre treatments.
Therefore investigation into the effects of fibreeatments on the fatigue
performances of kenaf fibre reinforced polypropglencomposites is
indispensable.

Impact propertiesof natural fibrereinforced polymer composites

Alterations of the viscoelasticity of the polymematmx often take place when

fibre reinforced thermoplastic composites are egdo® a hostile environment
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(e.g. ultraviolet radiations). These alterationsym@mpromise the impact
performances of the composites by causing matribrittements®® ") The
matrix embrittlements generally cause the transitiof the material behaviours
from ductile to brittle, which in turns create fawable conditions for brittle
failure. For example, prolonged exposure of polynb@sed composites to
ultraviolet radiations (e.g. sunlight) generallguees the impact resistance of the
material even at temperatures below the glassitiamsemperaturé*”. Besides
the changes in the viscoelasticity of the polyn@rains, factors associated to the
design and manufacturing (e.g. poor fibre-matrindjoalso affect the impact
properties of the polymer based composfte'd.

Designing fibre reinforced polymer composites aghitdeformation within the

elastic regions is an obvious task since typicatenw properties such as the
elastic modulus and the tensile strength propertas be used. However,
designing against crack initiation and subsequeatkc propagation in fibre

reinforced polymer materials under impact loadisdgar more complex. Impact
tests are generally performed to assess the ittenfrthe material at the earlier
stage of the design process. As an example, impsictesults are used to specify
the maximum impact loads that the material can stéthd at the operating

temperature.

Several impact test procedures are specified. Thesmdures generally depend
on the material characteristics and the engineeengirements pertaining to the
manufacturing process, operating conditions (empdihg conditions and
operating temperature) and service life of the malteThe choice of a specific
impact test methodology is largely dictated by ¢heariables. As an example the
impact test procedure specified for the evaluatibthe impact resistance of fibre
reinforced composite plates subjected to staticlagd speed impact load would
be different to that of composite plates subjeateturring and low speed impact
loads “® %9 The impact test procedures commonly used fortipiagnd fibre

reinforced polymer composites are summarized inf€i@.8.
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Several studies have been carried out to evallegeirifluences of the fibre

treatments on the impact properties of fibre reitéd polymer composites. Few
works however have been devoted to lignocellulosicres reinforced

thermoplastic composites. Ramires and FrolfftM conducted 1zod unnotched
impact tests in accordance with ASTM D258 to evaluate the impact properties
of sisal fibre reinforced tannin-phenolic composit€he authors reported that the
enhancement of the fibre-matrix adhesion was thiea gause of the improvement
of the impact strength. They argued that the predante of acid sites at the
surface of the sisal fibres improved the fibre-mxattdhesion. The researchers
also reported that the increase of the fibre cdntmproved the Izod impact

strength of the composites. The optimum fibre cointgas found to be 50%.

However, the impact resistance dropped at fibretesdngreater than 50%,
probably because of poor fibre impregnation. Tharyctuded that the use of sisal
fibres as reinforcing material in tannin-phenolesin was beneficial since it
significantly improves the impact properties of tb@mposite. The researchers
also reported that the fibre distribution also (FFey 2.9) contributed to the
improvement of the impact strength since they guaeuniform load distribution

within the material.
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Figure 2.9: Intimate fibre-matrix contact and e¥bne distribution

Kim et al ®? investigated the effect of different compatibitigiagents, including
maleated polypropylene and maleated polyethylenienensile and Izod impact
strength properties of lignocellulosic materialefil polyethylene bio-composites
fabricated through extrusion. Low and high-dengitlyethylene were used as
matrix whereas rice-husk flour and wood flour werged as reinforcement.
Different compatibilizing agents (e.g. maleated ypobpylene and maleated
polyethylene) were used to improve the fibre-matdhesion. The researchers
reported that maleated polyethylene improves tlogl impact strength notched
specimens because of the enhancement of the fiamexmnterfacial adhesion.
They argued that the Izod impact strengths of thedeated polypropylene
incorporated composites slightly dropped followitfte incorporation of the
compatibilizing agent at a content of 3% by mass.tl@ other hand, those of the
maleated polyethylene incorporated composites thjiginproved because a better
wetability of the polyethylene matrix polymer washe&ved. The fibre-matrix
adhesion mechanism as suggested by the authdrsvi;isn Figure 2.10.

25



I\ ] )

Not good b
wetting due to (
—  InCOMpatibility {
~
( / 5 K
>
I \ i
P PE matrix polymer
E chain \ .
Better wetting f j
st due to good [
compatbility

AR

PE matrix p olymer

Figure 2.10: Fibre-matrix adhesion mechanism dubdaise of coupling agent

In view of these results the improvement of the mamical properties (e.qg.
tensile, flexural, fatigue and impact propertied) ratural fibre reinforced
thermoplastic composites due to fibre treatmerd. (alkali and alkali-silane) is
evident. However the improvement is still somewtiaficient in comparison to

that of glass fibre reinforced composites.

2.3.2 Effects of fibre treatments on the resistance to moisture absor ption of

natural fibrereinforced polymer composites

Natural fibres reinforced composites have limitasioin terms of moisture

absorption. However, considerable efforts are ntadaddress these drawbacks
given the potential benefits of natural fibregsltherefore imperative that a better
understanding of the moisture absorption mechammsmatural fibre reinforced

composites and its effects on the material properiof the composites is
achieved. Several diffusion models describing tloéstare absorption mechanism
in lignocellulosic fibres reinforced polymer compges have been proposed.
Various concepts (e.g. Finite element analysiski&ic Laws, Percolation theory
and the semi empirical methods) are used to eledhese modelS* 3 ~5°

Experimental test results showed that these maatelsvalid only at the early
stage of the diffusion process and at ambient teatypes. The accuracies of

these models become inadequate as the immersian damd the temperature
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considerably increase, because the diffusion psocesild be driven by the
synergy of uncontrolled factof¥' *® ~*® These factors could be:

* The variation of the diffusion coefficients duette plasticization of the
matrix polymer chains and the changes in the miarosire configuration
of the fibres.

e« The increase of the amount of voids within the cosije causing the
diffusion process to behave as a macroscopic phemomrather than a

microscopic mechanism.

Studies have shown that the hydrophilic natureattiral fibres and the level of
the chemical incompatibility between the fibre dahd matrix are the main factors
that compromise the resistance to moisture absormti natural fibre reinforced
polymer composites. Chemical and mechanical treasr@e commonly used to

improve the fibre-matrix interfacial adhesifi > 5% ¢

Alkali treatment is used to clean the fibre and riowe the bonding strength
between the lignocellulosic fibres and the polymetrix. It is believed that alkali
treatment improves the moisture resistance andneelsathe adhesion between
the natural fibres and the polymer matrix sinaaadifies the external structure of
the fibre and chemically modifies the fibre surfacenposition by removing the
surface impurities. Sharifadt al ®¥ investigated the improvement of the moisture
resistance caused by chemical treatment. The catempecimens were made of
kenaf fibres and unsaturated modified Crystic 2R®6polyester resin. They
reported that alkali treatment using 6% NaOH sofuticontributed to the
improvement of the resistance to moisture of themasites. They concluded that
strong bonding and interfacial adhesion between kieaf fibre and matrix

increased the resistance to moisture of the cong®osi

Silane solutions (e.g. Three—aminopropyltrietholeys) can also be used to
improve the resistance to moisture absorption tdrahfibre reinforced polymer
composites. Leest al ©% investigated the effects silane treatments on the
resistance to moisture absorption of kenaf fibiafoeced poly (lactic acid) bio-

composites. The researchers reported that silaanients improved the the
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resistance to moisture absorption of the compaosité®y indicated that the
reaction between the silane molecules and hydraxglups of kenaf fibres
reduces the hydrophilic nature of the fibres duéghtoreduction in the amount of
hydroxyl groups. Furthermore, they mentioned tlmat $wellings and moisture
absorption rates were significantly reduced witle thcreasing of the silane
concentrations. The water absorption and swellinges are illustrated in Figure
2.11. The researchers argued that the increasdeofrdsistance to moisture
absorption could be explained as follow: First, $ii@ane molecules react with the
hydroxyl groups and rend kenaf fibres less attvactto water molecules.
Secondly, the intimate fibre- matrix adhesion cdusg silane treatment leads to

less voids and eliminates possible paths for watelecules through the
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Figure 2.11: water absorption and swelling at défe silane concentration

Alkali treatment followed by silane treatment (dilslane) is also used for
improving the fibre—matrix adhesion. Sgricaaal ©® conducted experimental
works to characterize the surfaces of treated autitated kenaf and hemp fibres.
They also evaluated the effects of alkali and akkigdne treatments on the water
absorption resistance by comparing the saturatiaasngain of untreated, alkali
treated and alkali-silane treated epoxy compositesee different types of natural
fibres were used: kenaf, flax and hemp fibres.dsvound that all three types of
composites had similar moisture contents at saturatlax reinforced epoxy

composites had a saturation mass of 17.2%, hemforeed epoxy composites
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had a saturation mass of 18.4% and kenaf reinfoepexky composites had a
saturation mass of 17.8%. The researchers reptréeclkali-silane treatments at
5% NaOH and 1% silane significantly improve theisisice to moisture
absorption. It was found that 5% NaOH is the optimalkali concentration to
remove surface impurities such as lignin, pectiaxyvsubstances, and natural

oils.

The effects of the moisture on the mechanical ptase of natural fibre
reinforced polymer composites have been investlydte several researchers.
Karlssonet al ®? investigated the mechanism of water uptake anthflsences
on the mechanical properties of lignocellulosic nfeiced polypropylene
composites. The researchers argued that the wager@ion severely affects the
mechanical properties of the composites sincedbing results have shown that
the water-saturated samples exhibit poor tensildulus and tensile strength as
compared to those of dried compositesetlal © also investigated on the effects
of water absorption on the tensile and impact gtien of sisal fibre reinforced
polypropylene composites manufactured by injectiooulding. They reported
that the tensile modulus and tensile strength & tomposites decrease
continuously with the increase of the water imnarstime. The researchers
argued that the changes in the mechanical propedfiethe composites were
attributed to the combined effects of the matriaspicization and the fibre
degradation. Contrarily to the tensile charactiesstthe Izod impact strength
improved at the early stage of the diffusion precasd dropped as the immersion
time increases. They argued that these contraglittehaviours were caused by
the swelling of the sisal fibres, which probablyhanced the frictional force and
thereby preventing the fibre from pulling out oetatrix. The researchers also
reported that reduced Izod impact strength wasechby excessive leaching of
water soluble substances from the sisal fibres icgushanges in the

microstructure configuration of the fibres.

It is obvious that there is a possibility of impnog the mechanical properties and
resistance to moisture absorption of natural fieiaforced composites by means

of fibre treatments (e.g. alkali and silane treattse However the use of natural
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fibre reinforced thermoplastic composites in maistienvironment are still

limited.

24 Use of filler materials to improve the mechanical properties of natural
fibrereinforced polymer composites

Besides fibre treatments and functionalization loé fibres, the use of filler
material in particular carbon nanotubes (CNTsheamg considered as a potential
mean of improving the mechanical properties of fegoed polymer composites
(14-16.64.66) A5 an example, the cost of multi-wall carbon rtahes (MWCNTS)
for use as reinforcing material in polymeric compessand ceramics is estimated
to be $200 million dollaré®”. A TEM image of MWCNTs manufactured by
vapour deposition is shown in Figure 2.12. CNTsjettgped by lijima in 1991,
have exceptional nano-scale physical propertiees@hnclude high mechanical
strengths (e.g. young modulus of 1 to 5TPa, and kigngation to failure in the
range of 20% to 30%), excellent thermal stabilitg dow electrical resistance
64.85.72.79 The strength and the adaptability of the carbaran bonds, one of
the strongest encountered in nature, are the rdasloind the strength of carbon
nanotubes. The stiffness is attributed to the lljbation phenomenofl> ¢4 The
low density of CNTs (1.3 - 1.4 g/t leads to a high specific strength of the
nanoparticles (4.8xYON.m.kg') when compared with that of carbon steel
(1.54x10 N.m.kg%).

Various techniques are used for the fabricatio€Nf's, a detailed review thereof
can be found elsewhef&’. Considering the high surface area (500 times more
than carbon fibre) and aspect ratios (of about LJOO@NTSs, it would be logical
that such materials should be regarded as poterdiaforcing materials for
polymeric composites. It is expected that the isidn of a small quantity of
CNTs into the matrix system will substantially imope the mechanical properties

of reinforced polymer composit&8),
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Figure 2.12: TEM images of multi-wall carbon narims

Unfortunately, the polymeric composite industrgigl facing challenges in using
CNTs as a reinforcing material in an effective w8yudies have shown that the
exceptional mechanical properties of CNTs haveyabtbeen fully exploited in
reinforced polymer composite applications. Numersiuglies have indicated that
the mechanical properties of CNT reinforced polyroemposites are generally
significantly lower than the predicted values ofbea through different
approaches, such as the rule of mixtures and Hesin-approacl’®. The major
limiting factors in utilizing CNTs as reinforcingaterial in polymer composites
are: poor interfacial bond between the carbon ndreotand the matrix, poor
dispersion of CNTs within the polymer matrix, impes CNT alignment and
degradation of the CNT due to processihly *> % % For example, poor
interfacial bond between the CNT and the matrixenés effective stress transfer,
subsequently leading to poor mechanical proper8aglies have also shown that
although the tensile strength of individual CNT l&hean be extremely high, they
are weak under compressive loads. In addition, vekadar interactions between
adjacent grapheme sheets, especially in MWCNTS4, tiesignificantly lessen the

effective strength of the nanotuf3&.
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24.1 Improvement of the CNT dispersion and the CNT-matrix interfacial

adhesion

Studies have been carried out to explain the canfsesveral drawbacks, such as
poor interfacial bonding between the CNTs and mapoor dispersion of CNTs
within the polymer matrix and improper CNT alignmieand subsequently to
suggest techniques for achieving optimal reinforeetrof polymer composites
with CNTs. These techniques include chemical treatsn (e.g. oxidation,
reduction and functionalization), coating (e.g.sphk& coating) and mechanical
treatments (e.g. ball mixing, sonication and sheiing) “* > ) A survey of
previous studies is therefore of interest in ortterappraise the potential and

challenges of CNTs as reinforcing materials forypwric composite materials.

Andrewset al ¥ reviewed the state of research on the use of nhaaeinforced
polymer composites; particular emphasis was plaxcedhe effectiveness of the
interfacial bonding between the carbon nanotubelspaymer matrices in order
promote CNT—matrix load transfer. They reported tha surface of the CNT, an
exposed grapheme sheet, could be the main caugbeofveak inter-planar
interaction of graphite due to its lubricant chagastics, which in turn prevents
strong adhesion to the polymer matrix. They alsatest that the lubricant
characteristics of the grapheme were exaggeratedodil being chemically inert.
The authors indicated that functionalization of @& T surface has been regarded
as an effective means of improving the CNT—matnberfacial bonding strength
and increasing the dispersion of the CNTs in vai@olymer matrices and
organic solvents by creating CNT—matrix compatifalactional groups on the
surface of CNTs. Acid treatments (e.g. nitric acehtment) have been reported to
successfully oxidize MWCNTSs by attaching carboxydimups on to MWCNT
surface, which in turn improved the bonding betwdenCNTs and the resin by

reacting with the matrix epoxy terminated molecules

Prashanthat al ©® investigated the effects of adding a coupling agerth as

polypropylene grafted maleic anhydride (PP-g-MA) dme dispersion and
mechanical properties of the MWCNT filled polyprégrye nanocomposites. The
researchers indicated that the intermolecular v@n\Waals interactions between
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the nanotubes, in combination with large surfaegasmand high aspect ratio were
the main causes of ineffective CNT reinforcementitas since they prevent
proper CNT—matrix load transfer due to poor disjpersof CNTs within the
composite. They suggested that the van der Waatsddetween CNTs and the
entanglement thereof inherited from the synthetamufacturing process have to
be minimized in order to guarantee a consistergeisson of CNTs within the
polymers. The researchers concluded that the PRAgwhen added in a ratio of
2% by weight, was an effective additive for unifodispersion of the MWCNT’s
and to improve the interfacial bonding between th®WCNTs and the
polypropylene matrix. The results were validated rhgans of morphological
characterization (SEM) and mechanical testing, timclicated improved impact,
tensile and flexural properties of the MWCNT fillpdlypropylene. The tensile
modulus of the composites treated with PP-g-MAeased, on average, 10% as
compared to composites without PP-g-MA. SEM imagfesntreated and treated
MWCNTSs are shown beloff®. Figure 2.13 (a) shows the aggregates and Figure
2.13 (b) shows untreated carbon nanotubes. Whe¥gase 2.13 (c) and (d)
depict good dispersion of carbon nanotubes and -FFRA-gcarbon nanotube
treated respectively.
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Figure 2.13: SEM images: (a) aggregates, (b) ut@deaarbon nanotubes, (c)
uniform distribution of carbon nanotubes, (d) PRtg-carbon nanotube treated

Although acid treatment of the CNTs surface hashbeported as successful
means of functionalizing CNTs, studies have indidathat it may damage the
nanotubes, therefore limiting the use thereof. Andret al ™ reported that
excessive acid treatment can dislocate the bonofitbe CNT grapheme sheets
and consequently compromise the mechanical pregeofi functionalized CNTs
in the fabricated composite. Maial ©® also reported similar results. The authors
stated that a surface treatment with concentrated successfully attached
functional groups (carboxyl groups) onto the CNTsface. The treatment,
however, can also degrade the mechanical prop@fi€NTs by causing defects
on the CNT sidewalls, and decreasing the aspeict 0htCNTs by dividing the
CNTs into shorter segments during the oxidativecgss. To address these
limitations, alternative treatment, such as sildreatment, which consist of
broadening the chemical reactivity of the CNTs bpakiting active moieties onto
the surface of the carbon nanotubes has been geelMaet al ©® presented a
new method which consisted of chemical functioraian of the MWCNTS. This

was achieved through the combined process of: tgidédy exposing MWCNTs
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to a UV/Q; environment, reduction of the MWCNTSs in a solutioh Lithium
aluminium hydride (LiAlH4) and hydrochloric acidné silanization using 3-
Glycidoxypropyltrimethoxy silane. The authors arguthat the intent of the
oxidation was to create active sites and moiet€3H groups) on the surface of
the carbon nanotubes. The presence of these gmwapsonfirmed by Fourier
transform infrared analysis (FTIR). The aim of theduction step was the
reduction of the — COOH groups to —OH groups. ®ilaratment was carried out
to enable the reaction between the —OH groups of OWWWs and the —OCH
groups of the 3-Glycidoxypropyltrimethoxy silaneat al ©® claimed that the
method was effective as it lead to good dispersibthe carbon nanotubes in
ethanol without damage; and it created strong bdretiween the epoxy groups
attached to the MWCNT surface and the —OCH3 graidighe silane molecules.
The dispersion of the MWCNTSs at different stepshaf functionalization process
Is shown in Figure 2.14. The schematic of the readbetween a reduced carbon
nanotube and the three-Glycidoxypropyltrimethoxyarse is depicted in Figure
2.15¢°),

Figure 2.14: TEM image of the MWCNTs (A and B: Raanotubes, C and:
Oxidized and reduced, D: Silane treated)

35



R:- (:H2<2H2cHz.~-:n.cH.c4\-|O§H2

Figure 2.15: Schematic of the reaction betweerré¢deced carbon nanotube and
the 3-Glycidoxypropyltrimethoxy silane

Zhou et al *® investigated the functionalization of MWCNTs wiHane and its
influences on the tensile properties of CNT reioéol PP composites. The
functionalization process consisted of coatingMWCNTs with a uniform layer
of inorganic silica by the sol-gel process and ttreating the coated nanoparticles
with silane (3-methacryloxypropyltrimethoxysilan@)he authors stated that the
main advantage of this process was the attachnidnhctional groups (-Si—O—
Si-) onto the nanotubes without degradation theplgrme layers. The CNT
reinforced PP composites sheets (2 mm thick) wabeidated by compression
moulding. Different nanoparticle concentration®28%, 0.5%, 1, 2% and 5% by
weight) were considered. TEM revealed that suffitielispersion of the
nanoparticles was achieved at lower filler contehESM revealed that there was a
uniform layer of silica gel on the surface of thanaparticles after silane
functionalization. The presence of functional greuguch as —Si—O-Si— was
proven by FTIR analysis. Mechanical testing wasdoated in order to evaluate
the effects of the functionalization on the mechahproperties of the composites.
Test results showed that the functionalization htlig improved the tensile

strength by about 2%.

Chemical treatments and mechanical dispersion ¢aban and shear mixing) is
commonly used to achieve desirable dispersion off €M polymers and to
prevent phase separation during processing. Howdwese two techniques have

limitations. It was found that inappropriate energry shear forces applied to
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disperse the CNTs could severely compromise thenamecal strengths of the
derived composites. In fact, CNTs can randomly ispetsed in liquid or molten
polymer matrix by sonication or shear mixing duripgocessing. Excessive
energy input tends to decrease the aspect ratirdgking the CNTs into shorter
segments. Mat al ©®® reported that sufficient dispersion of CNTs irutre was
successfully achieved after mechanical treatmeall ¢hilling) followed by 30
minutes of sonication treatments. The authors libelyever, realize that breakage
of carbon-carbon bonds along the grapheme layetheotco-axial tubes of the
carbon nanotubes occurred after the treatmentsbiidakages were characterized
by the opening of the end tips of several MWCNTSs.

2.4.2 Effectsof the nanoparticle concentration on the mechanical properties
of CNT reinforced polymer composites

The effects of CNT concentration on the improvemehtthe mechanical
properties of CNT reinforced composites have preslyp been investigated.
Many authors reported that a large concentratio@NT reduce the mechanical
strength of the composite. The researchers sugbestat difficulty of

homogeneously dispersing aggregates of CNTs witi@rpolymer matrix was the

main cause of an increase in voitfs'®

Khare et al *® conducted an extensive review on carbon nanotebdorced
composites. They concluded that reduced levels mpravement in the
mechanical properties of carbon nanotube reinfoomedposites were caused by
inefficient and incomplete dispersion of CNTs. Theferenced of several studies,
which indicated similar observations. As part o€ thonclusion, the authors
indicated that 1 wt% was the optimum MWCNT contdior effective
improvement of the tensile properties of MWCNT femed composites when
fabricated through the screw extruder. A CNT cotregion of 1% by weight was
reported to increase the strain energy and theilithudty 150% and 140%,
respectively.

While investigating the effects of the functionalibn of the CNTs on the tensile
properties of CNT reinforced PP composites fabeidaby melt mixing Zhen
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Zhouet al ® found that the tensile strength of the compositereased up to 39
MPa with the increase of the MWCNT content. Theysidered different

nanoparticle concentrations including 0.25wt%, @%wlwt%, 2wt% and 5wt%.

Test results indicated that 1wt% was the optimahceatration for the

improvement of the tensile strength of the compgssisince homogeneous
dispersion of the nanoparticles could be achiev@tde hypothesis was
additionally supported by the TEM analysis that foamed good dispersion at
lower nanoparticle concentration. The SEM images Figure 2.16 show

agglomeration of the MWCNT caused by poor disp@rsind uniform dispersion
of nanoparticles through the matrix systétfl. Mechanical test results also
indicated that an increase in MWCNT concentratiompromised the tensile
strength because many defects, such as voids, wéreduced into the

polypropylene matrix due to the difficulty of digpgng homogeneously the
MWCNTSs by melt mixing.

J
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Figure 2.16: SEM images: (a) agglomerated of MWCI¢),uniform dispersion

of nanoparticles)

Prashanthat al ©® concluded that the quantity of nanotubes incorgoran to

the matrix had significant effects on the mechdnicaperties of polypropylene
reinforced with MWCNTs. An average improvement &2@in tensile strength
was observed. They reported that 5wt% was the optimanotube concentration
to improve the tensile and flexural properties, s 2wt% to 3wt% was the

optimum concentration for improvement the impaobparties. However, the
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optimum CNT concentration reported by Prasharghal ©® is significantly
higher in comparison with the value (1wt%) reporgdZhouet al *® and Khare
etal 19,

2.4.3 Effects of nanoparticule alignments on the mechanical properties of

CNTsreinforced polymer composites

The effects of the CNT alignment of on the mechanfroperties of carbon
nanotube reinforced polymers have been investighiegrevious researchers.
Andrewset al ™ reverenced several preceding studies that invstigon the
alignment of CNTs. They indicated that the alignimarthe loading direction of
the test specimen was achieved in polymeric mattigemeans of shear flow and
recently by a magnetic field, resulting in film ariitbre geometries. As an
example, the researchers indicated that a twofulcease in the tension-tension
fatigue strength for aligned single wall carbon otabe reinforced epoxy resin
composites compared well with that of a typicalbear fibre reinforced epoxy
composite. Although the improvement of the mechalnicoperties due to CNT
alignment could be achieved, the practicality ot tENT alignment was
guestionable. Up-scaling and reproducibility wagorged to be extremely
difficult, because the CNTs are in general randodmdpersed by the sonication or
shear mixing during fabrication process of the cosite ** ** ®® Given these
processing constraints, the fabrication of polynmeatrixes reinforced with

aligned CNTs is only practical on micro-scale.

It is evident that the chemical functionalizatiordahe use of coupling agents are
extensively used to enhance the interfacial boddxn the carbon nanoparticles
and the matrix system; and to improve the disparsiocarbon nanopatrticles in
the matrix in order to improve the mechanical prips of the resulted
composites. Nevertheless, the potential of carbanotubes as reinforcing
material in polymeric composites has still has ® faolly explored as their
exceptional nano scale mechanical properties havget been fully transferred
to the carbon nanotube reinforced polymers on aonsxale. Furthermore, when

other reinforcing materials such as natural fibees used in addition to carbon
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nanotubes, the main challenges will be to achiepgmal reinforcement by
improving the interfacial compatibility between thmatrix and the two reinforcing
materials. It is thus imperative that a better us@ading of the relationships

between the manufacturing process and the intatfaonds is achieved.
2.5 Manufacturing of natural fibrerenforced polymer composites

Studies suggest that the manufacturing techniqeahgreat influence on the
mechanical properties of natural fibre reinforcé@rimoplastic composites. It
affects the content, fibre distribution, fibre aspetio and fibre orientatiofi”" *®)
There are several manufacturing techniques (g&rtion moulding, compression
and extrusion) that are used in the composite ingludowever, the compression
moulding is preferred when non-woven kenaf mats ased as reinforcing
material for the fabrication of composite plateonared to other moulding
technigues, the compression moulding has the aagastof producing composite
plates with uniform material distribution and hififpre aspect ratio due to reduced
fibre breakage. Rowekt al ™ reported that the fibres are generally oriented
parallel to the extrusion flow direction in compesplates fabricated by extrusion
technique and the probability of fibre breakage ttuabrasion is high. Whereas
in composite plates fabricated by compression mog)dhe fibre orientation is
not altered and the extent of fibre breakage iaced.

The manufacturing process also has a great infa@mcthe moisture diffusion
characteristics. Thwe and Lid® investigated on the mechanical and moisture
absorption properties of short bamboo fibre reicddrpolypropylene composites;
and short bamboo-glass fibre reinforced polyprapgléybrid composites. The
laminates were fabricated by the compression mogldnethod. They reported
that the inclusion of glass fibre as additive (2@s)vand the use of coupling agent
(maleic anhydride polypropylene) noticeable impb¥ee resistance to moisture
absorption since the results indicated substadt@b in the moisture content at
saturation. Similar findings were reported by Kamtal ®* who investigated on
the long-term water absorption and its effects.(swelling) on two types of

composites. These were hot-press moulded compasads of wood flour filled
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recycled and wood flour-virgin polyolefin. They mped that the water
absorption was largely affected by the fibre cont@&hey reported that diffusion
characteristics such as the diffusion coefficietlhe solubility and the
permeability, increase as the wood flour contentdases regardless the type of
composites. They also argued that the permealsifiyracteristics decrease with
the addition of the maleated polypropylene. Bhageetaal ©® investigated on
the effects of the moisture absorption on pineajgaé fibre reinforced low-
density polyethylene composites at different fitmadings (10%, 20%, and 30%
by weight). They mentioned that the moisture contnsaturation increased
almost linearly with the fibre loading increasenta Paikert®® also reported the
increase of the moisture absorption rate with tieeeiase of the fibre content in
natural fibre reinforced thermoplastic compositele argued that as the fibre
content increase, hemp fibres sticking out of thage of the composites are the
low impedance pathways for water molecules to patestinto the material,
thereby leading to a higher moisture absorptioe aaid a higher saturation value.
These findings clearly show that the manufactunmmgcess has a significant
impact on the mechanical properties and moistuegaciteristics of natural fibre
reinforced polymer composites.

2.6 Summary

From the literature survey, it is evident that:

e Lignocellulosic fibres are an important resourca the composite
industry.

 There is a possibility of improving the mechanigaloperties and
resistance to moisture absorption of natural fieieforced composites by
means of fibre treatments.

* Functionalized multi-wall carbon nanotubes can beduto improve the

mechanical properties of natural fibre reinforcedhposites.
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2.7 Objectives

The overall objective of this experimental researdk is to develop kenaf fibre
reinforced polypropylene composite plates with ioyad mechanical properties
(tensile, flexural, fatigue and impact propertiem)d resistance to moisture

absorption.
To achieve this objective the following are reqdire

» Evaluate the influences of the fibre treatmentg. (alkali treatments and
alkali treatments followed by three-aminopropylthiexysilane
treatments) on the mechanical properties (tenfliésural, fatigue and
impact properties) and on the resistance to mastaibsorption of
kenaf/PP composites.

» Evaluate the influences of the filler material (dugctionalized multi-wall
carbon nanotubes) on the mechanical propertiesilgerilexural, fatigue
and impact properties) and on the resistance tcstome absorption of

kenaf/PP composites.

2.8 Outlines

This report comprises 7 chapters. Chapter 1 previale introduction to the
subject and highlights the motivation of the reskavork.

Chapter 2 emphasizes the potential prospectiveenéikfibre and polypropylene
matrix in the composite industry. It also highlighhbe limitations of natural fibre
reinforced polymer composites with regards to trexmanical properties and the
resistance to moisture absorption. Different teghes used to improve the
mechanical properties and the resistance to meisthsorption of natural fibre
reinforced polymer composites are reviewed. Theanaad thermoplastic based
composites are both considered. This Chapter 2 gilsgs the objectives of the

study and the outline of the thesis.
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The materials of constructions (e.g. resins, fillmaterial and reinforcing
materials) and the manufacturing process of thafkeginforced polypropylene

composites are described in Chapter 3.

The mechanical tests (tensile tests, flexural fasigue test and impact test) and
moisture absorption test are explained in Chaptd&hé microscopic examination

technigues used in this project are also described.

In Chapter 5, the mechanical test results, theurilcharacteristics and the
moisture absorption results are presented and sHeduin relation to the
microscopic examination findings. This Chapter fpases 4 sections:

» Section 5.1 discuses the effects of the fibre meats on the
mechanical properties (e.g. tensile, flexural,gia¢i and impact
properties).

» Section 5.2 discuses the effects of the fibre tneats on the
resistance to moisture absorption.

» Section 5.3 discuses the effects of the filler maltgmulti-wall
carbon nanotubes) on the mechanical properties. femnsile,
flexural, fatigue and impact properties).

» Section 5.4 discuses the effects of the filler maltgmulti-wall
carbon nanotubes) on the resistance to moistu e atimm.

e Section 5.5 gives a summary of the results.

Chapter 6 summarizes the findings of the work ardhp@er 7 provides the

recommendations for future works.
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3 PRODUCTION OF COMPOSITE PLATES

The kenaf and glass reinforced polypropylene comg®sare fabricated by
compression moulding using the film—stacking teghei (CMFST). This
technique enables the fabrication of compositeeplatith layers of significantly
different material properties toward moisture apsion. It also prevents possible
changes in the matrix crystallinity and inhibit® tthermal degradation of kenaf
fibores and associated functional groups due to rémbuction in fabrication

temperaturé”.

Two treatment methods of kenaf mats are considéygdli treatments and alkali
treatments followed by three-aminopropyltrietholase treatments (alkali-silane
treatments). Multi-wall carbon nanotubes are chaltyictreated in order to
improve the nanopatrticles dispersion and enhare@thrfacial bonding with the
polymer matrix® 16 40 41.66. 88)The treatment of the MWCNTSs is a combination

of process, namely ultrasonic, acid and silandrireat.

This chapter is divided into six sections: Sectif discusses the fabrication
material including the matrix systems (e.g. unm@ioéd polypropylene and
MWCNT reinforced polypropylene matrix), the reindorg materials (e.g. glass
and kenaf fibre) and the filler material (e.g. ftiogalized MWCNTS). Section
3.2 discusses the chemical treatments of kenaf (eajs alkali and alkali-silane
treatments). The changes in the surface morphaogiekenaf fibres are also
investigated. Section 3.3 describes the surfacatnment for improving the
dispersion of the MWCNTs and attaching functionabups (silano and
oligomers) onto the nanoparticles. It also disceigbe results of the analytical
examination, including TEM, RAMAN and FTIR analysiehe thermal stability
of the functional groups (silano and oligomers)also investigated since the
functionalized MWCNTs will be exposed to high temgiares (approximately
180°C) during the fabrication of the MWCNT-PP ptatnd kenaf/ MWCNT-PP
composites. Section 3.4 provides the manufactutetgils of the kenaf and glass
fibre reinforced polypropylene composite platesnglavith the advantage and
limitation of the manufacturing techniques. Sect®f describes the fabrication
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process of the polypropylene reinforced MWCNTs gdatMWCNT-PP plates).
However, the influences of the CNT concentrationtloem mechanical properties
of MWCNT-PP plates (e.g. tensile modulus, tendilergyth, flexural strength and
impact strength) are discussed in Chapter 5. Se@&i6 describes the material

formulation, indicating the manner in which the gmsite plates are indentified.
3.1 Fabrication materials
3.1.1 Matrix systems

Polypropylene-homopolymer (PP-H) in the form ofigksl and micro powder was
used as the matrix system. Both the polypropyleiketpand micro powder were
donated by SASOL. Two types of matrix formulati@aesnprising of unreinforced
polypropylene (PP) and polypropylene reinforced hwimulti-wall carbon
nanotubes (MWCNT-PP) were used.

3.1.1.1 Unreinforced PP matrix

Polypropylene sheets were fabricated by compressionlding using the PP
pallets, Figure 3.1 (a). The tensile propertieg.(énsile modulus and tensile
strength) of unreinforced polypropylene and MWCNH-Rvere determined
experimentally using a test procedure implemente@dcordance with the BS
ISO 527 and ASTM D 3039/D 3479M-96 standdfds’® The flexural properties
were determined in accordance with the requiremeh&S ISO 178 and ASTM
D790-10"" "® Specific gravity was determined in accordancéWSTM D792
(") The results of the mechanical tests are showiiabie 3.1.
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b
Figure 3.1: Polypropylene: (a) PP pallets, (b) BRger

Table 3.1: Mechanical properties of polypropyleretnm

Properties Unit Unreinforced PP
Density Kg/ni 902

Elastic modulus GPa 1.25

Tensile strength MPa 28.5

Flexural strength MPa 31

Izod notched Impact J/m 78.38
Elongation at break % 12

3.1.1.2 MWCNTsrenforced PP matrix

The MWCNT-PP matrix (Figure 3.2) was produced ushegdirect incorporation
method, a shear-mixing process commonly used innithestry for the blending
of thermoplastic matrices. The Rheo-mixer apparatas made available by the
Department of Chemical Technology of the Universify Johannesburg. The
apparatus comprises of three units: the driver KglaRolyLab OS), the Rheo-
mixer (Rheomex) and the extruder (Rheomex). Theeaination of the CNT in
the matrix investigated in this study ranges frorh%0 to 1.25%. An interval of
0.25% by mass was considered for concentrationateggrehan 0.25%. Earlier
studies reported that high CNT concentration inttiermoplastic matrix can be

achieved by using the shear-mixing process. Liu @hdi ® indicated that a
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concentration of 7 wt% was achieved by this tecaidout the authors did not
indicate the effects thereof on the mechanical gniigs of the resulted composite.
They acknowledged that, in order to achieve suw#fitidispersion within the
matrix, increased processing time will be requirgd higher concentration.
However, in this study, the processing time hatldaeduced in order to prevent
thermal degradation of the composite constituents the PP matrix, kenaf fibres
and functional groups). The mechanical propertiesM®WCNT-PP made of
functionalized MWCNTSs are presented in Table 3.2tdded description of the
manufacturing of MWCNT reinforced PP plates caridasd in Section 3.5.

Figure 3.2: MWCNT reinforced polypropylene matrix:1% MWCNT-PP and
1.25% MWCNT-PP

Table 3.2: Mechanical properties of MWCNT-PP

Properties Unit MWCNT-PP

0.1% 0.25% 0.50% 0.75% 1.0% 1.25%

Density Kg/m 902 901 903 902 902 903
Elastic modulus GPa 1.26 1.41 2.31 2.29 195 1.12
Tensile strength MPa 275 295 422 428 385 27.50

Flexural strength MPa 31.1 324 421 426 39.8 30.50

Izod notched Impact J/m 75.45 85.6 120.4 123.2 75.6 71.10
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3.1.2 Renforcing materials

Single fibre tension tests were conducted to deterrthe tensile properties of
glass and kenaf fibres. The testing was conductedhdcordance with the
requirements of ASTM D3378% because the standard provides guidelines for
the testing of individual fibres. Although discreg#es in the results were present
(especially for kenaf fibres), the average testiltescompared well with typical

values reported in literatuf& 8% 2%
3.1.2.1 Glassfibres

Glass fibre in the form of 350 gfnthopped strand mats (Figure 3.3) were
donated by RP/Composites Facility Laboratory of tbaiversity of the
Witwatersrand, Johannesburg. The mechanical pieperbf glass fibre
determined experimentally are shown in Table 318 density of the glass fibre
could not be determined experimentally. Therefoheotetical value was
considered. The test results of glass fibre shoamuteciable consistency, even
though slight discrepancies were observed whichdctvave been caused by
uncontrollable test variables (e.g. load-cell sn#y). In contrast of kenaf fibres,
microscopic examination (Figure 3.4) showed thaisglfibres have a uniform

geometric configuration, which probably led to dstent test results.

Figure 3.3; Glass fibre chopped strand mats, 360 g/
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Figure 3.4: SEM picture of glass fibre

Table 3.3: Mechanical properties of glass fibre

Tensile modulus  Tensile strength

GPa MPa
Specimen 1 68.3 1763.2
Specimen 2 73.1 1689.3
Specimen 3 68.4 1817.6
Specimen 4 68 1644.6
Specimen 5 70.3 1687.1
Average 69.6 1720.4
Standard Deviation 2.15 69.10

3.1.2.2 Kenaf fibres

Kenaf fibres used in this work were in the formnain-woven kenaf fibre mats,

Figure 3.5. The two areal masses, 125%gmd 350 g/ were selected in order
to achieve the predicted fibre contents by usingaximum of 3 polypropylene

sheets per composite plate. Kenaf plants usedéofabrication of the mats used
in this study were cultivated in South Africa. Timats were fabricated using the
needle punching method. The lengths of kenaf fuamged between 5.0 mm and
22.4 mm with an average of 14 + 0.5 mm. Three fooieenaf fibres were used:
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untreated fibres, fibres treated with a sodium bydte solution and kenaf treated

with a sodium hydroxide solution followed by thrasinopropyltriethoxysilane.

The mechanical properties of kenaf fibre are showmable 3.4 and significant
discrepancies in the test results (e.g. tensiength and modulus) can be noted.
Material irregularities (geometrical and chemicatgularities in the wall cells) of
the individual kenaf fibres were found to be theism This was confirmed by
microscopic examination, which revealed typical mgetrical irregularities and
possible chemical anomalies in kenaf fibres, Figdie It is believed that these
geometrical irregularities shown in Figure 3.6 \{@re caused by the mechanical
loads applied to the mats during the fibre procesdiocalized changes in colour
on untreated fibres, Figure 3.6 (b), point to thesgiility of chemical
decomposition that took place during the processirignaf fibres.

a b

Figure 3.6: Untreated kenaf fibre
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Table 3.4: Mechanical properties of kenaf fibre

Tensile modulus Tensile strength

GPa MPa

Specimen 1 46.1 469.6
Specimen 2 58.4 361.3
Specimen 3 32 496.2
Specimen 4 41.3 406.6
Specimen 5 39 517.5
Average 43.4 450.2
Standard Deviation 9.82 64.86

Effects of fibre aspect ratio

Research® has shown that the fibre aspect ratio plays aifgnt role in the
mechanical characteristics of kenaf reinforced BRposites. The effects of the
fibre aspect ratio of kenaf fibres were conseqyanttestigated by comparing the
calculated critical length to the actual averadwefilength. Thus, the formula
reported by Shibatet al ®> was used to calculate the critical fibre lendth, of

the kenaf fibre, and is expressed in equation 3.1.

L =~ (3.1)

Where, T; and T, are the tensile strength of the fibre and matrixdenotes the

fibre radius.

The critical length,Lc, was determined to be 1.16 mm. Comparigto the

average length of the fibre, one can see thatithte fength used as reinforcing
material is well above the calculated critical l#ngrhis suggests that the tensile
and flexural behaviours exhibited by kenaf/PP casitpe are not influenced by
the fibre aspect ratio, rendering further invegstayainto the effects of aspect ratio

irrelevant. Similar findings were also made forsgl®P composites.
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3.1.3 Multi-wall carbon nanotubes

Previous studies showed that the functionalizatbrcarbon nanotube can alter
the mechanical propertié%" ®® By treating it with strong acids, the molecular
structure is damaged due to breakage of the carlwambon bonds (C=C). This is
more prominent in single wall carbon nanotubes ($WW€) than MWCNTSs.
Therefore, for the purposes of this study, MWCNTeravused as filler material

because of the superior resistance of the graplkeyaes to damage.

Multi-wall carbon nanotubes (MWCNTSs) with a spesifi purity of 98% were
supplied by the School of Chemistry of the Univigrsaf the Witwatersrand,
Johannesburg. The MWCNTs (Figures 3.7) were fataitaising the chemical
vapour deposition process. Details on the manufiacfyprocess of the MWCNTs
have been discussed in a report published by Malena ©°. According to the
supplier, the inner diameter of the CNT is 10 nrhemeas the outer diameter of
the MWCNTSs ranges between 20 and 30 nm. The l|evigtite MWCNTSs ranges
between 10 and 50 pum. The typical material chanattess of a MWCNT are

summarized in Table 3.5.

Figure 3.7: Raw MWCNTs
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Table 3.5: Mechanical properties of MWCNTSs

Properties Unit MWCNTSs
Density Kg / 1300 — 1400”
Elastic modulus GPa 1000 — 5000
Tensile strength GPa 150’
Compressive strength GPa 180
Bending strength GPa 1%
Elongation at break % 247

3.2 Chemical treatments of kenaf mats

The descriptions of the reagents are shown in TalleThe characteristics of the
solutions of three-aminopropyltriethoxysilane andthanol, used for the silane
treatment of kenaf fibres, are similar to thosetld solutions used for the

treatment of MWCNTS, described in section 3.3.

Table 3.6: Characteristics of reagents

NaOH Toluene Acetic Acid
Physical form Solid Liquid Liquid
Density (g/ml) 0.87 1.049
Concentration 99% (ace) 98% (uniLAB)

3.2.1 Alkali treatments

As discussed in Chapter 2, the effectiveness ofirabtfibres as reinforcing
material largely depends on the load transfer betvtbe fibre and matri® 9. It
was therefore imperative to ensure that the surfagairities of the kenaf fibres
were removed in order to facilitate an effectivadadransfer by increasing the
contact area and improving the bonding stren@Gth The alkali treatments
considered in this study, consist of soaking kenafs in an alkali solution. Kenaf
mats were immersed in the NaOH solution for 24 s@ira temperature of 45°C,
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Figure 3.8. After immersion, the mats were washdti winning tap water and
then immersed in distilled water containing 1% m@ceicid to neutralize the
remaining NaOH acid. The alkali treated kenaf mage then dried in the oven at
45°C for 12 hours, ready to be used as reinforonaderial for the fabrication of
alkali treated kenaf/PP composites. The conceatratf the alkali solution ranged

from 1% to 8% (by mass), increasing in interval4d .

The results from preliminary microscopic examinasioindicated that the
cleanliness of the fibre after treatment is larggdyermined by the concentration
of the alkali solution Figure 3.10. This resultedai wide range of concentrations
that had to be investigated in order to determime éffectiveness. With the
selection of this wide range, results of earlieidsts indicating that 5-6% NaOH
was optimal, and this could also be verifi&tl The expected reaction mechanism

governing the alkali treatment process is summadrizd-igure 3.9
The objectives of the alkali treatments are:

* to clean the fibres and to remove surface impurisech as lignins, oils
and wax covering the external surface of the famkwall.

* to increase the cellulose quantity, thereby praxgdadditional hydroxyl
groups (-OH) on the fibres. These hydroxyl groupes then intended to
act as sites for the attachment of silano radi@salano and oligomers) on

the fibres*> 24

Figure 3.8: Alkali and alkali-silane treated of kémats

54



Attachment of -OH groups onto kenaf fibre

Alkali treatments

Figure 3.9: Alkali treatment mechanism of kenafdib

Microscopic examination revealed that treatmentngisisolutions with a

concentration less than 5% NaOH is not effective ttuthe retention of surface
deposits. It should be noted that the surface iitipsrare significant factors
contributing to the poor mechanical properties atural fibre reinforced polymer

composites by preventing effective fibore—matrieifidcial bonding”.

In agreement with results found in literature, gotimnal concentration of 5-6%
NaOH effectively removes impurities and modifie® thurface texture of the
fibres. These results were obtained using SEM;sthéace morphology of kenaf
fibres treated with different alkali concentraticare depicted in Figure 3.10. It is
evident that the quantity of surface impuritiesrdases with the increase of alkali
concentration. Although the change in colour canhet used as a reliable
quantitative mean of evaluating the effectivenesthe alkali treatment, it is at
least indicative of the impact of alkali treatmewot the fibre texture. The
discoloured kenaf mats acts a confirmation theagaof can be seen in Figure 3.11.
It was found that the dark brown colour of the eated mats becomes lighter
with an increase in alkali concentration. Mastiél “* confirmed the change in
fibre surface texture due to alkali treatment aodoctuded that 5% NaOH was the
optimal concentration for treatment of kenaf fibrds this study, SEM
examination showed that alkali treatments using @268% NaOH solution
damage considerably the texture of kenaf fibrebreFidegradation caused by
excessive alkali is shown in Figure 3.10 (d). Tlegrddation of the kenaf fibre

textures due to high alkali concentration was agmrted by early researchéfs
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J Fibre
degradation

Figure 3.10: SEM of alkali treated kenaf fibres(a): 3%NaOH, (b) 4%NaOH, (c)
6%NaOH and (d) 8%NaOH

Untreated 5%NaOH
Kenaf Treated Kenaf

Figure 3.11: Alkali treated kenaf mats

3.2.2 Alkali-silanetreatments

The objective of the silane treatment is to attsiténo radical groups onto the
kenaf fibres through the reaction between the hygrgroups and silanols. In the

treatment process, kenaf mats were treated withudien of NaOH followed by a
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silane solution. The silane solution was made of 586 three
aminopropyltriethoxysilane (weight of silane relatito the weight of kenaf mat)
diluted in a 50% aqueous solution of methanol oheoto hydrolyze the silane and
bring it into its active state. The formulation elcohol (methanol) helps
preventing excessive poly-condensation of the siafNH,—(CH)3-Si(OH}).
The pH of the silane solution was kept at a mininafrd in order to slow down

the condensation process of the hydrolyzed silanlecules.

The mechanism of the silane treatment can be erqulaas follow: The dilution of
three-aminopropyltriethoxysilane in water produsganol molecules because of
the hydrolization of the ethoxy groups. These silsralso lead to the formation
oligomers through the process of condensation. Wherkenaf fibore comes into
contact with the silanol molecule, stable covatsords are formed between it and
the newly added hydroxyl groufd. The silano radical groups attached onto the
kenaf fibres are then intended to act bonding dibesnhance the fibre-matrix
bonding strength by ensuring strong cross-linkeages interlocking between the
fibore and polymer chains of the matrix. The expecteaction mechanism
governing the treatment process is summarized gar€i3.12 and the optimum
alkali and alkali-silane treatment parameters a@vs in Table 3.7. Let al
reported a similar reaction mechanism during timeiestigating into the chemical

treatment of natural fibres.
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Hydralisis of the three-aminopropyltriethoxysilane leading to the formation of silanol
OH

|
NH, - (CH)3 - Si(OH) + 3H20— 3C2H50H NH - (CH)3 - Si— OH
|
OH

Condensation of silanol molecules leading to the formation of oligomers

OH OH Oligomerization OH OH

| | | |
NHz—(CH)3—|Si— OH + OH— Si— NH2-(CH)3 —> NH;-(CH)3-Si—0— Si— NH2-(CH)3 + H,0
I [ |

OH OH OH OH

Attachment of silanols and oligomers onto kenaf fibre

Si— (CH)3 - NH2
~
0”6 o

| I [ Attachment of silano radical
f o= gy

Oligomerization + Polycondensation |
OH OH OH o OH 0 oH
I i I

Q . I
NH2 - (CH)3 -Si— HO OH— Si— O— Si— OH
| ! |

Figure 3.12: Alkali-silane treatment mechanism efh&f fibre

Table 3.7: Alkali and silane treatment parameters

Parameters Alkali treatment Silane treatment
Immersion time (Hours) 24 4

Immersion temperature (°C) 45 28

pH Greater than 10 4t05

Drying time (Hours) 12 12

Drying temperature (°C) 45 45

3.3 Chemical treatmentsof MWCNTSs

Surface treatment is essential for the improveroétite nanotube dispersion and
enhancement of the interfacial bonging betweenntimeotubes and the polymer
matrix. In this study, the treatment is aimed tqoiave the dispersion of the
nanoparticles and to attach silano functional gsogmto MWCNTs. These

functional groups are then intended to providesdite interlocking bonds, which
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will enhance the nanotube-matrix and nanotube-kéiba¢ compatibility. The
surface treatment of the MWCNTs consisted of thneain stapes, namely
ultrasonic, acid and silane treatment. The proeessdesigned in such a way that
the grapheme sheets of the functionalized CNTsatesignificantly altered and
damaged to such extend that the CNT aspect ragionatr reduced - undesired
attributes for reinforcing materials intended feeun polymeric composites. The
aim of the ultrasonic treatment is to eliminate dilimg and to break down the
aggregates. The objective of the acid treatmentglgtion and reduction) is to
attach active sites (—OH groups) onto the MWCNT&nded to react with
silanols in order to attach the silano radicalsugsoonto the carbon nanoparticles
%) during silane treatment. The treatment of the MWE&Nvas conducted in a
controlled atmospheric chamber (Frontier, Model AEF 4UDRVW-8 Serial:
2011 - 60074) to prevent subsequent condensatiantivfe silane molecules. The
apparatus was made available by the RP/Compositeitity- Laboratory of the

University of the Witwatersrand, Johannesburg. Bgare 3.13.

Figure 3.13: Silane treatments of MWCNTs

Analytical examinations, including Field Emissionnaytical Transmission
Electron Microscopy (TEM), Fourier Transform Infear spectrometry (FTIR)
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and Raman spectroscopy (RAMAN) were conducted et step of the treatment
to evaluate the process effectiven€8<°® ®® The visual examination along with
the TEM and RAMAN results confirmed the improvemeitthe MWCNT
dispersion and the attachment of the functionaligso(silanols and oligomers)
onto the MWCNTs. TEM results showed that the CN3pdision (Figure 3.18)
and the suspension stability (Figure 3.19) improselstantially, especially after
the silane treatment. TEM results in combinatiorthwihe RAMAN results
(Figure 3.21) showed that acid and subsequent esilapatment did not
significantly damage the grapheme layers of the MNVE or alter the CNT
length. This implies that the ultrasonic and acgehtments did not affect the
aspect ratio the carbon nanotubes. FTIR identifi@H and Si—O-Si groups
attached onto the MWCNTSs suggesting that the fanetization process of the
MWCNTs was successful (Figure 3.22).

Because of the incorporation of functionlaized MWIENnto the PP matrix by
using the melt-mixing process, concerns regardivgg thermal stability of the
functional groups (silano groups and oligomers)en&ty be addressed and the
effects of temperature were therefore investiga®®MAN results suggested that
the heat treatment, at temperatures below 180UMali alter the grapheme layers
and the functional groups attached to the carbonQWWs. Visual examinations
also suggested that the suspension stability aftimmalized MWCNTs were not
altered.

Reagents

The three-aminopropyltriethoxysilane, NH2-(g8+Si(OCH CHgz) 3, was

donated by Southern Chemicals (PTY) LTD. The contlaename of the three-
aminopropyltriethoxysilane is Silquest A-1100. The three-

aminopropyltriethoxysilane was received in a ligfmdm and used without any
further treatments. Organofunctional silanes agaliireactive materials and may
pose safety issues and hazards, requiring spe@ahytion during storage and
handling. Therefore, guideline for handling prowddide supplier was used. The

methanol - silane solution, used for silane treatmwas prepared in accordance
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with the supplier’s user guide. The physical prtipsrof the reagents presented in
Table 3.8 are as indicated on their respectivestiatts.

Table 3.8: Typical physical properties of silane

Properties Unit Value

Physical form Liquid

Colour Clear, colourless
Density at 25°C (g/ml) 0.9500

Boiling Point at 760 mm Hg, °C 220

Refractive Index, D25°C 1.420

Flash Point, Pensky-Martens Closed Cup °C 96

The reagents listed in Table 3.9 were suppliedheySchool of Chemistry of the
University of the Witwatersrand, Johannesburg ardevused without any further

purification:
Table 3.9: Characteristics of reagents
Methanol Toluene Sulphuric acid  Nitric acid
Physical form Liquid Liquid Liquid Liquid
Density (g/ml) 0.87 1.84 1.34

Concentration 99% (Promak) 99% (ace) 98% (uniLABpYE(ace)

3.3.1 Treatments

3.3.1.1 Ultrasonic treatments

The MWCNTs were supplied in a powdered form angas therefore important
to conduct the ultrasonic treatment in order toglate the bundles and to break
down the clusters. In order to achieve this, eusmtch of MWCNTS, weighing
approximately 100 grams, was transferred to a reaie dispersed in 2000 ml of

95wt% aqueous methanol. The ultrasonic treatmestasaducted at 25°C for 25
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minutes using an Integral Systems UD 80SH-2L Digdanifier, Figure 3.14 (a).
After the treatment, the suspension was allowedeoosit for 3 hours and then
filtered through a paper filter with a pore sizdexs than 1.0 um, Figure 3.14 (b).
Thereafter, the MWCNTSs were placed into an ove®0acC for 4 hours to dry.

=N
} e

Figure 3.14: Ultrasonic treatment of MWCNTs

3.3.1.2 Acidtreatment of MWCNTSs

The dried MWCNTSs were transferred into a 1000 méiinmeyer flask containing
an acid solution. The acid solution was made of 4f%c acid (HNQ) and 45%
sulphuric acid (HSQy) in a ratio of 1 to 3. The mixture (MWCNT and acid
solution) was then homogeneously mixed at 45°C 46r minutes using a
combined hot-plate magnetic stirrer device. Thed atieatment was also
conducted in the atmospheric controlled chambeyyréi 3.13. The mixture was
again ultrasonically treated for 25 minutes at @anbitemperature to ensure a
uniform dispersion of the MWCNTs and prevent phasearation. The acid
treated MWCNTs were filtered and washed 4 timedh wigionised to remove
excess of acid neutralise the solution. The wet MWE were then dried for 24

hours in an oven at 90°C.

Preliminary tests revealed that acid treatmentgusioncentrated acid solutions
(more than 65% HN@and 65% HSO,) damaged the nanoparticles. TEM images
showing broken MWCNTs due to high acid concentrattan be seen in Figure

3.15. The roughness of the outer layer suggestsilpjesdamage to the outer
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structural layer of the carbon nanotubes. TEM cotetll on MWCNTSs treated

with acid solutions of different concentrations eeled that a solution made of
45% nitric acid (HNQ@) and 45% sulphuric acid @80y) in a ratio of 1 to 3 was

the optimal concentration.

Figure 3.15: Damaged acid treated MWCNTSs

3.3.1.3 Silanetreatment of acid treated MWCNTSs

The acid treated MWCNT powder was dispersed inf@b0f a methanol - silane
solution. The solution was made by adding 5% of edhr
aminopropyltriethoxysilane (by weight) to an agueasolution of 90% methanol.
The methanol solution was made with a limited anafinvater (10% by weight)
in order to minimize the poly-condensation of tilamols (NH—-(CH)3-Si(OH})
during the silane treatment. The mixture was stige room temperature for 48
hours to allow the hydrolysis of the three-amin@yttriethoxysilane to silanol;
and to facilitate the reaction between the actiitess(-OH groups) of the
MWCNTs and the NB+(CH)3-Si(OH}. Not only silano-groups were expected
to attach to the MWCNTSs, but oligomers resultingnirthe polycondensation of
the silanol molecules were also expected to bondht MWCNTs. This
phenomenon was also observed by &al ©®. Thereafter, the solution was

filtered and using methanol, washed three timesetaove the remaining silane.
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The filtrate (Figure 3.16) was again ultrasonicaligated for 10 minutes at
ambient temperature to ensure a homogeneous d@peasd to prevent any
possible damage to the functional groups attachéalthe MWCNTSs. Finally, the
silane treated MWCNTs were filtered and placed iatooven at 90°C for 24

hours to dry.

Figure 3.16: Filtrate of acid-silane treated MWCNTSs

3.3.2 Characterization of MWCNTSs

Analytical examination, including Field Emission @gtical Transmission
Electron microscopy (TEM), Raman spectroscopy (RAWJAand Fourier
Transform Infrared spectrometry (FTIR) were conddciat each step of the
treatment process. TEM microscopy was conductexatuate the change in the
surface morphology of the MWCNTs caused by the doghtment. It also
allowed evaluating the dispersion of the MWNTSs imathanol solution, at each
step of the process. A FEI Spirit 120 kV Transnuissktlectron microscope was
used for TEM, Figure 3.17 (a). RAMAN analysis wasmducted to evaluate the
changes that might occur on the graphemes strisctlwmeng the treatment by
comparing the Raman spectrums of the MWCNTs ateudfft steps of the
treatment. A SENTERA Raman spectroscope, Figuré @), was used for the
analysis. FTIR was conducted to indentify the fioral groups of interest
attached to the MWCNTs. TENSOR 27 Infrared specttem Figure 3.17 (c),
was used to conduct the FTIR. The TEM, RAMAN andRFEquipment were
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made available by the School of Chemistry of theivehsity of the
Witwatersrand, Johannesburg.

Figure 3.17: Microanalysis equipment: (a) FEI SpitRO kV Transmission
Electron microscope (b) SENTERA Raman spectroscdpe, TENSOR 27
Infrared spectrometer

3.3.2.1 Dispersion and surface morphology of the MWCNTSs

Evaluation of the MWCNT dispersion and suspension stability

Figure 3.18 shows the TEM results of the MWCNTdifierent processing steps.
Figure 3.18 (a) shows the aggregates of the raw MW&Cand are probably
caused by the Van der Waals interactiéifs®® It is also believed that the
moisture absorbed during handling, could have dmrtid to the formation of
these aggregates. Figure 3.18 (b) shows the dispec§ the raw MWCNTs
subjected to ultrasonic treatment in 95 wt% aqueoethanol; it can be seen that
the sizes of the aggregates are slightly reduceBligure 3.18 (c), the TEM image
shows a substantial improvement of the MWCNT disipe. Further
improvement in the dispersion of the acid-silamated MWCNTs can be seen in
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Figure 3.18 (d). This improvement could be an iatian of the presence of active
functional groups attached to the carbon nanotylresenting the agglomeration.

Figure 3.18: Dispersion of MWCNTSs: (a) Untreated K@WTs, (b) Sonicated
MWCNTSs, (c) Acid treated MWCNTSs and (d) Acid-silatreated MWCNTS)

With time, carbon nanotubes generally tend to igleagerate into clusters, if left
in an unstable solution. This phenomenon can bd asea practical indicator to
evaluate the quality and stability of the dispensaf the nanoparticles. In this
study, the suspension stability of the MWCNTSs dfiedent processing steps was
compared in order to evaluate the effectivenesthefsurface treatment on the
dispersion of the MWCNTSs in 95wt% aqueous methdRigure 3.19). Although
this method cannot quantify the dispersion qualitgan, however, provide useful
information for comparative studi€§. Four specimens were prepared, diluted in
methanol with a concentration of 0.5 mg/ml of MWGCN®btained at different

processing steps. All four specimens were treatgdsonically for 1 hour at
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ambient temperature and left to rest for three siodiethanol was used in order to
prevent further condensation of the silano radidalsosited on the surface of the
nanoparticles. Visual examination showed that #we and untreated MWCNTSs

completely settled after 2 hours leaving the uppertion of the solution

transparent. Acid treated MWCNTSs settled after drepwhereas visible phase
separation in silane treated MWCNTs could only lbseoved after 24 hours.
These observations are again a clear indicatiorthef improvement on the

dispersion and suspension stability provided by ftirectional groups attached
onto the surface of the nanoparticles and are raemgent with the observations
confirmed by Maet al ®® and the TEM results, which suggests that the otemi

treatment improve the dispersion of MWCNTS.

12 hours ) ' 24 hours

Figure 3.19: Suspension stability (A: Raw and wated MWCNTS, B: Untreated
MWCNTSs, C: Acid treated MWCNTSs, D: Acid-silane tted MWCNTS)

Evaluation of MWCNT surface mor phology

The alteration of the structural wall (graphemeetay of the MWCNTSs, imparted
by the chemical treatment was investigated. It feasd that the structural layers
of the individual MWCNTs do not have significangiss of damage after the
silane treatment. TEM microscopy revealed that dléer layers of the acid
treated and acid-silane treated MWCNTs are smootth exhibit a flawless
surface regularity. This suggests that the grapHayees of the MWCNTSs largely
remained intact and that the length of the indigldMiWCNTSs did not change
significantly, implying that the ultrasonic and édreatment did not damage the

carbon nanotubes, Figure 3.20 (a) and (b).
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Opened tips suggest that some of the CNTs were gizaray intensive ultrasonic
treatment. Figure 3.20 (c) shows a high magnifcatmicrograph of a possible
open ended tip (red arrow) after 12 hours of uitnés treatment. Based on these
observations, 1 hour was determined to be the uppgrfor ultrasonic treatment
in order to prevent significant damage. Defectsseduby mechanical treatment
were also reported by Met al ©®®, claiming that the open ended tips found on
MWCNTSs, after ball milling and ultrasonic treatmemntere an indication of
broken carbon bonds along the grapheme layersafdfaxial tubes.

Figure 3.20: Surface morphology of MWCNTSs: (a) Atirdated MWCNTSs and
(b) Acid-silane treated MWCNTs and (c) Acid-silaimeated MWCNTSs after 12
hours of ultrasonic treatment

Comparing the RAMAN spectrums of untreated MWCNTghwhat of acid
treated MWCNTSs and acid-silane treated MWCNTSs guFe 3.21, the following
can be suggested: the intensities of G and D bahtle untreated nanotubes are
greater than those of the acid treated and a@desitreated MWCNTSs. However,
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the differences are minor. This suggests that tinectsre of the untreated
MWCNTs was slightly altered after acid treatmertisTmodification could be an
indication of the functionalization of the MWCNTatiachment of -COOH and —
OH groups on the MWCNTS) due to acid treatmentufed3.21 also shows that
the G and D bands of the acid treated and acidesiteeated MWCNTSs are
similar. This suggests that acid treatment andnsil&reatment did not alter

additionally the grapheme layers of the carbon-paritles.
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Figure 3.21: RAMAN spectrums of untreated and #g¢dM\WCNTs
3.3.2.2 Characterization of the functional groups

FTIR microscopy was used to identify the functiogadups such as —OH and Si—
O-Si that were attached onto the carbon-nanopestidt was significant to
conduct the FTIR microscopy test because of ittplbo detect the stretching of
unsymmetrical bonds such as the kind found in thasetional group$’™. Figure
3.22 shows the FTIR results of the untreated, aeigked and acid-silane treated
MWCNTSs. The broad peak at 3420 ¢ron the acid treated MWCNT curve is
attributed to the presence of hydroxyl groups (—@ttgched to the surface of the
MWCNTSs 6667 The absence of such a band on the untreated MWK
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also supports the proposal that these hydroxyl ggdwave been attached during
the acid treatment process. On the acid-silanéedlddd\WWCNT curve, the peak at
3420 cm* substantially flattens. This confirms the reductiaf the quantity of —
OH groups on the MWCNTSs suggesting that therereaation between it and the
NH,—(CH)3-Si(OH} groups, which subsequently leads to the attachmént
silano groups as indicated in the reaction mechamsFigure 3.23. Concurrently,
the characteristic peak absorption of Si-O-Si baaisears at 1080 ¢ This
also confirms the attachment of the silano groupsl @ligomers. These
observations, along with TEM and RAMAN results, fion the functionalization
reaction mechanisms of the MWCNTs including: hygsi of the three-
aminopropyltriethoxysilane, the condensation of the three-
aminopropyltriethoxysilane to oligomers and thaetiment of the silano groups
and oligomers to the surface of the MWCNTs throdghirogen bonds and

covalent links.

0.8 -
——Raw MWCNTs

0.7 - Acid-silane treated MWCNTs

Acid treated MWCNTs

o
o

©
o

Intensity (arb. units)
o o
w £y

0.2

0.1 -

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cA)

Figure 3.22: FTIR results of untreated MWCNTSs, atiehted MWCNTs and
acid-silane treated MWCNTSs
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3.3.3 Reaction mechanism of surfacetreatments

The predicted reaction mechanism of the surfa@rrent process is summarized
in Figure 3.23. The TEM, FTIR and RAM results alomgh visual examination
were found to be in agreement with the prediction.

Hydralisis of the three-aminopropyltriethoxysilane leading to the formation of silanol

OH

|

NH;, - (CH)3 - S(OH) + 3H20— 3C2H50H NH - (CH)3 - Si— OH
|
OH

Condensation of silanol molecules leading to the formation of oligomers

OH OH Oligomerization OH OH

I I I I
NH2—(CH)3—|Si— OH + OH—Si —NH2-(CH)3 —> NH;-(CH)3-Si— 0— Si— NH2-(CH)3 + H,0
| | |

OH OH OH OH

Attachment of -OH groups onto the MWCNT

Attachment of silanols and oligomers onto the MWCNT

OH OH OH . .
Attachment of silano radical

I i (ID PH
NH2 - (CH)3 -Si— HO OH— Si— O— Si— OH

| | |

OH NH2-(CH)3 O

|
NH2 - (CH)3 -$i— OH
OH

Figure 3.23: Functionalization of a MWCNT
3.3.4 Thermal stability of functionalized MWCNTSs

Due to the incorporation of functionlaized MWCNTdad the PP matrix by using
the melt-mixing process, concerns regarding thartaestability of the functional

groups (silano groups and oligomers) have to beesddd and the effects of
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temperature were therefore investigated. The fanatized MWCNTSs were heat-
treated at 220°C for 1 hour (greater than the ¢ipgraemperature of the rheo-
mixer) in an oven and then cooled down to ambiemperature (28°C) for
analysis. Firstly, the suspension stability of theat-treated MWCNTs was
compared to that of raw MWCNTSs. The procedure dsedhis is similar to that

specified in point 3.3.2.1 Secondly the RAMAN rdsubf the heat-treated
MWCNTs and those of the non-functionalized MWCNTargvcompared. Visual
examination showed that the two suspensions hailasigettlement behaviours.
Clear phase separation was only observed afteo@6{Figure 3.24) confirming

that the suspension stability has not been comseumi

D1
12 hours 36 hours

Figure 3.24: Suspension stability (D1: Heat-tredtettionalized MWCNTs and
D2: Non heat-treated functionalized MWCNTS)

Figure 3.25 show the RAMAN results of heat-treatadctionalized MWCNTs
and those of non heat-treated functionalized MWCNT&an be seen that the
spectrums of the heat-treated functionalized MWCNTe similar to those of
non-heat-treated functionalized MWCNTs. These olzems suggest that the
heat treatment did not alter the grapheme layer$ the functional groups
attached to the carbon MWCNTs. These findings wexpected. The silane
(Silguest A-1100) used in this study is generalbed for improvement of the
thermal stability of filler materials, such as aa@lots, designed to operate at

elevated temperatures in industrial applications.
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Figure 3.25: RAMAN spectrums of heat-treated fumwilized MWCNTs and

none heat-treated functionalized MWCNTs
3.4 Fabrication of kenaf and glassfibrerenforced PP composites

The CMFST manufacturing process used for the faban of composite plates,
as well as the advantages and limitations thersofpresented. The process
comprises five stages namely, initial compactioribref impregnation,
compression, release of the compaction load antingodetailed view of the
mould assembly is shown in Figure 3.26 and the fa@twring arrangement is
illustrated in Figure 3.27. The optimum manufactgrparameters are shown in
Table 3.10 and illustrated in Figure 3.35. The rdo(figure 3.28) and oven
(Figure 3.29) were constructed at the RP/Compobisedity of the University of
the Witwatersrand, Johannesburg.
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Mould (Male)

Gasket -

PFA sheets Spacer to adjust

—composite thickness

Composite material ) Mould (Female)
Figure 3.26: Detailed view of the mould assembly

L oad
! ! 1
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Mould (female)
Vg

%S Polypropylene sheet [ PFAsheet (release agent)
[EF 50 Kenaf mat impregnated with polypropylene pov

Figure 3.27: Manufacturing arrangement

Figure 3.28: Carbon steel mould (A: Female, B: M&e Spacer) and laminate
arrangement
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Seven different configurations of composite platese manufactured:

* Unreinforced PP

* PP reinforced with untreated kenaf fibre

* PP reinforced with alkali treated kenaf fibre

* PP reinforced with alkali—silane treated kenafdibr

* PP reinforced with glass fibre

* PP reinforced with MWCNTSs

* PP reinforced with alkali-silane treated kenafédband MWCNTs

Fibre contents ranging from 20% to 35% (by mass)nterval of 5% were

considered for both kenaf and glass fibre reinfdrcelates. The CNT

concentrations range from 0.1% to 1.25% (by maBisg fabricated composite
plates were rectangular (90mm x 150mm). Dependimghe fibre content, the
laminate thicknesses ranged between 3.5 mm andmh® The material

formulations of the different material configurat®are detailed in Table 3.11,
3.12 and 3.13.

Initial compaction

Kenaf fibre reinforced PP composite plates (kerafd@®@mposites) are made by
sandwiching layers of unreinforced PP sheets amafkaats impregnated with
PP powder. Whereas kenaf fibre reinforced MWCNT-8dposite plates
(kenaf/PP-MWCNT composites) are fabricated by saclhiwg layers of
MWCNT-PP sheets and kenaf mats impregnated witHl grabets of MWCNT-
PP. The average size of the MWCNT pallets rangevdmat 0.3 and 1 mm.
PerFluoroAlkoxy sheets (PFA) 0.2 mm thick were useda release agent to
prevent the fabricated laminates from stickinghte mould surface and to ensure
smooth surface finish of the final product. The o§éFA sheets is justified by
the fact that the melting temperature of the PFB5(3C) is substantially higher
than that of polypropylene (164°C). The weightsthed matrix system (e.g. PP
sheets and PP powder) and kenaf fibres were detednpirior to the fabrication in
order to calculate the fibre contents in each tated composite plate. From these

values the fibre content);, was calculated using the equation below:
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M f - mKenaf mat * 100 (31)
m +m

PP sheet PP powder

Where Myenas represents the mass of the kenaf Mad; .. the PP sheet weight

andMep et the PP powder weight.

Spacers were used to adjust the thickness of timpasite plate. PP powder and
MWCNT-PP pellets (Figure 3.1) were used to fad#itamproved matrix
penetration within the fibre dominated regionsha tomposites and to reduce the
processing time and temperature which could resuliermal degradation of the
kenaf fibres and functional grouf’$.

After the material charge was packed, the mould el@sed and loaded in to the
oven at ambient temperature. The compaction lossl applied to ensure proper
contact between the matrix and the fibres. The df#egure 3.29) was allowed to
heat up gradually to 220°C for five minutes; anéntithe temperature was
increased to 250°C within 5 minutes. This resuitethe composite temperature
rising to 105°C. The compaction load was maintaetetb bar and the duration of
the compaction phase was 15 minutes.

Figure 3.29: Ovens
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Fibreimpregnation

The temperature of the oven was maintained at 250%eep the viscosity of the
molten thermoplastic matrix at an adequate levstrdby allowing sufficient
penetration of the matrix into the mat. Afterwardse compaction load was
reduced from 70 bar to 50 bar within 5 minutes evpnt excessive leakage and
flashing of the matrix, which could lead to unevdme distribution and distortion
of the shape of the final product, Figure 3.30tHA$ stage, the temperature of the
mould increased to about 150°C, whereas that ofctimeposite increased to
110°C.

l

Figure 3.30: Uneven kenaf fibre distribution caubgexcessive compaction load
during impregnation phase

Compression

During the compression step, the temperature of toalld and composite

increased from 150°C to 180°C and from 110°C t®Q2@éspectively. The slight
increase of the temperature of the composite (ft@h2 to 122.5°C) for a period
of 5 minutes indicated the melting of the matriheTcompaction load was still
maintained at 50 bar to cause the matrix to flowough the mat in order to
achieve a proper contact between the matrix anmddibrhe compaction load was
monitored and maintained at 50 bar to prevent fiboe impregnation especially
in composite plates with high fibre content. Mamifiging defects, (e.g. poor
fibre impregnation and voids) caused by low comipactoad in composite with

30% fibre content can be seen in Figure 3.31.
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The measurement of the inside temperature of teeisen at the impregnation
step was achieved by embedding a thermocouplethetspecimen as shown in
Figure 3.32. The temperature measurement of thdeindie mould was done
during the preliminary tests. The temperature mgalishowed that the matrix
melt at temperature relatively lower (122.5°C) théme typical melting
temperature of the matrix (164°C). These obsemsatgustain the proposal that
the use of polypropylene powder was essentialdaae the processing time and
the melting temperature of the fabricated compolséw the typical melting
temperature of the polypropyleff&.

Figure 3.31: Manufacturing defects kenaf/PP comnipoplate: (a) Poor fibre
impregnation, (b) Voids in matrix and fibre domiedtegions

Figure 3.32: Embedded thermocouple in kenaf/PP ositgplate
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Release of the compaction load

The compaction load was gradually decreased fromab@o approximately 5 bar
within 5 minutes to prevent the formation of voidsd cavities (Figure 3.33)

caused by the instantaneous pressure drop insdaadhld.

b

Figure 3.33: Voids and cavities: (a) kenaf fibrenferced PP composite, (b) PP
plate

Cooling and release of the fabricated composites

The mould was removed from the oven and exposedhiting tap water to allow

the temperature to drop to ambient temperatureltieg in a gradual reduction of
the fabricated laminate inside the mould. The mawis kept closed in order to
prevent the geometric distortion of the composit®epduring shrinkage. The
fabricated composite plate (Figure 3.24) was tledeased from the mould once

ambient temperatures were reached.
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Figure 3.35: Optimum manufacturing parameters
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Table 3.10: Optimum manufacturing parameters

Steps Time Temperature Load
(Minute) (Deg C) (bar)
Oven Mould Sample
Oven Mould Sample
1-Initial 15 25t0 250 25t0 135  25t0 98 75
compaction
2-Impregnation of 5 250 135t0 150 98to 110 75t050
fibres
3-Compaction of 15 250 150t0 180 110to 120 50
the charge
4-Release of the 5 250t0 25 180to 100 120to110 50to5
compaction load
5-Cooling 20 100 to 25 110to 25 < 3

3.5 Fabrication of polypropylenereinforced MWCNT plates

Homogenous dispersion of the carbon nanotubes rwitie matrix system is
required for effective exploitation of their excigptal mechanical properties in
polymeric composites. A homogeneous distributiogaserally prevented by the
intermolecular interaction (e.g. Van der Waals ési)cbetween the nanotubes,
which cause the nanoparticles to form clusters. Hdeical treatment (including
melt-mixing, ball milling and mechanical stirringan be used to achieve the
required dispersat® ®® ¢ The melt-mixing process (shear mixing processhes
most practical and preferred method of incorpotatinanoparticles into
thermoplastic materials. The technique is wildlynsidered as a successful
method of achieving sufficient dispersion at higNTCconcentratiorf®* °2. The
shear-mixing consists of mixing the nanoparticled the matrix thermoplastics at
an elevated temperature, generally greater thanmléng temperature of the

matrix.
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In principle the shear-mixer works as follows: tkgermoplastic matrix is
introduced into a pre-heated shear mixer (Rheonis&t to temperatures above
the melting point of the thermoplastic in orderitoprove the fluidity of the
charge®. The operating temperature is, for example, gdiyesat to 10°C to
20°C above the melting temperature of the polyp@py (164°C) to allow
complete melting while retaining the cristalinitfthe materiaf®*> 3®) The shear-
mixer comprises a set of double screws which crehtar stresses within the
molten matrix by causing two adjacent flow linegravel at different velocities,

causing the nanoparticles to disperse within tHke diuthe material.

There are two types of shear-mixing processes, lyatihhe master-batch and the
direct incorporation method. The two processesedifundamentally in the
material loading sequenc® °2 In the master-batch method, commercially
available master batches of carbon nanotube remfopolymer composites are
used for the initial loading, which are subsequemtlixed with unreinforced
polymer during fabrication. One advantage theredhat the process is practical
for use in small to medium production scales. Oa tther hand the direct
incorporation method is more appropriate for resegurposes since it is more
flexible and allows easy customization of the finptoduct. The direct
incorporation consists in progressively mixing ttanoparticles in a powder form
with the polymer matrix (e.g. molten polypropylereg) elevated temperatures.
Generally this type of mixing method yields reirded polymers with good
dispersion. In an effort to optimize the dispergmwacess whilst achieving a high
CNT concentration, the direct incorporation metheds selected. The Rheo-
mixer apparatus (Figure 3.36) comprises of thratsutine driver (Haake PolyLab
0S), the Rheo-mixer (Rheomex) and the extruder ¢Riex). A close-up view of
the double screws and extrusion die can be sedrigure 3.37. The Haake
PolyLab OS is an automated Rheo-mixer programmegadnous predetermined
setups. The fabrication process is summarized gurEi 3.38 and the optimum
manufacturing parameters of the shear-mixing pa@ee presented in Table
3.11.
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The blending of the PP matrix was achieved asvalo

* The controller is switched on and the shear-miggore-heated to 100°C.
The rotation speed of the screws is set to 60 rpm.

* The safety lock is opened and the shear mixeradually loaded with the
PP pellets and MWCNTSs. The total mass of each batab set to 42
grams as the shear-mixer can only handle 50 gramisgtch.

» After the loading, the safety lock of the shear-enixs closed and the
shear-mixer is allowed to operate for 30 minutes.

e The Rheo-mixer is stopped and the MWCNT-PP is resdov

The operating variables (temperature and torquesitodifferent specimens were
recorded in situ and shown in Figure 3.39. It carséen that an average operating
temperature of 180°C was maintained during the gg®cand the torques
developed are similar and constant for all the ispexss. The high torque values
during the initial stages of fabrication indicatat the PP matrix is in a solid state,
as the temperature of the shear-mixer is still wetbe melting temperature
(164°C) of polypropylene. As the temperature insesa the applied torque
decreases indicating that the matrix is meltingisTgraph shows that all the

specimens were fabricated at the same processticordi
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Figure 3.37: Double screws and extrusion die
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Figure 3.38: Flow process

Table 3.11: Optimum conditions of the shear-mixpngcess

Process Time Temperature Shear loading Speed
(Minute) (°C) (MPa) (rotation/min)
Conditioning 10 45 e e
Rheo-mixing 30 180 35-37 60
200 200
e ntIIiAESIIEIIEIIEIIISIZIIIIIIIIIINT s
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Figure 3.39: Recorded operating conditions of rivexer
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The MWCNT-PP retrieved from the shear-mixer wastheed to fabricate the
MWCNT-PP plates using the compression moulding ¢ssc at the

RP/Composites Facility of the University of the Wittersrand, Johannesburg.
The fabricated MWCNT-PP plates, Figure 3.40 (a)remased to fabricate the
kenaf/PP-MWCNT composite plates based on procedeseribed in section 3.4.

The packing arrangement is illustrated in Figu&O3Db).

i

MWCNT-PP sheg

: ; : 350 g/n% kenaf mat
a ' b

Figure 3.40: (a) MWCNT-PP plates with 0.75% CNT),ghcking arrangement

The concentration of the MWCNTs in each specimers watermined by
measuring the mass of the MWCNTs and unreinforcBdsBparately before
fabrication. From these values the CNT concentnatMywcnt, Was calculated

using the equation below:

m
M yenr :—:AnWCNT *100 (3.2)
PP

Where,mywent, denotes the mass the CNT angh the mass of polypropylene.

As mentioned in section 3.1 the range of the CNiceatration (0.1% to 1.25%)
used in this study was based on preliminary mecharniests conducted to
optimize the fabrication process. In order to otarthe quality of the product, it
was imperative to ensure a homogeneous dispers$itre dVWCNTSs within the
PP matrix and achieve a high CNT concentrationviBus researchers reported
that the main disadvantage of the shear mixingga®ds that the shear forces
developed during fabrication tend to sever the @ammanotubes, thereby reducing

the aspect rati®®® 8% 2 More importantly, the processing time also tetals
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increase significantly as the nanoparticle conegioin increases, thereby
increasing the exposure time of the nanopartiadeexcessive heat. In addition,
exposure of thermoplastics to high temperaturegeaisio to alter the cristalinity
of the bulk of the materidf® 3 and therefore in this study, the processing time
had to be minimized. The optimum manufacturing peaters of the compression
moulding process used to fabricate the MWCNT-PReplare shown in Table
3.12 and illustrated in Figure 3.41.

Table 3.120ptimum manufacturing parameters of MWCNT-PP plates

Steps Time Temperature Load

(Minute) (Deg C) (bar)
Oven Mould

1-Initial compaction 15 25to 250 2510 135 50

2-Compaction of the 20 250 135 to 160 50

charge

3-Release of the 5 250 to 25 160 to 105 50t0 5

compaction load

4-Cooling 20 100 to 25 <3

300 100

—+-Oven Temperature

250 | —=Mould Temperature

—+Compressive Load

N
o
o

F 60

F 40

Temperature (°C)
[
a
o

N
8
Compressive Load (bar)

F 20
50 A

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (Minutes)

Figure 3.410ptimum manufacturing parameters of the MWCNT-P&epl
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3.6 Material formulation

The nomenclatures identifying each composite @egeshown in Table 3.13, 3.14
and 3.15. Two sets of characters are used for rabtdentification of treated
kenaf/PP composites (Table 3.13 and 3.14). The &maracters specify the
concentration of the alkali solution used for fikreatment and the type of
chemical treatment. (e.g. 5A indicates a 5% NaO#H &S indicates a 1% NaOH
alkali-silane treatment). The second set indic#testype of fibore and the fibre
content of the composites (e.g. KF/20PP indicatemkfibre at 20% fibre content
whereas GF/30PP specifies glass fibre and 30% fibrdgent). For untreated
kenaf/PP composites, the first set UT specifiesuthigeated condition, with the
second similar to that of treated kenaf/PP comessitor kenaf reinforced
MWCNT-PP (Table 3.15), three sets of charactersigsegl. The first set indicates
the concentration of the alkali solution and theetyf treatment (e.g. 6AS), the
second set indicates the type of fibre and thee fdmntent. The third set indicates
the CNT concentration (e.g. 0.25MWCNT means 0.25%a@n nanotube).
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Table 3.13: Material formulation of alkali treatkenaf reinforced PP

Material formulation

20% fibre 25% fibre 30% fibre 35% fibre
content content content content

1% NaOH 1A-KF/20PP  1A-KF/25PF 1A-KF/30PP 1A-KF/35FP
treated kenaf

2% NaOH 2A-KF/20PP  2A-KF/25PF 2A-KF/30PP 2A-KF/35FP
treated kenaf

3% NaOH 3A-KF/20PP  3A-KF/25PF 3A-KF/30PP 3A-KF/35FPP
treated kenaf

4% NaOH AA-KF/20PP  4A-KF/25PF 4A-KF/30PP 4A-KF/35FPP
treated kenaf

5% NaOH 5A-KF/20PP  5A-KF/25PF 5A-KF/30PP 5A-KF/35FP
treated kenaf

6% NaOH 6A-KF/20PP  6A-KF/25PF 6A-KF/30PP 6A-KF/35FPP
treated kenaf

7% NaOH TA-KF/20PP  7A-KF/25PP 7A-KF/30PP 7A-KF/35FPP
treated kenaf

8% NaOH 8A-KF/20PP  8A-KF/25PF 8A-KF/30PP 8A-KF/35FP
treated kenaf

Untreated UT-KF/20PP  UT-KF/25PP UT-KF/30PP UT-KF/35PP
kenaf

Glass fibre/PP GF/20PP GF/25PP GF/30PP GF/35PP
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Table 3.14: Material formulation of alkali-silanmeated kenaf reinforced PP

Material formulation

20% fibre 25% fibre 30% fibre 35% fibre
content content content content

1% NaOH- 1AS-KF/20PP 1AS- 1AS- 1AS-
silane treated KF/25PP KF/30PP KF/35PP
kenaf
2% NaOH- 2AS-KF/20PP 2AS- 2AS- 2AS-
silane treated KF/25PP KF/30PP KF/35PP
kenaf
3% NaOH- 3AS-KF/20PP 3T-KF/25PP 3AS- 3AS-
silane treated KF/30PP KF/35PP
kenaf
4% NaOH- 4AS-KF/20PP 4AS- 4AS- 4AS-
silane treated KF/25PP KF/30PP KF/35PP
kenaf
5% NaOH- 5AS-KF/20PP 5AS- 5AS- 5AS-
silane treated KF/25PP KF/30PP KF/35PP
kenaf
6% NaOH- 6AS-KF/20PP B6AS- B6AS- B6AS-
silane treated KF/25PP KF/30PP KF/35PP
kenaf
7% NaOH- 7AS-KF/20PP TAS- TAS- TAS-
silane treated KF/25PP KF/30PP KF/35PP
kenaf
8% NaOH- 8AS-KF/20PP 8AS- 8AS- 8AS-
silane treated KF/25PP KF/30PP KF/35PP

kenaf

Table 3.15: Material formulation of kenaf reinfodc®IWCNT-PP

Material formulation

0.25%CNT  0.5%CNT 0.75%CNT 1.0%CNT 1.25%CNT
6% NaOH- B6AS- B6AS- 6AS- B6AS- B6AS-
silane treated KF/30PP- KF/30PP- KF/30PP- KF/30PP- KF/30PP-

kenaf

025MWCNT 0.5SMWCNT 0.75CMWNT1.0MWCNT1.25MWCNT
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4 EXPERIMENTAL EVALUATION OF THE MECHANICAL
AND MOISTURE PROPERTIES

The following chapter discusses the test parameateissetup used to investigate
the mechanical and moisture absorption propertieshe composites and is
divided into three sections. Section 4.1 descrites mechanical tests (tensile
tests, flexural test, stress-controlled tensiorsitam fatigue test and 1zod notched
impact test) as well as the technical consideratiofluencing the implementation
thereof. Section 4.2 focuses on the moisture ahsarpests whilst Section 4.3
describes the types of microscopic examinationgy. (escanning electron

microscopy and optical microscopy) conducted is gtudy.

4.1 Mechanical testing

411 Tensletests

The tensile tests were conducted to determine émsile properties of the
composites, the tensile strength and tensile maediru particular. The test
protocols of both tests were developed in accormelamith the requirements of
1ISO 527 and ASTM D3039/ D3039 M standarti§. These standards were
used because they address the necessity for detegnhe residual strength of
the specimens during the fatigue test. A Lloyd M)O Liniversal testing machine,
equipped with a 5kN load cell was used for tespngooses; the test set can be
seen in Figure 4.1. Mandatory specimen dimensithiskfiess, width and length)
are specified by ASTM D3039/ D3039 M.
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Figure 4.1: Tensile test set up
4.1.2 Flexural test

The flexural strength of the composite was deteehim accordance with the
requirements of 1ISO 178 and ASTM D796 ® The Lloyd MX100 instrument

equipped with a 5KN load cell was once again wdizThe requirements for the
sizes of the specimens, including the thicknesgthwiand length are also
described in 1SO 178 standard. The flexural testupeon the Lloyd MX100

machine can be seen below in Figure 4.2.

Figure 4.2: Flexural test set up on Lloyd MX100
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4.1.3 Fatiguetest

The stress-controlled tension-tension fatiguewest designed in accordance with
the requirements of BS 1SO 13003 and ASTM D 34794D9M-09®42") These

two standards were selected since they specifydfeirements that allow easy
characterization of the fatigue damage in polynenforced composites (e.qg.

initiation and development of microcracks, delartioraand fibre fractures).

In contrast to isotropic materials, fibre reinfatcé¢hermoplastic composites
exhibit complex failure mechanisms under fatiguadiags. In general, the
material damage is characterised by gradual lossstiffiness, resulting in
increased strain before the onset of any visibleatge. Depending on the stress
level and material configuration (e.g. fibre difent fibre contents), damage may
grow in size in a progressive manner until failuiimately occurs. Visible
damage may occur in the form of cracks, matrix dyrej, delamination,
debonding along the fibre-matrix interfaces andefibreakage. Trial tests were
therefore conducted to evaluate systematically dffects of the test control
parameters (e.g. stress ratio, load frequency aras$sslevel) on the fatigue
behaviours of the specimens and the reliabilitytioé results facilitating a
satisfactory level of confidence of the results.c was placed on the
characterization of the material failure modes.(ergcks, delamination and fibre
fractures occurring during the testing) and hysierkeating because they are
important factors playing a vital role in the compension of the fatigue
behaviours and performances of the matéffal Based on the preliminary test
results, the stress-controlled tension-tensiorgdatitest was conducted at 1 Hz
with a stress ratio of 0.1R(= 0.1), resulting in minimal hysteretic heatingdan
local instability (buckling). The fatigue charadstics were investigated at three
stress levels: 30%, 45% and 60% of the initialngiie tensile strength (UTS) of
the specimen. Because of inconsistency in theréailmodes of most of test
specimens, visual characterization of failure waffective; failure was
subsequently defined as 10% of the initial stiffieAt this cut-off value, the
residual stiffness could experimentally still beedtmined, within an acceptable

level of confidence by subjecting the specimen tquasi-static tensile test at

93



selected intervals. Residual tensile modulus wasretbre determined in
accordance with the requirements of ASTM D3039/ B0 standards’®),
because of the implementation of the fatigue tesadcordance with BS ISO
13003 and ASTM D 3479/D 3479M-08* %) The INSTRON 8872 servo-
hydraulic fatigue testing machine, equipped withO&N load cell, was used. The
requirements for the sizes of the specimens (egpmegtry, dimensions,
preparation, and tabbing) are in accordance withilM®3479/D 3479M-09.

The quantity of specimens to be tested at eachsstewel generally depends on
the intent of the test and on the confidence le¥¢he expected resulf®). Seven
specimens were therefore, in view of material amlity, made from each
particular type of composite of which the resulfsonly five samples were
presented because of scattering. The schematicadiagf the computer-
controlled closed-loop fatigue testing machinehigven in Figure 4.3.

Displacement

Strain

Load
"

Read out Data loger /
Signal transducer Signal to
Load Data loger
Strain
Displacement

instrumentation

Digital processor
interface
~ ~ Specimen

Ay
Al

A Y
Digital computer Controller : Testing machine

Figure 4.3: Schematic diagram of the computer-cdiett closed-loop fatigue
testing
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4.1.3.1 Test control parameters

Preliminary fatigue tests that were conducted tterdeine the optimum test
control parameters, including the stress ratiod lvaquency and stress level are
described and discussed below:

Stressratio

Trial fatigue tests were conducted at differenésgrratio, R = 0.1, 0.5 and 1) in
order to determine a suitable valueRfFor the purposes of these preliminary
tests, a frequency of 1Hz was considered. A straiss is defined as the ratio
between the minimum and the maximum stress apjpligthg fatigue loading;
and can be expressed as follG#

(¢

R =_—_min_ 4.1
. @1)

max

Where, R represents the stress ratid,

min the minimum stress and,_, the

maximum stress.

Test results indicated that for a stress ratio tgrethan 0.1 (e.gR = 1), the
specimens exhibited incoherent fatigue behaviomd @mplex failure modes
that could not be interpreted in a consistent mgnaed for which the main
causes could not clearly be determined. Prematiherd, possibly caused by
local instability (buckling) was observed. Mosttbe specimens (about 56% of
tested samples) exhibited signs of delaminatiothénlaminate code at low stress
levels (e.g. less than 60% of the UTS). Delamimatdong the mid-plane was
followed by splitting in both kenaf/PP and glass/Rminates with 35% fibre
contents. This is mainly attributed to improper mxapenetration of the laminate
core. Figure 4.4 shows the delamination of fibrenohated region of a 5A-

KF/25PP specimen subjected to tension-tensiéh=afl.

As the stress was increased to 75% of the UTS patcking, caused by tensile
stresses, was the prevalent failure mode in thiem @@minated regions of the

composites (Figure 4.5). It was found that the tgreent and propagation of
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cracks was more substantial at the final stagdéeffatigue life of the laminates.
Microscopic examination, seen in Figure 4.6, alsgealed matrix yielding within
the crack. In most cases, the failures of untresaed treated kenaf/PP
composites, with 35% fibre content, were charasgeriby axial splitting prior to
ultimate failure. Delamination caused by local afwslity, is shown in Figure 4.7.
These observations suggest that reversing streskescyould be the main

contributing factor to premature failure.

Figure 4.4: Mid-plane delamination in fibre-domieatregion of a 5A-KF/25PP
composite

Figure 4.5: Crack in matrix dominated region of 6RE/25PP composite at
410321 cycles
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Figure 4.6: Crack and matrix yield in matrix domedhregion in 6AS-KF/25PP
composite

Figure 4.7: Splitting of UT-KF/35PP composite calibg local instability

The failure of unreinforced specimens was chareedr by random cracks
developing perpendicular to the loading directidhe majority of micro-cracks
were located mid-span in the test samples. Micq@scexamination showed that
the micro-cracks develop into macro scale cragieagling into the bulk of the
material over time, ultimately leading to materiaillure. At lower stress levels
(e.g. 30% of the UTS), yielding of the polypropyewas observed. Besides the
ambiguity of the fatigue behaviour, preliminary ttessults atR = 1, showed
considerable inconsistencies (e.g. number of cytcdailure for a specific stress
level) which did not allow the prediction of staital life in a manner consistent
with Procedure A of ASTM D 3479/D 3479M-09. Tow aAdsel “® reported
similar complexity in the fatigue behaviour of diseeinforced thermoset

composites. They suggested that 0.1 was the apat®stress ratio guaranteeing
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non-reversing stress cycles, thereby preventinglimgc Based on these findings,
0.1 was selected as the suitable stress ratiodrstindy.

L oad frequency

The low thermal conductivity and poor heat dissgratcharacteristics of fibre
reinforced thermoplastic materials generally regulthese materials retaining a
considerable amount of heat. Previous studs investigated the fatigue
behaviour of fibre reinforced polymer compositesl amowed that the thermal
characteristics are responsible of premature fatiguiure due to heat retention
when loaded at higher frequencies. On the othed,Haw frequencies also affect
the accuracy of the test results negatively, stheg cause internal abrasion and
promote degradation of the surrounding materialllitka ®® reported that the
build-up of heat in polymers, which largely depemufsthe loading frequency,
contributed to poor fatigue properties. This cheatliggests that the frequency of
the cycling load is a crucial variable for preventiof excessive temperatures.
Thus, trial fatigue tests were conducted to deteenthis crucial frequency that
will minimize heating of the specimens and prevamasion during testing. The
load frequency that was considered ranged betweiz] increasing in intervals
of 3Hz. The stress ratio was 0.1.

The decrease in tensile modulus and the increaspeaxfimen temperature was
used indicatively to evaluate the effect of thegérency on the fatigue behaviour
of the material. In order to ensure consistentrpriation of the results, the
specimens were subjected to 210 000 cycles. Figieshows the drop of the
tensile modulus in terms of the load frequency @ 3f the material UTS. For
simplicity of the illustration, the test results @mposites with 30% fibre content
are considered. It can be seen that the reductitmeitensile modulus of kenaf/PP
and glass /PP composites as the frequency incrdases 1Hz to 3Hz, is

insignificant (about 10%). Substantial reductio®%@ occurs as the frequency
increases to 6Hz. It can be seen that the reductiothe tensile strength of
kenaf/PP composites is more prominent than thoggass /PP. For example, the
initial tensile modulus of 6AS-KF/30PP compositefs by 32%, whereas that of
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GF/30PP composite drops by 38%. As the frequengyoaghes 9Hz, the
decrease in the tensile modulus of all the testispns is more than 60%. The
specimen temperature increase in terms of the fosgliency is illustrated in
Figure 4.9. It can be seen that the temperatured tiie test specimens increase
slightly from 1Hz to 3Hz. As the frequency risesoa® 3Hz, the temperature
noticeably increases. Cre€8 suggested that reducing the specimen size to allow
rapid heat dissipation during fatigue testing o&sgl fibre reinforced was an
appropriate way of minimizing the effect of hystereheating that caused an

increase in temperature at high frequency fatigea (100 Hz) beyond 10
cycles.
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Figure 4.8: Tensile modulus in terms of the loadjfrency at 30%UTS
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Figure 4.9: Temperature increase in terms of tad feequency

Figure 4.10 shows a close-up view of yielding ia thatrix dominated region of a
2AS-KF/20PP specimen. It was found that poor fimatrix adhesion, probably
caused by resin softening, was the main cause oésswe fibre pull-outs.
Microscopic examinations showed that failures ohd&P and glass /PP
composites were mainly characterized by excesseldigg in matrix dominated
region and by fibre pull-out in the fibre dominatedjion. In Figure 4.11, a SEM
image of an unreinforced PP specimen that was sigoido high frequency (6
Hz), high stress level (90% of the UTS of PP) @& fatigue loading reveals an
unusual surface configuration (ridges) after 43Q d¥cles. These patterns imply
material softening prior to creep failure. Shotirgprs on the fracture surface are
a clear indication of a high load frequency, whigstricts the stretching of
material prior to failure. These findings clearlpdicate that lower load
frequencies (ranging between 1Hz and 3Hz) wouldvagite a considerable
increase in the material temperature. Consequehitly, was selected as the load

frequency for this study.
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Figure 4.10: Matrix yielding in matrix dominatedgren of a 2AS-KF/20PP

specimen

Figure 4.11: Unreinforced PP specimen at 6Hz add B3 S

The ASTM D 3479/D 3479M-09 standard requires thmperature recording
device to be attached to the specimen in such atlhaythe dynamic response of
the specimen is not affected. The use of a digiamometer with thermocouple
glued onto the test specimen is the preferred tqakrto monitor the temperature
since the thermocouple is in direct contact with tisst sampl€®. However, trial
tests showed that attaching a thermocouple usinglghds to inconsistent results.
Therefore, an infrared thermometer was used to tmothe surface temperature
of the test samples. The impact of the loading (rat#o of the maximum load and
the required time to reach the maximum load) onféigue behaviour of the

specimens was minimized by ensuring that the |gpdite is kept constant.
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Stresslevel

It well known that the fatigue behaviour of polymas highly affected by the
stress level of the applied lod®. Depending on the molecular weight and
structure of the material, an increase or a deereashe crack propagation rate
can be expected. The increase of the propagatienirrderms of the mean stress
in polymers (e.g. e.g. epoxy resin, high densityy@ylene copolymers and
PVC) is in the literatur€®. It also has been reported that polymers prorthiso
increase are mostly affected by monotonic fracassociated with the maxima of
the fatigue cycle as it approaches a critical stietensity level. Polymers, such as
low density polyethylene, exhibit improved craclopagation resistance as the
mean stress increases. Research carried out bybdegt and Manson and
reported inASM International ®® suggests that the effects of mean stress on the
resistance of polymers to fatigue crack propagatiimectly depend on the
hysteresis ratio. The researchers concluded thigimgos that have molecular
structures, which are susceptible to hysteretisdssor able to be reorganized
structurally, will likely exhibit greater resistamd¢o fatigue crack propagation as

the mean stress increases.

Thus, the effects of the number of cycles to fail@d) on the stress level of
unreinforced PP material, glass/PP and kenaf/PP posites have been
investigated. In order to represent the resultpksatically, only specimens with
30% fibre content are illustrated in Figure 4.12sfTresults revealed that the
stress level dictates the failure mode of the spens and significantly affects the
accuracy and the confidence level of the test tesHigure 4.12 shows that
between 15% and 30% of the UTS, the change inatiguk life is insignificant.
For example, a reduction of less than 10% can kBergbd for 6AS-KF/30PP and
6A-KF/30PP composites. However, in some cases, fétigue life of the
composite increased within the mentioned rangearGlgidence of defects could
not be observed below 16ycles; therefore, microscopic examination wasiuse
monitor the damage. SEM revealed noticeable instersties in the failure mode
at stress levels below 15% of the UTS. For examifaidyres characterised by

abrasion were prevalent, mostly in specimens vilitte fcontent greater than 20%.
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A combination of tearing, plastic flow, necking asitear (Figure 4.13) could also
be noticed. Between 30% and 60% of the UTS, reddenzonsistency in the
accuracy of the test results was noticed. Cleagaiefand distinct failure modes
were noticed during the early stages of the fatitjige (1000 cycles), although
plastic flow and necking were visible in some cages the stress increased to
above 75% of the UTS, the reduction in becomes aulsvi For example, a
reduction of more than 50% can be observed for mdte specimens. Based on
these findings, three different stress levels, (3@d%% and 60% of the UTS),

were selected in this study.
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Figure 4.12: Figure E 1 Fatigue life of kenaf ataksg /PP composites at different

stress levels
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Figure 4.13: Failure in matrix-dominated regiondf-KF/25PP at 15% UTS

4.1.3.2 Test specimen characteristics and equipment

As indicated previously, the characteristics of #pmecimens (e.g. geometry,
dimensions, preparation, and tabbing) are in aecae with ASTM D3479/D
3479M-09, Figure 4.14. It is evident that poor matefabrication, such as
significant geometric inconsistencies (edge irragties) and damage resulting
from machining, generally leads to noticeable dipancies in the test results. It is
imperative that the characteristics of the testspens were consistent, in order
to ensure results of an acceptable confidence.lBashufacturing defects, such as
voids, also affect the failure mode and performadagng mechanical testing.
Therefore, an optical microscope was used to ashffesent test specimens by
evaluating and comparing the level of materialguarity. The intent of such an
approach was to ensure consistent test resultsedngdtion of the effects of flaws,
which contribute to premature failure more oftep dgting as stress raisers in the

material.

Based on the results of these three sets of preéimpitests, it was concluded that
reliable data could be obtained by conducting #tgdie test at 1 Hz with a stress
ratio of 0.1 and by considering three stress levél®6, 45% and 60% of the

initial UTS of the material.
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6AS-KF/30

Figure 4.14: Kenaf and glass/PP specimens
4.1.4 1zod notched impact test

The 1zod notched-beam test (Figure 4.15) was cdedua accordance with the
requirements of Test Method C as described in ASDM256-10 “®. This
standard was selected as a guideline because vtdpsodirection of how to
generate data that can effectively be used astyuwailntrol tools for the fabricated
composites. It also permits the evaluation of tifecés of the manufacturing
variables (e.qg. fibre treatments and fibre conjemisthe mechanical properties of
the material. The most important test control patams of the Izod notched-beam
impact test are the notch dimensions (notch angich depth and notch tip
radius), the position of the test specimen (e.gtldef the beam), the specimen
size (e.g. width of the beam) and the pendulum enpelocity. Precautions were
therefore taken to ensure consistent specimen dgepnfe.g. notch edge
irregularities) in order to ensure failure mode gistency and to lessen
discrepancies of the test results (e.g. energykbrey maintaining a consistent
pendulum impact velocity. Preliminary test resudtsowed consistency in the
failure mode (e.g. brittle fracture) and an accelgtdevel of confidence (e.g.
lower standard deviation). An AVERY non-instrumehté&zod test machine
capable of yielding 4.2 Joules at 2.44 m/sec wasl.uSix specimens were made
from each particular type of composite plate. Owdgt results of five samples,

showing appreciable consistency, were considered.
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Figure 4.15: Kenaf/PP specimen under impact load

4.2 Moistureabsorption test

The moisture absorption test was designed in aaococelwith the requirements of
ISO 62 and ASTM D5229/ D5229M standaftfs®®). These two standards were
selected since they provide guidelines to genedata that can effectively be
utilized to evaluate the moisture absorption chiaréstics of polymer reinforced

composites. The sample preparation was completedfobews: The test

specimens were first cleaned with acetone to rensowvéace contaminants and
dried in an oven at 35°C for 24 hours and coolemton temperature (25°C) in a
desiccator. Afterwards, the weight of the dry spemi was determined using an
AE ADAM PW 184 electronic scale accurate to 0.004. mhe test specimens
were subsequently immersed into distilled water (27.0 =+ 1)°C whilst

maintaining the temperature, Figure 4.16. A cemgad pump was used to
circulate water and create turbulence in orderrisuge a uniform temperature
distribution within the water bath. The test spemi® (Figure 4.17) were at
regular intervals, dried with tissue paper and twexighed to determine the
change in mass. In the initial stages of the t&slidys), the measuring interval

was 5 hours to ensure accuracy of the weight esult
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Temperature controler
; ‘

Figure 4.16: Moisture diffusion test set up and ABAM PW 184 scale

The lateral edges of the test specimens were sealbdilicon to prevent water
molecules from diffusing into the test specimensotlgh their edges and to
minimize the extraction of water-soluble compondntsn the specimens during
the test. The extraction of water-soluble companeéstdetrimental as it would
compromise the validity of the results. The seabatnsured that the diffusion
process was one-dimensioffl ° °) The moisture content was calculated using

equation 4.188-89)

. . M, I\/lo
Weight gain (%) = v x100 (4.2)
0

Where, Mt denotes the mass of the specimen at a specifiegl tvhereasvio
represents the initial mass of the specimen.

a b
Figure 4.17: Test specimens: kenaf/PP and glassiPPosites
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4.3 Microscopic examination

For decades, microscopic examination has been én#heo scientist's most
powerful tools for material characterization anduf@ mode analysis. Scanning
electron microscopy (SEM) is an indispensable toothis field, due the high
resolution and magnification. In the present stusigM was extensively used to
characterise the material damage mechanism by singlyhe fibre and matrix
structures (e.g. matrix cracks, fibre surface molpdy and fibre breakage). This
was essential since it plays an important roleamgrehending the mechanical
behaviours of the material. SEM examinations otspens subjected to moisture
absorption were carried out on a FEI Nova 600 Nam&lIB, Figure 4.18 (a) and
a EMITECH K950X apparatus was used for sample pegjoa, Figure 4.18 (b).
The SEM specimens (Figure 4.19) were coated withataat 10nm followed by
gold palladium at 15nm. BX63 FM and Motic ImageaspR.0 ML microscopes
were used to evaluate the surface morphologiesenafkfibres as well as the
failures of kenaf/PP composites, Figure 4.20 (a) @). The FEI Nanolab FIB,
EMITECH K950X and BX63 FM apparatus were made ad by the
Microscopy and Microanalysis Unit of the Universitf the Witwatersrand,
Johannesburg (MMU). A Zeiss ULTRA 55 scanning etatt microscope
equipped with a field emission tungsten hairpirarfient and a ZrO reserve
(electron source) was used for microscopic exanunaif specimens subjected to
the mechanical testing.

Figure 4.18: (a) FEI NOVA 600 Nanolab FBI and (DBfIEECH K950X
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a | b
Figure 4.19: (a) MWCNT-PP and (b) Kenaf/PP-MWCNE&amens

Figure 4.20: (a) BX63 FM microscope and (b) Motitages plus 2.0 ML
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5 DISCUSSION

The results of the mechanical and the moisture rabisa tests conducted on
kenaf/PP, and kenaf/PP-MWCNT and glass/PP composite presented and
discussed below. The discussion also refers toirttages of the microscopic
examinations for clarity. This chapter comprisesettions. In Section 5.1 the
effects of fibre treatment on the improvement oa thechanical properties are
evaluated (e.g. tensile, flexural, fatigue and iotpproperties). Section 5.2
discuses the effects of fibre treatment on thestasce to moisture absorption.
The influence of the filler material (e.g. multi-lacarbon nanotubes)

concentration on the mechanical properties of MWEMNT and kenaf/PP-
MWCNT composites, fabricated using an optimal alkahcentration and fibre

content (6% NaOH and 30 wt%, respectively), areudised in Section 5.3.
Section 5.4 discusses the influence of the vanatia the CNT concentration on
the resistance to moisture absorption of kenaf/MWCNT composites. For

clarity, the findings of each section are summariaethe end of the section.
5.1 Effect of fibretreatment on the mechanical properties

The discussion is presented in the following wayre Timprovemetitof the
mechanical properties of kenaf/PP composites, duthé enhancement of the
fibre-matrix adhesion, is evaluated and discussiest. f Then, the failure
characteristics of kenaf/PP composites are disdusased on the results of the
microscopic examinations. The influence of changihg fibre content on the
mechanical properties is also evaluated. Finallg, improvement on the tensile

properties of kenaf/PP composites is comparedatoahglass/PP composites.

" For the purpose of this study, “Mechanical impreat” of a particular material refers to the
changes in the mechanical properties (e.g. terfé#ryral, fatigue and impact strengths) of the
material in comparison to that of unreinforced pobpylene. The average values are used to plot
the graphs, error bars are omitted for the sakxaoity.
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511 Tenslestrength and tensile modulus of kenaf/PP composites

The effect of the fibre-matrix interfacial bondirap the tensile strength and
tensile modulus of kenaf/PP, at various alkali emtiations, is evaluated by
comparing the stresses required for compositer&aila that of unreinforced PP
plates, using equation 8.1See Figures 5.3, 5.4, 5.7 and 5.8 for claritythese

figures, zero percent refers to the tensile stt@ngidulus of unreinforced

polypropylene, which is the reference point for pamson purposes.

(5.1)

T g .
TS = SCOmIOosne Sunreinforced PP *100
TS.mrei nforced PP

5.1.1.1 Effect of alkali treatment on the tensile properties of kenaf/PP
composites

From Figures 5.1 and 5.2, it is evident that thesite strength and tensile
modulus vary as a function of the alkali concemratlt can be noted that the
tensile properties of alkali treated kenaf/PP cositpe are slightly better than
those of untreated kenaf/PP composites. Below aerdration of 4% NaOH, the
improvement is negligible (less than 5%). This ftxilauted to kenaf surface
impurities (Figure 3.10) causing poor fibre-mat@dhesion, which in turns
prevents proper load transfer between the fibre raattix. Maximum values of
the tensile strength and tensile modulus are obdeat 5% and 6% NaOH. The
improvement on the tensile properties of alkalateel kenaf/PP composites over
those of untreated kenaf/PP composites, espeatbyo and 6% NaOH, indicate
that the alkali treatment contributes to the enbarent of the tensile properties,
suggesting that there are the optimal concentrsitiorhe improvement is,
however, limited; the tensile strength and tensiedulus for the 5A-KF/30PP
composite is only 40.7% and 36%, respectively (f@gu5.3 and 5.4). These
observations agree well with the results reportgdEbeerozeyet al “%. The
researchers investigated the morphological andtsiral changes of kenaf fibres
subjected to alkali treatments and reported that M&H was the optimum

concentration for alkali treatments. Based on therascopic examination, they
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indicated that 6% NaOH adequately cleans the fithremically modifies the fibre
surface, increases the surface roughness and iegpitbe mechanical properties
of the kenaf fibre. If the alkali concentrationimcreased above 6%, the tensile
strength and tensile modulus drop, regardless effiite content. The cause of
the reduction was found to be the degradation ofakdibre (Figure 3.10).
Composite failures are mainly characterized byefipull-out and matrix yielding;
breakages were not noticed. Fibre pulling out ef mimatrix is clear evidence of
ineffective load transfer between the matrix armei Fibre pull-out caused by

poor fibre-matrix bonding is shown in Figure 5.12.

Considering the effects of the fibre content on tivesile properties (Figures 5.3
to 5.4), it can be seen that the tensile strengthtansile modulus increase with
the increase in the fibre content. The maximumilessrength occurs at 25% and
30 wt%, whereas the tensile modulus exhibits aceable improvement at 30
wt%. These discrepancies are probably due to theatrity of the microstructure
configuration of individual kenaf fibréé *°) This suggests that 25% and 30 wt%
are the optimum fibre contents. The drop of thesiterproperties at 35 wt% was
found to be caused by poor fibre impregnation (FegBL31). It can also be seen
that the mechanical properties of glass/PP comgmsite in general significantly
greater than those of kenaf/PP composites. For pbeanthe improvement of
GF/30PP is 130% whereas the improvement of A5-KIFRB® 45%. This can be
attributed to the exceptional tensile propertieglaks fibore as compared to those
of kenaf fibre (See Table 3.3).
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130 wt% fibre content =35 wt% fibre content

——Unreinforced PP-H

Tensile strength (MPa)

Untreated 1%NaOH 2%NaOH 3%NaOH 4%NaOH 5%NaOH 6%NaOH 7%NaOH 8%NaOH
kenaf kenaf kenaf kenaf fibre kenaf kenaf kenaf kenaf kenaf Glass fibre

Figure 5.1: Tensile strength of alkali treated K&?PR and glass/PP composites
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kenaf kenaf kenaf kenaffibre kenaf kenaf kenaf kenaf kenaf Glass fibre

Figure 5.2: Tensile modulus of alkali treated kéPBfand glass/PP composites
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Figure 5.3: Improvement in the tensile strengthalidali treated kenaf/PP and

glass/PP composites
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Figure 5.4: Improvement in the tensile modulus l&hla treated kenaf /PP and

glass/PP composites
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5.1.1.2 Effect of alkali-silane treatment on the tensile properties of kenaf/PP
composites

Figures 5.5 and 5.6 show that the tensile progediealkali-silane treated/PP
composites improve significantly over those of eated kenaf/PP composites
and PP matrix, respectively, increasing from alkahcentrations greater than 3%
NaOH. The tensile strengths and modulus exhibitimam values at 5% and 6%
NaOH ©9. Clear differences in the surface morphologiesimtfeated kenaf and
alkali-silane treated kenaf fibres indicating tHéeets of the combined alkali-
silane treatment can be seen in Figure 5.9. Itbeanoted that surface impurities
that cause poor fibre-matrix adhesion are completemoved from the alka-

silane treated kenaf fibres.

Scanning electron microscopy revealed that theurkesl of alkali—silane treated
composites with 30% fibre content, treated with BB#OH, are predominately
characterized by fibre dominated failure. Fibrealege in alkali-silane treated
kenaf/PP composites are shown in Figure 5.10. $aithre modes suggest that
kenaf fibres carry a significant percentage of ltheed because of stronger fibre—
matrix interfacial bonding. The improvement of tlfiere—matrix interfacial
bonding is attributed to the silane treatment whiobates strong links between
the fibre and the polymer matrix. A detailed dgstoon of the alkali and alkali-
silane treatment mechanism can be found in Chaptdigures 3.9 and 3.12.
These observations agree well with the finding®real in literature. Mohantgt

al ©® emphasized that a suitable coupling agent coulddeel to overcome the
chemical incompatibility between the polar naturdignocellulosic fibres and the
non—polar nature of thermoplastics in order to mnprthe fibre—matrix interfacial
bond. Masucket al “? also argued that the use of 5 wt% silane as coyilgent

improves the fibre’s wettability and flexural prapes of the composites.

The adherence of polypropylene to the surface nakébres extracted from test
specimens subject to failure confirmed strong fiomatrix interfacial bonding
caused by silane treatment. Figure 5.11 showstthehanent of a larger quantity
of polypropylene to a broken fibre of 6AS-KF/30PRem compared to a 4AS-
KF/30PP specimen subjected to tensile testing. ¢tigirms the notion that the
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effectiveness of silane treatment depends on #enthess of the fibre achieved
through alkali treatment.

80 1

=20 wt% fibre content =25 wt% fibre content

130 wt% fibre content =35 wt% fibre content

—-Unreinforced PP-H

Tensile strength (MPa)

Untreated 1%NaOH 2%NaOH 3%NaOH 4%NaOH 5%NaOH 6%NaOH 7%NaOH 8%NaOH
kenaf kenaf kenaf kenaf fibre kenaf kenaf kenaf kenaf kenaf Glass fibre

Figure 5.5: Tensile strength of alkali-silane teehtkenaf/PP and glass/PP
composites
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Figure 5.6: Tensile modulus of alkali-silane trelatkenaf/PP and glass/PP
composites
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Figure 5.7: Improvement in the tensile strengthalé@li-silane treated kenaf/PP

and glass/PP composites
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Figure 5.8: Improvement of the tensile modulus lgalasilane treated kenaf/PP

and glass/PP composites
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Figure 5.9: Alkali-silane treated kenaf fibres: (@)treated kenaf, (b) 6%NaOH
treated kenaf

S : \ :
Matrix bonded to kenaff; Lo Ma‘tf_ix‘bon‘ded to kena

[ T

a
Figure 5.11: PP matrix adhering to kenaf: (a) 4AS30PP, (b) 6AS-KF/30PP

Tensile test results (Figures 5.7 and 5.8) alsavsthat alkali—silane treatments,
using alkali solutions with concentration less tt8% NaOH, do not contribute
effectively to the improvement of the mechanicabparties of the composites.
This was expected: SEM revealed that kenaf filratéd with 3% NaOH still has
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a considerable quantity of surface impurities, Wwhtauses poor fibre—matrix
interfacial bonding. Edeerozey al “? also reported that 3% NaOH was not the
appropriate concentration for alkali treatment eh&f fibres because the surface
impurities reduce the interfacial contact area leetwthe matrix and fibre leading
to an ineffective load transfer between the maamxd fibre. It was confirmed,
using microscopic examination, that compositesteéctavith alkali solutions of
concentrations less than 3%, exhibited poor matrterfacial bonding. SEM
revealed that the failures of 2% NaOH alkali—silémeated composites with 30%
fibre content (e.g. 2A-KF/30PP) are mainly charazésl by fibre disbondement
and pull—out followed by matrix yielding; fibre lakeage was not evident, Figure
5.12. These failure modes are clear evidence dfeicte/e load transfer between
the matrix and fibre, resulting in the matrix cang the majority of the load. The
absence of matrix bonding to the fibres also suggésat the matrix—fibre
interfacial bonding is not strong enough to rethi@ matrix. These observations,
once again, substantiate the notion that the akkitdine treatment of kenaf fibres

can be effective only if the surface impurities esmoved.

Figure 5.12: Fibre pull-out followed by matrix yikhg failure

Figures 5.5 and 5.6 also show that the treatmerfiboés with higher alkali

concentrations (8% NaOH) drastically compromise rtiexhanical properties of
the composites. The reduction in the tensile aexufial properties is attributed to
the degradation of the mechanical integrity of tifbees, also shown in Figure
3.10 in Chapter 3. Edeerozetyal “® reported similar observations at 9% NaOH.
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Considering the effect of fibre content, it cands®en that the tensile properties
increase with an increase in the amount of thefamimg material in the
composites. Figures 5.7 and 5.8 show that irresmecof the type of
reinforcement, the tensile properties of the cornipssmprove with an increase
in fibre content. Below 30 wt%, the composites bxhpoor tensile properties.
Poor tensile properties were confirmed by microgcogxaminations, which
revealed matrix dominated failure as the prevafailire mode in composites
with less than 30 wtof®. The improvement of the tensile strength and tensi
modulus reached a maximum at 30 wt%. SEM revedted dominated failure as
the prevalent failure mode in composites with 30Bbef content, especially in
alkali-silane treated composites (e.g. 6AS-KF/3Gf@kposite). Similar failure
modes were observed in glass fibre reinforced caitgg As the fibre content
rises above 30%, the tensile properties of the cmitgs drastically drop. SEM
showed that the drop in tensile strength and madidwattributed to poor fibre
impregnation and excessive voids (Figure 5.13) iwitthe fibre dominated
regions of the fabricated composites. Poor fibrpragnation and voids are also
shown in Figure 3.31 in Chapter 3. These obsemsatotearly indicate that 30% is
the optimum fibre content for both kenaf and gl@s® reinforced polypropylene
composites.

Comparing the results of tensile tests of glasstPRose of kenaf/PP composites,
it is noted that the tensile properties of glasstBfposites are greater, regardless
of the alkali concentration and fibre content. Tisiattributed to the exceptional

tensile properties of glass fibres, as discussedqusly.
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Figure 5.13: Poor fibre impregnation and excessnids: (a) 6AS-KF/35PP, (b)
GF/30PP composites

5.1.2 Flexural strength of kena/PP composites

The variations in the flexural strength of alkatidaalkali-silane treated kenaf/PP
composites are presented in Figures 5.14 and ®dectively, in terms of the
alkali concentration. For comparison purposes,itiygrovement of the flexural
strength of kenaf/PP and glass/PP composites @3gbirl5 and 5.17) were also
plotted, using equation 5.1.

5.1.2.1 Effect of alkali treatment on the flexural properties of of kenaf/PP

composites

From Figure 5.14 it can be seen that the trendsarflexural strength are similar
to those observed in the tensile properties. Theerkitle improvement in the
flexural strength below 4% NaOH, with maximum vawbserved at 5% and 6%
NaOH. This suggests that 5% and 6% NaOH are themopts alkali
concentration for improvement of the flexural sgégmof kenaf/PP composites.
Similar observations were made by Edeerogesl “? and Liet al *®. From
Figure 5.15 it is also noticed that the flexurabperties of both kenaf/PP and
glass/PP composites increase with the increaskeiratnount of the reinforcing
material. Maximum values of the flexural strengtte @bserved at 30% fibre
content, suggesting that it is the optimal peragata
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Figure 5.14: Flexural strength of alkali treatedde/PP and glass/PP composites
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Figure 5.15: Improvement in the flexural strengthatikali treated kenaf/PP and
glass/PP composites
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51.2.2 Effect of alkali-silane treatment on the flexural properties of

kenaf/PP composites

Comparing Figures 5.14 and 5.16 it can be seenatkali treated composites do
not perform as well as alkali-silane treated contpes Below 3% NaOH, the
improvement is insignificant. Significant improvem®f the flexural strength due
to the silane treatment is noticeable at 5% andN&#®H. Masudet al “? also

reported that the use of silane as coupling ageptdved noticeably the flexural

properties of the composites.

When observing the effect of fibre content, it da@ seen that the flexural
strengths exhibit maximum values at 30%, suggestiagit is the optimal point.
Figures 5.17 also show that the improvement infldsaural strength of glass/PP

composites is greater than those of kenaf/PP caiegpas expected.
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Figure 5.16: Flexural strength of alkali-silaneatexl kenaf/PP and glass/PP

composites
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Figure 5.17: improvement in the flexural strengtiprovement of alkali-silane

treated kena/PP and glass/PP composites.

5.1.3 Fatigue strength of kenaf/PP composites

The fatigue behaviour and fatigue life (number wéles to failure) of alkali and
alkali-silane treated kenaf/PP composites (Figube$8 through 5.20) are
discussed. The fatigue performahas kenaf/PP composites are evaluated by
considering the effects of the fibre treatmentrdilbontent and stress level. The
failure mechanisms of kenaf/PP and glass/PP con@sosire also discussed.
Similar to the approach used for the evaluatiotheftensile test results, equation
5.2 is used to plot the graphs depicted in Figbr2s through 5.23.

N =N,
FP = ( compo;lne unreinforc edPP j * 100 (52)

unreinforc edPP

5.1.3.1 Effect of alkali treatment on the fatigue properties of kenaf/PP

composites

The influence of the alkali concentration on thigize life of untreated kenaf/PP,

alkali treated kenaf/PP and glass fibre/PP comg®sit different stress levels are
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illustrated in Figures 5.18 through 5.20. A genefadervation can be made when
viewing these figures: it is seen that the fatidiie increases as the alkali
concentration increases. Poor fatigue propertiesntfeated kenaf/PP and alkali
treated kenaf/PP composites, at an alkali conagmirdess than 3% NaOH, is
noticed at all the stress levels. Although alkaated kenaf/PP composites exhibit
a slight improvement over untreated kenaf/PP cortgmsthe results are poor
when compared to unreinforced polypropylene specgn&he main reason for
the poor performance was found to be ineffectiveetimatrix bonding. As
indicated in section 5.1, solutions with a concatin of NaOH less than 3% do
not successfully remove the fibre surface impwitieat prevent effective fibre-
matrix adherence - an essential attribute for &ffedoad transfer between the
fibre and matrix. This leads to the conclusion tkenaf fibres treated with alkal
solutions with concentrations less than 3% areefffeictive reinforcing material,
but compromise the fatigue performance of the camitpe®?. As the alkali
concentration rises above 3% NaOH, the fatigue ilireases and reaches a
maximum at 5% and 6% NaOH, giving a clear indigatid the contribution of
the alkali treatment to the interfacial bondinge$é observations agree well with
the results reported by Tow and An$&l The researchers argued that the strong
fibre-matrix bonding resulting from the alkali ttergent was the main cause of the
improvement of the fatigue characteristics of sigainforced thermoset
composites. As the alkali concentration rises ab®¥e NaOH, the fatigue life
unexpectedly drops to values below the fatigue bfe untreated kenaf/PP
composites. As an example, the number of cyclésiltore of 8A-KF/30PP is less
than to that of UT-KF/30PP and 1A-KF/30PP whenegsit 45% and 60% UTS.
The reduction in fatigue life was also attributecekcessive alkali concentrations;
treatment with a solution of 8% NaOH damaging ibeek to the extent that they
become weaker than untreated fibres, thereby isgrgahe quantity of weak
points in the bulk of the material where cracks easily initiate. This suggests
that the mechanical integrity of kenaf fibre is assential attribute for the
achievement of high fatigue performance in kenaflhposites. SEM of a
degraded fibre, caused by alkali treatment witlB®NaOH solution, can be seen
in Figure 3.10.
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Figure 5.18: Fatigue life of alkali treated ken&/Bnd glass/PP composites at
30% of UTS
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Figure 5.19: Fatigue life of alkali treated ken&/Bnd glass/PP composites at
45% UTS
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Figure 5.20: Fatigue life of alkali treated ken&/Bnd glass/PP composites at
60% UTS
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Figure 5.21: Fatigue performances of alkali treateshaf/PP and glass/PP
composites at 30% UTS
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Figure 5.22: Fatigue performances of alkali treatemhaf/PP and glass/PP
composites at 45% of UTS
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Figure 5.23: Fatigue performances of alkali treatemhaf/PP and glass/PP
composites at 60% UTS
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Failure mechanismsin alkali treated kenaf/PP composites

Previous studies reported that the failure mechanmsfibre reinforced polymer
composites under fatigue loading is generally attaresed by three main stages:
crack initiation, crack propagation and ultimatiui ** “®) In the present study,
microscopic examinations, conducted at specifidecyttervals, revealed that the
failure mechanism of alkali treated kenaf/PP contpsss characterised by two
main stages, namely: crack propagation followedulynate failure. The crack
initiation phase, as indicated in the literatureuld not be distinctively
characterized because the fibre-matrix disbonderehaves like a pre-existing
crack, from which cracks propagate through the bofkthe material. SEM
revealed that the crack density increases withirttiease in the fibre contefi?.
As an example, 6A-KF/30PP composites had greabee-fnatrix disbondement
than 6A-KF/20PP. This is obvious since one coulguarthat the increase in the
amount of fibres in the composite would increase akailability of fibre-matrix

interfacial sites in the material.
Crack propagation phase

Crack propagation is characterised by the developwiethe disbondement fibre-
matrix into macrocracks as the number of cyclesreiase. Microscopic
examination revealed that the crack density andkclangth is affected by the
fibre content, fibre distribution and the stresgels. As reported by Credd”,
elongated cracks will develop in the matrix-domathtegions and shorter cracks
in the fibre-dominated regions. This is not theecasthe present study, since it
was found that elongated matrix cracks develop ath bmatrix and fibre-
dominated regions. Elongated cracks found in theefdominated regions are
caused by close proximity of adjacent fibres, whetilitates the coalescence of
adjacent crack§® ¥ Mallick * also reported similar findings. Although fibre-
matrix disbondement was found to be the main drieercrack development,
SEM also revealed that cracks in the matrix-doneidaegions emanate from the
surface of the specimen. Test results showed haekcent of 5% and 6% NaOH
alkali treated kenaf/PP composites, with fibre eabhtranging between 20% and

30 wt%, exhibited such cracks. These cracks wetiegable only at a later stage
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of the crack initiation phase, especially for speams loaded at 60% of UTS.
Figure 5.24 shows cracks emanating from the sudéee6 A-KF/30PP specimen.

The mechanism found to be responsible for theserési was the improved fibre-

matrix interfacial adhesion. Tensile tests condiieteselected intervals, intended
to determine the residual stiffness of the testcispen, showed that damage
occurring at an early stage of the loading histsupstantially compromises the
overall strength of the specimens, especially &bo4&nhd 60% UTS. As an

example, the fatigue resistance of a 6A-KF/30PPpusite dropped by 30% after
25840 cycles at 60% UTS.

H Load

'.\Matrix cracks
S R

ﬂ Load

Figure 5.24: Cracks initiating in the matrix-dontea region of 6A-KF/30PP
composite loaded at 60% UTS

Ultimate failure phase

During the failure phase, the amount of damagecksralong the fibre-matrix
interfacial regions) accumulated within the fibnedamatrix-dominated regions
increases to the extent that the residual stiffrefsthe composite drastically
drops. As a result, elongated cracks spread rapitilythe bulk of the material,
subsequently leading to material failure. Failureboth kenaf/PP and glass/PP
composites is characterized by a combination oftldriand ductile failure,
predominantly in the matrix-dominated regions. Oladtailure, characterized by
plastic flow and necking, was found to be the pilevg failure in the matrix-
dominated regions at 30% UTS. At 30% UTS, no ewdenf beach marks in the
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matrix-dominated regions could be found, but it wasble, along with slight
gross plastic flow, at 45% and 60% UTS. Fibre jpuif-was found to be the

predominant failure mode in matrix-dominated regiaegardless the stress level.

Comparing Figures 5.21, 5.22 and 5.23, it is ctbat the fatigue performance
increases with the increase in fibre content, mgas of the stress level. In
general, composites with 25% and 30% fibre have khghest fatigue

performance, especially at 5% and 6% NaOH. Thigestg that 25% and 30%
fibre content are the optimums fibre contents foprovement of the fatigue
properties of alkali treated kenaf/PP compositesmg@osites with 35% fibre

content exhibit poor fatigue performance. Microscagxaminations revealed that
poor fatigue properties originate because of exeessids (Figure 3.31) caused
by a matrix deficiency within the core of the comjpe plate.

Comparing the fatigue performance of glass/PP @sdlof kenaf/PP composites,
it is noticed that the fatigue properties of glB§stomposites are better than those
of kenaf/PP composites, in general. The exceptior&thanical properties were,
once again, the cause for such behaviour. Geomategularities in the
peripheral cells of the kenaf fibres (Figure 5.8&xe also found to contribute to
the weakening of the kenaf/PP composites by adimgveak points, causing

disadvantageous localized stress concentratiotieisurrounding matrix.

When considering the effects of stress levels an ftigue performance of
kenaf/PP composites, it is noticed that the comesshave better fatigue
properties at 45% and 60% UTS than at 30% UTS ksgeres 5.21, 5.22 and
5.23). For example, the improvement of 6A-KF/30PR6.1% greater than that of
unreinforced PP at 30% UTS, whereas at 60% UTSntpeovement increases to
41.5%. Glass/PP composites also showed similadsteffrom the figures, it can
be seen that the improvement of GP/30PP is 63%0ar&% greater than that of
unreinforced PP at 30% UTS and 60% UTS, respegtivEhese observations
suggest that, although the fatigue life of botmf@iced and unreinforced PP
composites have decreased with the increase ofstifess level, the life of

reinforced PP did not significantly decrease dudhi addition of reinforcing

material.
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Figure 5.25: Localized structural irregularities5¥% NaOH treated kenaf

5.1.3.2 Effect of alkali-silanetreatment on the fatigue properties of kenaf/PP

composites

The influence of the alkali concentration on thigize life of untreated kenaf/PP,
alkali-silane treated kenaf/PP and glass/PP cortgsoat different stress levels is
illustrated in Figures 5.26 through 5.29. Similarthe fatigue behaviour of alkali
treated kenaf/PP composites, the results indidae the fatigue life of alkali-
silane treated kenaf/PP composites increases wghiricrease in the alkali
concentration. Poor fatigue life is observed fomposites treated with alkali
concentrations smaller than 2% NaOH. At 3% NaOHkalakilane treated
kenaf/PP composites exhibit noticeable improvementger unreinforced
polypropylene specimens, especially at 45% and 80%. The cause of the poor
fatigue performance is the ineffective fibre-matnmterfacial adhesion, as
mentioned in section 5.1.3.1. These fatigue behaeads to the conclusion that
additional silane treatment can effectively conitébto the improvement of the
fatigue resistance of kenaf /PP composites, pravitteat surface impurities
preventing effective fibre-matrix interfacial bondi are completely removed by
the alkali treatment. As the alkali concentratimes above 3% NaOH, the fatigue
performance drastically improves and reaches amaxi value at 5% and 6 %
NaOH. Comparing to Figures 5.21 through 5.23 an8.29 through 5.31, it can
be seen that the fatigue performance of alkaliasilaeated kenaf/PP composites
are noticeably superior than those of alkali tréatenaf/PP composites.
Comparing the performance of 5AS-KF/30PP and 6A&KRFP, it is shown that
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the fatigue properties of 5A-KF/30PP and 6A-KF/30&Rer by 27.27% and
38.10% at 30% UTS, respectively.

Microscopic examination revealed that material ui@l of 5AS-KF/30PP and
6AS-KF/30PP are predominately characterized byefitmeakage. The adherence
of polypropylene to the kenaf fibres subsequenfatogue failure, as well as
matrix cracks originating from the matrix rich regs, far removed from the
fibre-matrix interface, suggest strong bonds betwdw PP matrix and alkali-
silane treated kenaf fibres, Figure 5.32. As tlalatoncentration rises above 6%
NaOH, the fatigue life decreases, indicating thetaf fibres have been damaged.
The reduction in the fatigue performance is, howenet as significant as that of
alkali treated kenaf /PP composites. This affirims tontribution of additional
silane treatment on the improvement of the fibrérmaadhesion, in turn

improving the fatigue resistance of alkali treatedaf/PP composites.
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Figure 5.26: Fatigue life of alkali-silane treateshaf/PP and glass/PP composites
at 30% of UTS
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Figure 5.27: Fatigue life of alkali-silane treatezhaf/PP and glass/PP composites
at 496 UTS
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Figure 5.28: Fatigue life of alkali-silane treatezhaf/PP and glass/PP composites
at 60% UTS
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Figure 5.29: Fatigue performances of alkali-silaeated kenaf/PP and glass/PP
composites at 30% UTS
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Figure 5.30: Fatigue performances of alkali-silameated kenaf/PP and glass/PP
composites at 45% UTS
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Figure 5.31: Fatigue performances of Alkali-silareated kenaf/PP and glass/PP
composites at 60% UTS
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Figure 5.32: PP matrix adhering to kenaf of a 6AS30PP specimen (45%UTS)

Failure mechanism in alkali-silanetreated kenaf/PP composites

Matrix cracks and fibre breakages were found tothee predominant failure

modes in alkali-silane treated kenaf/PP compositdisroscopic examinations

conducted at selected intervals revealed that #meade mechanism of alkali-
silane treated kenaf/PP composites consists o thi@n stages: crack initiation,
crack propagation and failure. However, the duratibeach phase varies in terms
of the fibre content and the stress levEls
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Crack initiation phase

The crack initiation phase is characterized byeefimatrix disbondement and the
initiation of microcracks within the matrix-domireat regions. SEM revealed that
several factors, including fibre content, fibreemtiation and stress levels, affect
the crack density and crack patterns. For examnmpiest of the cracks originated
along the fibre-matrix interfaces and are oriented direction transverse to the
applied load. Elongated cracks were found in bo#irimdominated and fibre-
dominated regions. Cracks occurring within the didominated regions are
caused by the close proximity of fibres, as disedsa point 5.1.3.1. However, in
composites with 35% fibre content, SEM showed tttee majority of the
elongated cracks within the fibre-dominated regians caused by the growing
voids acting as pre-existing crack®). Glass/PP composites showed similar
failure characteristics during the crack initiatistage. Elongated microcracks
within the matrix-dominated region of a GF/30PPcamen are shown in Figure
5.33.

Glass+ibre

A

ﬂ Load

Figure 5.33: Cracks originating from the matrix-doated layer of GF/30
composite loaded at 60% UTS
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Crack propagation phase

The propagation stage is characterized by the aserén size and density of the
microcracks. Microscopic examination revealed timaicrocracks developing in
the bulk of the material depends on the stresd laweé material configuration.

Composites with a fibre content greater than 25%ikeix high crack density

within the fibre-dominated regions because of theximity of sites prone to

disbondement. It was also found that microcrackeeld@ing in the fibre and

matrix-dominated regions compromise the overalldldeearing ability of the

specimens; evident at 45% and 60% of UTS whera raick development was
observed. For example, the fatigue resistance o08-BR/30PP composite

dropped by more than 24% after 36190 cycles at 60%.

Ultimate failure phase

The failure mechanism of alkali-silane treated Kéta composites was found to
be similar to that of the alkali treated kenaf/Rinposites. At an advanced stage
of crack propagation, microscopic examination stebiyet damage accumulated
in both fibre and matrix-dominated regions of themposite increase
significantly. This leads to cracks rapidly spreagdinto the bulk of the material,
subsequently leading to failure. Ductile failureharacterized by the matrix
tearing, was found to be the prevalent failure moadehe matrix-dominated
regions at low stress levels (30% UTS). Yieldingtué matrix, characterized by
tearing and necking of a 6AS-KF/25PP compositeshiswn in Figure 5.34 (a).
Beach marks and a slight gross plastic flow wasceable in the matrix-
dominated regions at 45% and 60% UTS. Figure Sa34ljows fibre breakage
and beach marks in a 6AS-KF/30PP composite, raspctThe beach marks are
clear evidence of failure by fatigue loading. SE&egaled that the majority of
kenaf fibres pulling out of the matrix during faku are coated with
polypropylene, shown in Figure 5.32. This also &stg strong fibre-matrix
adhesion. In glass/PP composites the failure isacherized by a cracking matrix

and fibre breakage, for composite with a fibre eahtless than 35%. Cracks
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developing at the fibre-matrix interface and fiblweakages in glass/PP

composites are shown in Figure 5.35.

a

Figure 5.35: Fibre-matrix splits and fibre breakag&F/30PP composite loaded
at 60% UTS

From Figures 5.29 through 5.31 it is observed tinat fatigue performance
increases with an increase in the fibre contenmm@usites with 30% fibre content
have the highest fatigue performance values, stiggethat a fibre content of
30% is the optimal concentration for improvementttod fatigue properties of

alkali-silane treated kenaf /PP composites.

The figures also show that the improvement in tegiggerformance of glass/PP
composites is greater than that of kenaf /PP coitgspsn general. However, the
fatigue performance of GF/30PP compares relativedif with that of glass/PP
composites at 45% and 60% of UTS. For example fdtigue performance of
6AS-KF/30PP composite is 11.8% less than that dBEFP composite at 60% of
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UTS (Figure 5.31). The improvement is clear evideatthe effectiveness of the
additional silane treatment on the fibre-matrixenfdicial adherence. This also

agrees with the observations discussed in sectiot.3.

When evaluating the effect of the stress levellmnfatigue performance, Figures
5.29 through 5.31 show that kenaf/PP compositese hawproved fatigue
properties at higher stress levels (45% and 60% )UTF®r example, the
improvement of a 6AS-KF/30PP specimen is 41.9%0&b &f UTS, whereas the
improvement of 6AS-KF/30PP at 60% of UTS is alm@6%. This also sustains
the notion that the influence of the fibre-matmerfacial adhesion on the fatigue
strength of kenaf/PP composites becomes substattsfess levels greater than
30% of UTS.

5.1.4 1zod notched impact strength of kenaf/PP composites

The impact properties of untreated kenaf/PP, atkasited kenaf/PP, alkali-silane
treated kenaf/PP and glass/PP composites are séstbglow. Equation 5.3 was
used to plot the graphs that illustrate the impnoset of the compositéssee

Figures 5.36 and 5.40. The impact properties ofaB® composites are
evaluated by considering the influence of the fibeatment and fibre content.

The failure mechanisms of kenaf/PP and glass/PRaosites are also discussed.

IE . —lE,

IR = composite unreinforoed PP J* 100 (53)
I Eunrei nforced PP

5.1.4.1 Effect of alkali treatment on the impact properties of kenaf/PP

composites

The impact strength of untreated and alkali tredediaf/PP and glass fibre/PP
composites at different alkali concentrations dtestrated in Figures 5.36. It is
seen that the impact strength increases with aease in the alkali concentration.
Untreated and alkali treated kenaf/PP compositéshixpoor impact resistance
when compared to unreinforced PP specimens, ali alikacentrations less than

4% NaOH, regardless of the fibre content. The mzanse of poor impact
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properties was found to be poor fibre-matrix iraerél adhesion, resulting in the
matrix absorbing the majority of the impact enerdye to improper energy
transfer between the fibre and matrix. In the fid@minated region, failure is
predominantly characterized by a fibre-matrix distbeement and fibre pull-out
although little fibre breakage was noticed. SEM ges of untreated kenaf/PP
composites, revealing fibres pulling out of the mxatlue to poor fibre-matrix

interfacial bonding, can be seen in Figure 5.38Aajlean kenaf fibre pulling out
of the matrix with a smooth internal cavity surfagkistrated in Figure 5.38 (b),
is clear evidence of poor fibre-matrix adhesionttirfailure was found to be the
predominant failure mode within the matrix-domimhteegions. Scattered
fragments on an A-KF/25PP specimen (red arrows iguré 5.39) are clear
indications thereof. These findings suggest thdovbed% NaOH, the impact

strength of alkali treated kenaf/PP composites ra@@nly governed by the

effectiveness of the fibre-matrix adhesion, whertes fibre content has little

influence.

As the alkali concentration rises above 4% NaOld,ithpact strength increases
and a maximum value is achieved at 5% and 6% Nakbid.impact strength of

5A-KF/30PP increased by 96.5%, whereas that of &A3RPP increased by
89.7% in comparison to that of unreinforced PP yFegs.37). The increase in the
impact strength indicates that proper cleaning eaf fibores can improve the
capacity of kenaf/PP composites to absorb impastggn It also suggests that 5%
and 6% NaOH are the optimum alkali concentratiangtie improvement of the
impact strength of alkali treated kenaf/PP compssif. The improvement of the

impact strength due to strong fibre-matrix adhesuas also reported by Ramires
and Frollini *Y. The researchers indicated that the improvemernthefimpact

strength was attributed to improved fibre-matrikesion.

At 7% NaOH the impact strength slightly decreasad. it drops to below the
impact strength of unreinforced PP at 8% NaOH. Emample, the impact
strength of a 7A-KF/30PP specimen drops, but resnain41.4% above that of
unreinforced PP, whereas that of 8A-KF/30PP drop27,6% below the impact
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strength of unreinforced PP (Figure 5.37). As nwerdgd in section 5.1.3,

damaged fibres is a possible cause of such behaespecially at 8% NaOH.

From Figure 5.37 it is obvious that the impactragtl increases with an increase
in the fibre content. The maximum improvement oscat 30% fibre content.
Kenaf/PP composites with 35% fibre content exhgmbr impact performance,
regardless of the alkali concentration. In all sate® impact strength is less than
that of unreinforced PP by more than 41%. Microgsc@xaminations revealed
that the poor impact performance is attributed miproper fibre impregnation

leading to poor fibre-matrix adhesion.

300 4
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30 wt% fibre content =35 wt% fibre content
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Figure 5.36: Impact resistance of alkali treatedatéP and glass/PP composites
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Figure 5.37: Impact performances of alkali treateshaf/PP and glass/PP
composites

Figure 5.38: UT-KF/30PP composite: (a) kenaf fibpagdling out (b) smooth
surface of the cavity
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Figure 5.39: Matrix fragments emanating from PPrixat

5.1.4.2 Effect of alkali-silanetreatment on theimpact properties of kenaf/PP
composites

The influence of the alkali concentration on theatt strength of untreated and
alkali-silane treated kenaf/PP and glass/PP cortgzosire illustrated in Figure
5.40. The results indicate that the impact reststanf alkali-silane treated
kenaf/PP composites increases with an increasehen atkali concentration.
Similar to alkali treated kenaf/PP composites, gber impact strength of alkali-
silane treated kenaf/PP composites at alkali cdratgon less than 3% NaOH is
noticed. For example, the impact strength of an -K&130PP and an AS2-
KF/30PP composite is 32.8% and 31.0%, respectivédgs than that of
unreinforced PP, although a slight improvementesdnstrated (less than 5% in
average) over that of untreated kenaf/PP compoditesse findings indicate that
additional silane treatments of alkali treated Kefilares enhance the impact
properties of kenaf/PP composites. Fibres pulling @f the matrix of a 2AS-
KF/30PP composite (Figure 5.42) is a clear resuftamr fibre-matrix adhesion,
caused by an ineffective alkali treatment. Above R80DH, the impact strength
improves noticeably and reaches a maximum valu&%t and 6% NaOH,
suggesting that these two concentrations are themom for the improvement of
the impact strength of alkali-silane treated kdpBftomposites.
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Microscopic examination revealed that the failufeadbAS-KF/30PP and 6AS-
KF/30PP specimen is predominately characterizedillng breakage and fibre
splitting, although few fibres pulling —out of theatrix was observed (Figure
5.43). In matrix dominated regions, brittle fragtuvas found to be the main

failure mode.

300 4

Em20 wi% fibre content 25 wt% fibre content Load capacity = 4.2
) ) Speed = 2.44m/s
130 wt% fibre content =35 wt% fibre content Alkali-silane treatement

- - Unreinforced PP-H

Notched Izod Impact Strength (J/m)

Untreated 1%NaOH 2%NaOH 3%NaOH 4%NaOH 5%NaOH 6%NaOH 7%NaOH 8%NaOH
kenaf kenaf kenaf kenaf fibre kenaf kenaf kenaf kenaf kenaf Glass fibre

Figure 5.40: Impact resistance of alkali-silaneatied kenaf/PP and glass/PP
composites
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Figure 5.41: Impact performances of alkali-silareated kenaf/PP and glass/PP

composites
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Figure 5.43: Matrix crack and fibre breakage in ASF&30PP composite
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The changes in colour (crazing effects) surroundingken fibres within the

matrix region indicates that, due to the additioagéne treatment, the fibre-
matrix adhesion was improved. The crazing effe€igure 5.44) are explained as
follows ©®: as the impact load is transferred from the fibleshe matrix, a

substantial amount of energy is dissipated at titerfacial region. If the matrix

critical strain is exceeded, a localized cavitagigphenomenon, called “crazing”,
appears as whitening of the matrix. The phenoméngenerally characterized by
microcracks in the matrix surrounding the fibregpBnding on the magnitude of
the impact load and impact strength of the mathe, microcracks may develop
into macrocracks and eventually lead to fracturptic@l microscopy shows the
crazing effect in Figure 5.44 (a) and induced nucacks in Figure 5.44 (b).

Microscopic examinations also revealed that theingaeffects occurred mostly
around fibres oriented transverse to the direatibthe crack path. Failure of the
fibres oriented parallel to the direction of theak path was characterized by

splitting fibres.

Figure 5.44: Crazing effect on 6AS-KF/30PP compmssifa) Crazing effects, (b)

Microcracks

Similar to Figure 5.37, Figure 5.41 indicates tifv@ impact strength increases and
reaches a maximum value at 30%. This indicates tihatimpact energy is
effectively absorbed by the kenaf/PP compositethasfibre content increases.
Based on these observations, one can concludeatfiate content of 30% is
optimal for the improvement of the impact resiseant alkali-silane treated kenaf
/PP composites at 5% and 6% NaOH.
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Comparing the impact performance of kenaf/PP coitgmso that of glass/PP
composites, Figures 5.37 and 5.41 indicate thatrttpact strength of glass/PP
composites are greater than that of alkali-silaeatéd kenaf/PP composites,
except for composites with a fibre content les tB8%. As mentioned in section
5.1.1.2, the differences in impact performance atebuted to the exceptional
tensile properties of glass fibre. Although bridgeffects found on the majority
of the GF/30PP specimens are clear evidence ohitjie tensile properties of
glass fibre, no substantial bridging effects weaticed on failed alkali-silane

treated/PP composites.

The results from the mechanical test and microgscapiamination results

presented in Section 5.1 allow the following cosauas to be drawn:

» Alkali treatments improve the mechanical properfeg. tensile, flexural,
fatigue and impact properties) of kenaf/PP compssitHowever, the
improvement due to alkali-silane treatments is nsigaificant because of
the additional silane treatment which enhancediline-matrix interfacial
bonding strength. Alkali concentrations of 5% arfh &8laOH are the
optimal concentrations to clean the fibre and imprthe bonding strength

between the kenaf fibres and the polypropyleneiratr

* Material failures in untreated kenaf/PP composiéesl alkali treated
kenaf/PP composites are mainly characterized b filull-outs, whereas

fibre breakages are observed in alkali-silane éc&enaf/PP composites.

* The mechanical properties of glass/PP compositesganerally greater
than those of kenaf/PP composites. This is ateibud the exceptional

tensile properties of glass fibre in comparisothtuse of kenaf fibre.

* Fibre content of 30% is optimal for the improvemehtthe mechanical
properties (e.g. tensile, flexural, impact anddiaé strengths) of alkali-

silane treated kenaf /PP composites at 5% and 624-Na
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5.2 Effectsof fibretreatmentson theresistance to moistur e absor ption

As discussed in Chapter 4, the saturated moistméent is calculated by using
equation 4.1. For the purpose of this study, theration phase has been reached
if the differential weight gain of a particular sji@en is less than 5%. The
moisture contents at saturatidvg of treated and untreated kenaf/PP composites
at different alkali concentrations are plotted ilgufes 5.45 and 5.46 and
presented in Tables 5.1 and 5.2. For a better atadwling of the moisture
behaviour of kenaf/PP composites, the moistureertrdt saturation is evaluated
by considering the influence of fibre treatment &bce content.

20 ~9-20% kenaf -B25% kenaf
& 30% kenaf -X-Unreinforced PP
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Untreated 1%NaOH 2%NaOH 3%NaOH 4%NaOH 5%NaOH 6%NaOH 7%NaOH 8% NaOH
2 eknaf Kenaf Kenaf Kenaf Kenaf Kenaf Kenaf Kenaf Kenaf

Figure 5.45: Moisture content of alkali treated &#RAP composites at saturation

" For reference purposes the minimum saturation, timméch corresponds to that of UT-KF/35PP
specimen, was 72 Days.
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Figure 5.46: Moisture content of alkali-silane tezh kenaf/PP composites at

saturation

Evaluating the influence of the fibre treatment thre moisture content at
saturation, Figures 5.45 and 5.46 show figtvary as a function of the alkali
concentration. It is seen that untreated kenafkali treated kenaf/PP and
alkali-silane treated kenaf/PP composites, treaweét solutions less than and
including 4% NaOH, have high valuesM§. This implies that they absorb more
water than composites made of fibres treated witlustic solutions of
concentrations greater than 4% NaOH. Such behavisuattributed to an
ineffective alkali treatment that is unable to remdhe surface impurities of
kenaf fibres”. As indicated in section 5.1, these surface intjgsricontribute to
poor fibre-matrix interfacial adhesion, which inrnuleads to voids and
microcracks along the fibres acting as additionredervoirs and paths for
penetrating water molecules. Kaneabl ®Y argued that poor interfacial adhesion
caused by surface impurities, increased the meisabsorption in hot-press

moulded composites made of sawdust (Pinus radetaprced polymers.

As the alkali concentration rises above 4% NaORe thoisture content at
saturation decreases and reaches a minimum vah® a@&nd 6% NaOH. As an

example, théVls of kenaf/PP composites with 30% fibre content drbp 45% as
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the alkali concentration increases from 3% to 6%9NaThis is a clear indication
of an increase in the moisture resistance of kBRaffomposites resulting from

the improved fibre-matrix bonding.

As the alkali concentration rises above 6% NaOH,mnfoisture content increases.
This suggests that alkali treated and alkali-siltneated kenaf/PP composites,
treated with 5% and 6% NaOH solutions absorb lessstore than kenaf/PP
composites made of fibres treated with 7% and 8% aolutions. However, the
moisture contents at saturation at 7% and 8% Naxetstdl smaller than those of
composites treated with caustic solutions of 4% Na@d less. This suggests that
alkali treated and alkali-silane treated kenaf/BRgosites made of fibres treated
with 7% and 8% NaOH solutions absorb less moistuae kenaf/PP composites
made of fibres treated with less than 4% NaOH swiutThe raison of such
behaviour is that sufficient NaOH is required t@gnty proper cleaning in order
to achieve good fibre-matrix bonding. However, esstee NaOH tends to damage
the fibre, thereby providing additional cavities fwater molecules to penetrate
into the material.

Comparing Figures 5.45 and 5.46, it is evident that the resistance to moisture
of alkali and alkali-silane treated composites adermbly improve over those of
untreated composites. However, the improvementsal@tli-silane treated
kenaf/PP composites are greater than those ofi alkated kenaf/PP composites.
As an example, 6A-KF/30PP composites reached 8.1@k%s gain over a period
of 2500 hours, whereas 6AS-KF/30PP reached 5.03&6 avperiod of 3600
hours. This is an expected result as the additisilahe treatment reduced the
amount of cavities along the interfacial regions ioyproves fibre-matrix

interfacial adhesion in alkali-silane treated k&Rt

From Table 5.1 and 5.2, it is observed that thestnce content at saturatiog,

of both kenaf/PP and glass fibre/PP composite®asgas with an increase in the
fibre content. As an example, tMg of a 6AS-KF/20PP, 6AS-KF/30PP and 6AS-
KF/35PP specimens are 1.62%, 5.03% and 15.42%atesgg. This is due to the
fact that the amount of uncovered kenaf fibres ¢p@rposed to water increases
with the increase in fibre content. Paikéf also mentioned the influences of the
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laminate configuration on the moisture absorptiate rof hemp fibre reinforced
polypropylene composite plates fabricated by cosgiom moulding. The author
reported that hemp fibres sticking out of the stefaf the composites create
additional pathways for water molecules to penetrato the material, thereby
leading to a higher moisture absorption rate armigher saturation value. This

tendency was more evident with an increase in fi@mght fraction.

Comparing théMis of kenaf/PP to those of glass/PP composites ibeamoted that
the moisture contents at saturation of kenaf/PPposites are smaller than those
of glass/PP composites in general. High moisturgert at saturation in kenaf/PP
composites could be attributed to several factorsluding the availability of
hydroxyl groups attached to the fibres, the amafivoids along the fibre-matrix
interface and the presence of capillaries in kdibaés, which provide additional
cavities for water molecules. Capillaries in keffiafe are illustrated in Figure
5.47. Sgricciaet al ©? also reported similar findings. The authors argtieat
natural fibore composites absorb more water thassgfdore composites because
they absorb water through several pathways inctudilores and matrix. SEM
images revealed that glass fibres do not havelagpg that can act as reservoirs
for water molecules, Figure 5.47 (a). Thereforepsgand voids along the
interfacial regions were identified as the mainsgaaf the increase ®s with the

increase in the fibre content given the hydrophaolaitwire of glass fibre.

Figure 5.47: Morphological configuration of glasgl&enaf fibre
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The saturation timels, as determined in the present study, is signiflgagreater
than those reported in literatufé®. For example, alkali treated kenaf/PP
composites had an 8.01% mass increase at satumatéra period of 100 days,
whereas alkali-silane treated kenaf/PP composiaes &h5.03% increase over a
period of 150 days. Microscopic examination in cmotion with the test results
showed that the manufacturing technique, which lesathe manufacturing of
composite plates with layers of different moistulifusion resistances, had a
significant influence on the resistance of kenaf/le@mposites. Prior to
compaction, PP sheets and kenaf mats are arrangecth a way that kenaf mats
are sandwiched between layers of PP sheets, Figu4@ (b). During the
compression phase, conducted at 250°C, the moRemdrix diffuses into the
mats and encapsulates them, forming a matrix agarlon both outer surfaces of
the laminate. This results in the top and bottoyeila (hydrophobic layers) of the
fabricated composite having a reduced fibre conterdomparison to the core
(fibore-dominated region). The change in fibre cabt¢hrough the thickness
results in a variation of the diffusion rate sirthe diffusion coefficient tends to
increase towards the core of the laminate. Thezetbe outer hydrophobic layers
act as barriers against water molecules, therethycreg the kinetic of the fluid
front penetrating into the core of the compositecrdss section view of a 6AS-
KF/20PP composite (Figure 5.48) shows the variabiofibre content through the
laminate. The present configuration cannot be aeklieby other fabrication
methods such as injection moulding, extrusion aesinr transfer moulding
techniques. For example, not all of the fibres fedaon the surface of composite
plates fabricated by injection moulding are covemsdh matrix. When a
composite plate (fabricated by the extrusion methedexposed to moisture,
uncovered edges of the fibres will therefore coatipreferential paths for water
molecules, given the hydrophilic nature of natufiakes. This suggests that
kenaf/PP composites fabricated by CMFST are exgetiehave an extended
service life since the kinetic of the diffusion pess causing material degradation
(swelling, leaching, bio-degradation) is signifidgnreduced. It is therefore
obvious that the practical advantage the compressioulding is the ability to

153



fabricate kenaf/PP composite plates with lower taogscontent at saturation and

extended saturation time.

\\
H20 N H20

Figure 5.48: Fibre and matrix dominated region6A%-KF/20PP composite

Table 5.1: Moisture contents at saturation of Alkaated kenaf /PP composites

Moisture content at saturatidvs, (%)

Composites 20% fibre 25% fibre 30% fibre 35% fibre
content content  content  content
Untreated kenaf 3.54 6.24 9.83 17.32
1% NaOH treated kenaf  3.45 6.23 6.81 16.93
2% NaOH treated kenaf  3.44 6.24 9.80 16.65
3% NaOH treated kenaf  3.36 6.13 9.55 16.72
4% NaOH treated kenaf  2.81 4.81 8.59 16.45
5% NaOH treated kenaf  1.84 3.92 8.08 15.95
6% NaOH treated kenaf  1.86 3.72 8.01 15.72
7% NaOH treated kenaf  1.91 4.52 8.86 16.15
8% NaOH treated kenaf  1.81 4.52 8.96 16.25
Glass fibre/PP 0.92 2.32 4.25 13.52
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Table 5.2: Moisture content at saturation of Alkglane treated kenaf/PP

composites
Moisture content at saturatidvg, (%)
Composites 20% fibre 25% fibre 30% fibre 35% fibre
content  content content  content
1% NaOH-silane treated kenaf 3.55 6.15 9.79 17.11
2% NaOH-silane treated kenaf 3.47 6.18 9.16 16.60
3% NaOH-silane treated kenaf 3.19 5.26 9.11 16.35
4% NaOH-silane treated kenaf 1.83 4.81 7.12 16.23
5% NaOH-silane treated kenaf 1.63 2.81 5.10 15.62
6% NaOH-silane treated kenaf 1.62 2.73 5.03 15.42
7% NaOH-silane treated kenaf 1.91 4.52 7.84 16.15
8% NaOH-silane treated kenaf 1.81 4.58 8.01 16.25

The moisture absorption test results presented entiéh 5.2 lead to the

followings conclusions:

* Alkali treatments improve the resistance to mosstabsorption of kenaf
fibore/PP composites, 5% and 6% NaOH are found t® dptimal

concentrations.

» kenaf fibre/PP composites absorb more water thaassglfibre/PP
composites due to the hydrophilic nature of kenafek. However,
improved moisture resistance of alkali-silane tdatspecimens in
comparison to those of untreated and alkali treapestimens is attributed

to the additional silane treatment.

* The compression moulding using the film—stackirghteque enables the
manufacturing of kenaf/PP composite plates withrixaich layers on
both outer surfaces, contributing to the improveimeh the moisture

diffusion resistance.
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5.3 Effect of theinclusion of MWCNTson the mechanical properties

The influence of the CNT concentration on the maate@ properties of
kenaf/PP-MWCNT composites are discussed below. Wewethe effects of
including both the raw and functionalized MWCNTstbe mechanical properties
(e.g. tensile, flexural and impact properties) bé tpolypropylene matrix, at
various CNT concentrations, are initially discussedorder to obtain a better
understanding. This also facilitates the evaluatidnthe effectiveness of the
functionalization process. The impact of the CN@lusion on the crystalinity of
the polypropylene matrix is also investigated bgleating the brittleness of the

MWCNT-PP specimens by examining the failure modeteuimpact load.

The improvement of the mechanical properties ofak@P-MWCNT composites
(e.g. tensile, flexural, fatigue and lzod impaatesgths) will be evaluated in
relation to the CNT concentration. For comparisanmppses, the mechanical
properties of kenaf/PP-MWCNT composites are conptwdhat of unreinforced
polypropylene, MWCNT-PP and 6AS-KF/30PP. A 6AS-KIP® composite

plate was selected since it was fabricated usiegoftimal alkali concentration
(e.g. 6% NaOH) and fibre content (e.g. 30% fibrenteat). The failure

characteristics of kenaf/PP-MWCNT composites aresculised based on
microscopic examination results. The improvementhef mechanical properties
of kenaf/PP-MWCNT composites are also compared Hat tof glass/PP

composites.

M echanical propertiesof MWCNT-PP plates

The effects of CNT concentration on the mechanpcaperties of MWCNT-PP
plates are presented in Figures 5.49 through 9.68.tensile properties (tensile
modulus and strength) were determined in accordavite BS 1SO 527 and
ASTM D 3039/D 3479M-96"> "® The flexural properties were determined in
accordance with BS 1SO 178 and ASTM D790{70"® The test results show
that the mechanical properties of functionalized BMI-PP increase with an
increase in the MWCNT concentration. There is nolewe of improvement in
tensile strength, tensile modulus, flexural strBnghd lzod impact strength at
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CNT concentration less than 0.25% (e.g. 0.1%). $hggests that the quantity of
CNTs incorporated into the matrix at a concentraid 0.1% is inadequate to
improve the strength of the material as the loagrézlominantly still carried by
the matrix. The improvement slightly becomes natide at 0.25%, for example,
the tensile modulus and tensile strength improveabgut 12.8% and 3.5%
respectively whereas the flexural strength and chparength increase by 3.51%
and 9.21% respectively. The tensile, flexural amgpact strength reaches a
maximum value at about 0.50% and 0.75%, indicasilggificant load transfer
from the matrix to the CNTE & The tensile modulus and tensile strength
improve by about 84.4% and 48% respectively at%.8INT, while the flexural
strength and impact strength increase by 37.4%barPb6 respectively at 0.75%
CNT. These improvements also imply that improvespdision of the CNTs in
the matrix and enhanced interfacial bonding betwherCNTs and the PP matrix
was achieved through the functionalization proc®¥¢gh further increase of the
CNT concentration (e.g. beyond 0.75%), the teresilé flexural strength remain
relatively constant whereas the tensile moduluguiie 5.49) and Izod impact
strength (Figure 5.52) drop by more than 10% arfd 2&spectively. Microscopic
examination showed that at higher concentratiorhaananotubes tend to form
clusters in the matrix, which results in the forioatof voids and material
discontinuities acting as stress raisers. Prevstudies also reported the decrease
in the mechanical properties of functionalized MWICi¢inforced polypropylene
as a result of an increased CNT concentration. Zhali “® reported that 1% is
the optimal CNT concentration required for sufficiedispersion of the
MWCNTSs. They indicated that a homogeneous dispersioMWCNTS, using
melt mixing, is difficult to achieve if additiondMWCNTs are added. This is
because the additional nanotubes act as materiettdedue to agglomeration,
further decreasing the tensile strength of MWCNinfogced PP composites.
Prashanthat al ®® also reported similar findings. They argued thatrerease in
MWCNT concentration beyond 2% compromised the imhpacperties of PP-g-
MA functionalized MWCNT reinforced PP.
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Figure 5.49: Tensile modulus of functionalized MWCRP
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Figure 5.50: Tensile strength of functionalized MWIGPP
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Figure 5.51: Flexural strength of functionalized MWT-PP
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Figure 5.52: 1zod impact strength of functionali2Zd@/CNT-PP

Figures 5.49 through 5.52 also show that the mechkarproperties of
functionalized MWCNT-PP are greater than thosea MWCNT-PP plates,
regardless the CNT concentration. CNT clusters ezhusy inadequate CNT
dispersion and acting as stress raisers were ftaubd the predominant factor that
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negatively impacted the mechanical propertiesatt loe seen that the mechanical
properties of the raw-MWCNT-PP specimens decreatiethe increase in CNT
concentration. The decrease is significant at CNRcentration greater than
0.25%. SEM showed that the quantity and size ofGNd clusters increase with
the increase in CNT concentration. This suggests @NT functionalization has
definitely contributed in improving the mechanicgroperties of the
polypropylene. These observations suggest that @sd4.75% are the optimum
CNT concentrations for improving the mechanicalpemies of the MWCNT-PP

plates.

The impact failure modes of the functionalized MWIGRP plates at various
CNT concentrations were compared and the resulte wsed to evaluate the
change in the brittleness of the material (Figur®&3p Similar damage
characteristics are observed for all the specimiescracks propagate parallel to
the direction of the applied force and there isenwence of a particular failure
mode to suggest the influence of the CNT conceatrain the brittleness of the

material.

c d

Figure 5.53: Typical fracture path of MWCNT-PP: @R5%, (b) 0.50%, (c)
0.75% and 1% MWCNT concentration
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531 Tensile strength and tensile modulus of kenaf/PP-MWCNT

composites

Figures 5.54 and 5.55 show that the tensile strelagid tensile modulus of
kenaf/PP-MWCNT composites increases with an inereas the OCNT
concentration. There is no evidence of improvenan€CNT concentrations less
than 0.25% (e.g. 0.1%). The tensile propertiesesfal/ PP-MWCNT composites
compare to those of 6AS-KF/30PP composites. Thaggests that the quantity of
CNTs incorporated into the matrix at a concentratdd 0.1% is inadequate for
further tensile strength improvement. The incressehe tensile strength and
tensile modulus becomes noticeable at 0.25%. Fample the tensile modulus
and tensile strength improve by 12.8% and 3.5%eesgely when compared to
that of a 6AS-KF/30PP composite. The tensile priogereach a maximum value
at 0.5% and 0.75% CNT. This suggests that 0.5%0ar%% are the optimums
functionalized CNT concentration required for imygment of the tensile
properties of the kenaf/PP-MWCNT composites. Tmsite strength and tensile
modulus drop with an additional increase in the Gddhcentration (e.g. at 1.0
and 1.25% CNT). At 1.25% CNT the tensile strengthao6AS-KF/30PP-
1.25MWCNT specimen is reduced to a value below dhainreinforced PP. The
reduction is caused by excessive CNT aggregateshveltit as stress raisers in the
bulk of the composites. Zhowt al ™® reported similar findings while
investigating on the functionalization of MWCNTsthvisilane and its influences
on the tensile properties of CNT reinforced PP cositps. The authors argued
that excessive CNT concentrations reduced thel¢éeasength of the MWCNT
reinforced PP composites by acting as defects mitie material. Although fibre
breakage, Figure 5.56 (b), was found to be thegbeev failure mode, material
failures mainly originated from the voids in bothatmx and fibre dominated

regions.

Figures 5.54 and 5.55 also show that the tensimgth and tensile modulus of
kenaf/PP-MWCNT composites surpass those of a GPR3@#mposite at 0.5%
and 0.75% CNT. As an example, the tensile strengfth6AS-KF/30PP-

0.5MWCNT and 6AS-KF/30PP-0.75MWCNT specimens aeatgr than that of
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a GF/30PP composite by 15.6% and 13.5%, respegti@le can agree that the
improvement of the tensile properties of kenaf/PRAUNT composites are most
likely caused by a similar improvement in the matfue to the incorporation of
functionalized MWCNTSs. Adherence of the matrix ke tsurface of kenaf fibres
of a 6AS-KF/30PP-0.75MWCNT specimen subsequenditare, Figure 5.56 (a),
suggests strong fibre—matrix interfacial bondinguieng from the chemical
treatment. This also indicates that the incorporatof the functionalized
MWCNTSs into the matrix does not compromise therfiaidal bonding strength
between the alkali silane treated fibres and theimalue to similar observations
(matrix adhering to the kenaf fibres) being madealiali-silane treated kenaf/PP
composites, Figures 5.32 and 5.56 (a).
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Figure 5.54Tensile strength of kenaf/PP-MWCNT composites
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Figure 5.55: Tensile modulus of kenaf/PP-MWCNT cosifes

Figure 5.56:Kenaf fibre: (a) Matrix adhering to the kenaf fibamd (b) fibre
breakage

5.3.2 Flexural strength of kenaf/PP-MWCNT composites

Figure 5.57 shows the flexural strength of the KBR:MWCNT composites
increasing with an increase in the CNT concentnatht a concentration of 0.1%
and 0.25% CNT, the flexural strength compares wih that of a 6AS-KF/30PP
specimen. The flexural strength reaches a maximalevat 0.5% and 0.75%
CNT, suggesting that the two concentrations arén@bt The flexural strength
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significantly drops with a further increase in centration, most likely because of
the formation of CNT agglomerates. As an exampls, drops below the value of
unreinforced PP by 28%, at a concentration of 1.23% . Although it was found
that fibres tended to pull out of the matrix, bragés were the predominant failure
mode in fibre dominated regions, regardless the €biicentration, Figure 5.58
(a), whereas matrix cracks were the predominaniuré&i mode in matrix
dominated regions. However, a yielding matrix amdwgh cavity surface, caused
by the kenaf fibres pulling out of the matrix, impthat strong fibre-matrix
adhesion was achieved Figure 5.58 (b).
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Figure 5.57: Flexural strength of kenaf/PP-MWCNMposites

The improvement in the flexural strength of the &#AP-MWCNT composites,
when compared to that of glass/PP composites, demabes the positive
contribution of the functionalized CNTSs, for instan the flexural strength of a
6AS-KF/30PP-0.75MWCNT specimen is 20% greater thahof GF/30PP.
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Figure 5.58: (a) Fibre breakage and (b) Matrixdiigy and a rough cavity surface

5.3.3 Fatigue strength of kenaf/PP-MWCNT composites

Figures 5.59 through 5.61 illustrate the influent¢he CNT concentration on the
fatigue strength of kenaf/PP-MWCNT composites #fiecént stress levels. The
fatigue life of kenaf/PP-MWCNT composites are comegdao that of alkali-silane
treated kenaf/PP and glass/PP composites in oodevdluate the effect of the

CNT inclusion.

A general observation can be made when viewingetligsires: the fatigue life

increases as the CNT concentration increases. Tiserbowever, no clear
evidence of improvement at 0.1% CNT, regardlesssthess level. The fatigue
life of the kenaf/PP-MWCNT compares well with ttedtan alkali-silane treated
kenaf/PP specimen. This substantiates the progagalesting that the quantity of
CNTs incorporated into the matrix at a concentraid 0.1% is inadequate to
improve the strength of the material. The fatigfe improves slightly at 0.25%
CNT and reaches a maximum at 0.5% and 0.75% CNiustrihting the

contribution of functionalized CNTs to the fatigg&rength. For example, the
fatigue life of 6AS-KF/30PP-0.5MWCNT and 6AS-KF/3®.7SMWCNT

composites at 30% UTS is greater than that of GHRBBY 7.5% and 5.7%,
respectively. The failure mode of these composigemainly characterized by
fibre breakage in fibre dominated regions, whilstcks, initiating in both fibre

and matrix dominated regions, suggest strong adhdmtween the fibres, matrix

and the MWCNTSs. Cracks initiating in matrix domieatregion, are shown in
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Figure 5.62. Matrix adhering to kenaf fibres of ASKF/30PP-0.5CMWNT
specimen shows that the CNT functionalization psecgid not compromise the
strength of the fibre-matrix interfacial adhesion.

As the CNT concentration rises above 0.75%, thguatlife drops below that of
unreinforced PP, at all stress levels. The mairseaf the reduction is voids,
caused by improper CNT dispersion at high CNT cotretions, subsequently
acting as stress raisers.
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Figure 5.59: Fatigue life of alkali-silane treatezhaf/PP-MWCNT composites at
30% of UTS
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Figure 5.60: Fatigue life of alkali-silane treatezhaf/PP-MWCNT composites at
45% of UTS
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Figure 5.61: Fatigue life of alkali-silane treatehaf/PP-MWCNT composites at
60% of UTS
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Figure 5.62: Cracks in matrix dominated region 8{SeKF/30PP-0.5CMWNT

composite

5.34 Izod impact strength of kenaf/PP-MWCNT -composites

Figure 5.63 shows that the impact strength inceasth an increase in the CNT
concentration. At 0.1% CNT, no increase is obseraed compares well with
that of 6AS-KF/30PP. A fair increase is achievedd&@5% CNT, obtaining a
maximum value at 0.50% and 0.75%, resulting inctiffe load transfer between
the matrix and fibres. Figure 5.63 also shows that6AS-KF/30PP-0.5CMWNT
and 6AS-KF/30PP-0.75CMWNT composites perform welew compared to
6AS-KF/30PP and GF/30PP composites. For exampéejntipact strength of a
6AS-KF/30PP-0.5CMWNT specimen is 12.1% and 33.5%atgr than that of
6AS-KF/30PP and GF/30PP specimens, respectively.ifidrease is attributed to
the exceptional mechanical properties of the CNargriouting to the mechanical

strength of the composite.

168



1000000+
EFunctionalized MWCNT-PP E6AS-KF/MWCNT-PP
—Unreinforced PP —-GF/30

—-6AS-KF/30
800000

600000 -

400000

Number of cycle at 30% UTS

200000

0.1%CNTs 0.25%CNTs 0.50%CNTs 0.75%CNTs 1.0%CNTs 1.2596CNT

Figure 5.63: Impact resistance of Alkali-silane atezl kenaf/PP-MWCNT
composites

Splitting fibres (Figure 5.64) suggest that a cdesble amount of the impact
energy has been absorbed by the kenaf fibres,ngead an indication of a strong
fibre-matrix interfacial adhesion. All the kenaflRBRNVCNT specimens exhibited
these failure modes. Brittle fractures were themfailure mode in the matrix

dominated regions, Figure 5.65 (a). Where fibrdedwout of the matrix, yielding

and rough cavity surfaces occurred, indicating #taing fibre-matrix interfacial

adhesion was achieved, Figure 5.65 (b). This seagegroof that the smooth
internal surface of the cavity, illustrated in Figb.38 (b), is evidence of poor
fibre-matrix adhesion.
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Figure 5.64: Fibre splits and breakage

Figure 5.65: (a) Brightly facture and (b) Matrixeld and rough surface of the

cavity

The results from the mechanical tests and micrascexamination presented in

Section 5.3, allow the following conclusions todrawn:

e The addition of multi-wall carbon nanotubes in guéint quantities
significantly increases the mechanical properties.(tensile, flexural,
fatigue and impact properties) of kenaf/PP compesiFindings indicate
that 0.5% and 0.75% are the optimum CNT concentrati

* The improved mechanical properties of alkali-silaneated kenaf/PP-
MWCNT composites in comparison to glass/PP comesgiésults from
the exceptional mechanical properties of the CNTsd athe

functionalization process.
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Fibre breakage was found to be the prevalent filonode in fibre

dominated regions; cracks occurred mainly in matarinated regions.

An optimal fibre content of 30% is required for impement of the
mechanical properties of kenaf/PP and kenaf/PP-MWCdnposites.

171



5.4 Effect of the incluson of MWCNTSs on the resistance to moisture
absor ption

The moisture content of raw MWCNT-PP, functionaliz&WCNT-PP and
kenaf/PP-MWCNT composites at saturatidlg are shown in Table 5.3 and
depicted in Figure 5.66, for various CNT conceimrad. The moisture absorption
characteristics are compared to that of unreintbioelypropylene, alkali-silane
treated kenaf/PP and glass/PP composites in oodevdluate the effect of the
CNTs.

Although slight discrepancies are noticed, Figur@65shows that the moisture
content of saturated MWCNT-PP and kenaf/PP-MWCN&cBpens compare
well and do not vary as a function of the CNT cariaion. An maximum of
16% difference can be noted. This indicates thairiborporation of the CNT as a
filler material does not affect the moisture absorp resistance of alkali-silane
treated kenaf/PP composites. This is attributetiechydrophobic nature of CNTs
and the effective interfacial adhesion betweenGhd's and the fibre and matrix.
Paiken® also reported the increase of the moisture ahbisorpaite with the
increase of the carbon nanotubes in natural fim@farced polypropylene
composites fabricated by compression moulding. T@GBT's were not
functionalized. He argued that the increase in tomscontent was most likely
due to the holes created in the matrix by the carbanotube agglomerates

creating pathways for the water to diffuse throtlghthickness of the composite.

It is also noted that, Figure 5.66, kenaf/PP-MWCBecimens absorb more
water than glass/PP composites due to the hydioptature thereof, regardless
of the CNT concentration. As indicated in sectioB, §japs and voids along the
interfacial regions of the fibres were identifiesl the main cause of the moisture

up take in glass/PP composites.

The laminate configuration also had an impact om nhoisture behaviours of
kenaf/PP composites are presented in section 5.8ro8s sectional view of a
6AS-KF/20PP-0.5MWCNT specimen is presented in FEgbi67, showing the

outer hydrophobic layers which act as moistureibisr
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Figure 5.66: Moisture content of MWCNT-PP and kéBEMWCNT composites
at saturation

Table 5.3: Moisture contents at saturation of MWGRH and alkali-silane
treated kenaf/PP-MWCNT

Moisture content at saturatiavs, (%)

Composites 0.1% 0.25%0.50% 0.75% 1.0% 1.25%

Raw MWCNT-PP 14.8 15.9 16.8 15.8 15.3 15.6
Functionalized MWCNT-PP 15.7 16.1 16.1 15.2 15.7 16.0

6AS-KF/MWCNT-PP 15.8 15.3 15.8 153 153 16.0
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Figure 5.67: Fibre and matrix dominated region6A85-KF/20PP-0.5MWCNT

composite

The moisture absorption test results discussedhim $ection 5.4, allow the

following conclusions to be drawn:

* The resistance to moisture absorption is not atésethe addition of the
multi-wall carbon nanotubes into the polypropylematrix.
* The matrix rich layers on the outer surfaces of kkeaf/PP-MWCNT

composite plates contribute to the moisture diingiesistance.
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6 CONCLUSIONS

The results of the mechanical tests and microscaaminations discussed in the

preceding chapters, allow the following conclusitmbe drawn:

« Alkali treatments improve the mechanical proper{eg. tensile, flexural,
fatigue and impact properties) of kenaf/PP compssitHowever, the
improvement due to the alkali-silane treatment isrensignificant (by
130%) because the additional silane treatment aotislly enhances the
fibre-matrix interfacial bonding strength.

» Alkali concentrations of 5% and 6% NaOH are optirfiealincreasing the
surface roughness of the kenaf fibre and exposiogemellulose on the
surface of the fibre to potential chemical bondvith the matrix material.

* Material failures in untreated kenaf/PP composiéesl alkali treated
kenaf/PP composites are mainly characterized bedilpulling out of the
matrix, whereas fibre breakage are observed inliakane treated

kenaf/PP composites.

* The mechanical properties of glass/PP compositesganerally greater
than those of kenaf/PP composites. This is atedbud the exceptional
tensile properties of glass fibre in comparisothtuse of kenaf fibre.

» Kenaf fibre/PP composites absorb more water thaassglfiore/PP
composites due to the hydrophilic nature of kenafek. Improved
moisture resistance of alkali-silane treated spensnin comparison to
those of untreated and alkali treated specimensttisbuted to the
additional silane treatment. Alkali concentrati@i$% and 6% NaOH are
found to be optimal for improving the moisture aipdion resistance of
kenaf/PP composites.
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Compression moulding using the film—stacking teqghei enables the
manufacturing of kenaf/PP composite plates withrixaich layers on
both outer surfaces, contributing to the improveimeh the moisture

diffusion resistance.

The addition of sufficient quantities of multi-wattarbon nanotubes
significantly increases the mechanical propertieg.(tensile, flexural,
fatigue and impact properties) of kenaf/PP compssiResults show that
the optimal concentrations are 0.5% and 0.75% RHre breakage was
found to be the prevalent failure mode in fibre dwated regions, matrix

cracks occurred mainly in matrix dominated regions.

The exceptional mechanical properties of multi-vealtbon nanotubes, as
well as the functionalization process, resultedimproved mechanical
properties (e.g. tensile, flexural, fatigue and atipproperties) of alkali-
silane treated kenaf/PP-MWCNT composites in consparito that of

glass/PP composites.

A fibre content of 30% is optimal for the improvemhen the mechanical
properties of kenaf/PP and kenaf/PP-MWCNT compssite

The impregnation of kenaf and fibre glass mats withlypropylene
powder facilitated a wuniform material distributiorand lower
manufacturing temperature (122.5°C), thereby préwgnthe thermal

degradation of the kenaf fibres and silano fun@iagnoups.

The moisture absorption resistance ok kenaf/PP-MWE@NmMposites is
not altered by the addition of multi-wall carbonnotubes to the

polypropylene matrix.
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7 RECOMANDATIONS

The experimental work conducted in this study shibwet the fibre treatment
and inclusion of carbon nanotubes as filler matdangproved the mechanical
properties of kenaf fibre reinforced polypropylesmmposites. It is recommended
that an investigation be launched into the coshefimprovement.

The combined effect of mechanical stress (e.g.ileerstresses) and a hostile
environment (e.g. ultra-violet radiation, moistuign cause plasticization and
lead to a transition from ductile to brittle behmwi. Investigation into the
influence of the environmental conditions on thechamical properties (e.g.
impact strength, etc.) of kenaf fibre reinforcedlypoopylene composites is

therefore recommended.

In this study, Izod pendulum impact tests were cetell to evaluate the effect of
the manufacturing variables on the impact strenigitis. proposed that the design
of kenaf fibre reinforced polypropylene compositesth specific focus on the
prevention of crack initiation and subsequent pgapian under high and low
speed impact loads, be investigated. This will ieghigh speed puncture tests

using load and displacement sensors.
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