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Abstract

Fibre reinforced polymer composites made up of synthetic fibres such as glass and
carbon hse shown outstanding performance in civil engineering load bearing
applications. Development in replacing these fibres with natural fibres from plants
has recently gained much attention due to the promotion of -tgebnology.
However, the current applicatis of natural fibre/polymer composites in civil
engineering are mostly concentrated on-fuad bearing indoor components due to
their vulnerability toenvironmental attack. Their ease to biodegrade becomes a main
challenge in the widespread use of thégees of materialsin this study, fibre
treatment through alkation and the application of commercial weather protection
coating are suggested to enhance outdoor performance of natural fibre/polymer
composite. Bambobbre reinforced polyester composit are selected for the current
work due to their potential in civil applications. The studgliisded into two stages:
optimisation of sodium hydroxide (NaOH}reatment on bamboo fibre/polyester
composite and the degradability of bamboo fibre/polyestemposite. The
degradation study involves material exposure to heat, moisture and the combination
of bothheat and moistur® providehygrothermakffect.

The test samples comprised of untreated fibre/polyester composite, treated
fibre/polyester compositecoated fibre/polyester composite and neat polyester. All
composite samples were fabricated usinguuat bagging process on randomly
oriented bamboo fibres. To study the optimum fibre treatment Na@H, bamboo

fibres were treated with 0, 4, 6 and 8 %.NaOH. Through tensile testing of both
fibre and composite, as well as interfacial shear strength study, it was revealed that
alkali treatmentresults inimprovement in strength of fibres and fibre/matrix
adhesion up to 6 wéo NaOH concentratn due tathe decrease in midibril angle

and rougher fibre surface for better interlocking with neat polyester. At higher
NaOH concentrations, fibrils were found damaged causing deterioration in these
properties. Thus, the optimum concentration of NaOH for banfiboe treatment is
considered to be at 6%, with 1®land 22% of improvement in fibre tensile strength
and interfacial shear strength, respectively. The coating product selected is an
acrylic-based weather protection coat, comriahe available for outdor useandit

is applied on the optireéd NaOH treated composite. The study has shown that the
coating provided improved mechanical properties of the composite up to 15.5% for
tensile strength and 5.5% fatiffness at room temperature as well as added
durability against heat and moisture below 80Generally, the thermal degradation
study involves the use of thermo gravimetric analysis (TGA), dynamic mechanical
analysis (DMA) and thermmechanical test. From the TGA, it was found that alkali
treated fibre decomposed at lower temperatures than the untreated fibres due to the
reduction in thermal stability of the cellulosic component of the fibres. For the
composites, the decomposition temperature decreased by approximately 7.7% with
the addition of the thenally less stable bamboo fibres in the neat polyesteratut
approximately 90% increase in charringvas observed. The glass transition
temperature (J) for the composites is approximately 120obtained through DMA.

The visceelastic properties of the ogposites were found to be better than neat
polyester above glas the bamboo fibres restrict the molecular movements of the
softened resin. Similar findings were observed through the thereohanical test

which was conducted at 40, 80 and 20As the eposure temperature approaches

Ty, the strength of the composites, although reduced, becomes better than neat



polyester, with 331% higher for treated composite due to the presence of fibres
which provide restrictiono molecular movements of the resin. longparison with

the tensile behaviour of the composites at room temperature, the strength of the
composites were found to improve up to 23% atC30vhich throughscanning
electron microscopy (SEMpbservations, attributed this to better fibre/matrix
adheson. With the immersion of samples in water, the changes in physical and
mechanical properties were observed. Without the addition of fibres into the neat
polyester, the resin sample showed better resistance to moisture, with less than 1% of
moisture absoipn observed in 60 days. The voids observed on alkali treated fibres
have influenced the increment on moisture absorption of individual bamboo fibres.
However, with better interlocking with neat polyester, tmeisture gain and
absorption rateof the compsites were found to decrease with NaOH treatment,
whereby 6% NaOH treated composite achievé®% less moisture gain than
untreated compositélhe thickness swelling of the untreated composites showed
comparable result with treated composites but a notaijgeovement was observed

with the application of the coating layer, providing 40% additional barrier against
swelling. However, the strength of moisture degraded treated and untreated
composites were comparable at 22 MPa, both approximately 2% highedrthan
samples This isdue to the plastising effect by free water molecules which was
advantageous to the strength of cellulose fibres and also to the increased in interfacial
shear strength by fibre swellinghich filled the voids at the fibre/matrimterface.

With the influence of both moisture and thermal exposure, the Tg was found to
decrease which was attributed to the hydrolytic depolymerisation of neat polyester
whereby the entanglement between the ester links were cleaved by chemical reaction
with water, reducing its ifrom 112 C to 103C. The rate of absorption and swelling
were higher in hygrothermal condition for all samples while the strength experienced
a 13.6% reduction compared to immersion at room temperature. Through SEM, this
was exphined by the presence of microcracks on the resin and deterioration of
fibre/matrix adhesion. NaOH treatment and coating layer did not play a major role on
the moisture absorption and swelling behaviour of the composites in hygrothermal
condition.

From ths study, it can be concluded that alkali treatment of fibres has the potential to
improve the resistance of bamboo fibre/polyester composites against the effects of
heat and moisture, depending on how the degradpticametersilter the condition

of the fibre/matrix interface. The presence of a good coating system may help
increase the durability of the composite but it must be designed specifically for
certain exposure condition to ensure its effectiveness.
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Chapter 1: Introduction

1.1 Introduction

Over recent years,raditional building materialsuch asconcrete and steel are
increasinglybeing replaced by advanced composite materfals example,fibre
reinforced polymers (FRP) and fibre reinforced cement (FRC). It is expectadéhat

of fibre/polymer compositewill expand in the near futurelue totheir advantages:
high strength, low weight, corrosiogrsistance and low maintenance sd§then et

al. 2011 Ho et al. 2012 Saravanakumar et al. 2013 Despitetheseadvantages,
engineers are being chal |l awofghedngheeringggo ¢
discipline; this includes finding more environmental fnidly processes and
innovations inbiodegradable or recyclable materials. Municipal solid waste (MSW)
landfills represent the dominant option for waste disposal in many parts of the world
with 70% of MSW in Austrah beingdirected to landfills without pr&reatment in
2002 (Laner et al. 2012 According to a recent World Bank repdivorldBank
2012), global urban MSW due to rapid urbanisation has been estimated at 1.3 billion
tonnes per yeaand is projected to increase to 2.2 billion tonnes per year. In
Australia, theDepartment of Sustainability, Environment, Water, Population and
Communities(Randell et al. 20l4reportedthat totd waste generated in 2010/2011
was around 48 million tonnes per yeanth atotal disposal tonnage of about 19.5
million tonnes pr year. It was also reported that 18 million tonnes of waste
generated is from the construction and demolition induginyeffort to overcome

this challenge isto replacesynthetic materials with natural materials, such as
reinforcemerg in polymercomposites.

Fibres such as hemp, kenaf, jated bambodave beerstudied for their mechanical
properties ad their potential contribution toomposite materials. These natural fibre
reinforced composites are finding their wagoithe construction indusst, with wood
fibre polymer composites (WPC) leading the way. The production of biocomposites
in the European Union fd2012 wa reported tde 357,000 tonnes, with a forecast
710,000 tonnes in 202290,000 tonnes of the 2012 production was of WPC in the
construction and extrusion indust(Zarus et al. 2004 Natural fibre composges
production consumes, on averagé,to 60% less energy than the manufacture of
glass fibres(Dittenber & GangaRao 20)2In contrast,natural fibores have some
issues and disadvantages when used as reinforcements for polymmeposies
(Yousif & Ku 2012. These includedegradability, fire resistance and interfacial
adhesion Therefore emphasising thesssues may improve composite quality and
initiate new applications fotheseattractive materials.

Figure 1.1 shows the number oérticles published on the degradation &RP
composites due to moisture, thermal, faad utraviolet (UV) raysoverthe past 10
years. Although the increment is unstgathe figureroughly indicatesincreased
interest of researchers on this topic, with natuf®lPs less explored. More
importantly the degradation and fire resistance of natural fibres are the main
limitationsto usein civil engineering applicationés such there is a need to expand
the research on natural fibre/polymer compogsiggmrdingtheir degradability under
different environmental conditions.
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Figure 1.1: Number of journals published on the degadability of synthetic and
natural FRP composites due to moisture, thermal, fire and UV exposures
Source: www.sciencedirect.com; Keywords: fibre composites, degradation.

Bamboo is one of the oldest construction materials and is commonly found in
countries like India, China and Malaysia. It has potential to be developed in the
natural composite industry due to its fast growing rate, high renewability ratésand i
abundance in tropical and subtropical regions. Bamboo fibres are considered one of
the strongest natural fibreélong with other natural fibresuch as jute, sisal, kenaf,

flax and hemp bamboo is comparable with glass fibre. It is a promising
reinforcement material in composite produdise to its cobinations of low density,

high stifness and streng{Manalo et al. 2013

In this study, randomly oriented bamboo fibres were usedeinforce pofester
matrices; theresultant composites were exposed to several conditions to study
degradation behaviour. These conditions includkevated heat exposure, high
moisture environmestand hygrothermal effects due to the combination of heat and
moisture. The effects of fibre surface treatments tlgloualkali@tion and acrylic
coating applications on the composites were also evaluated in terms of their
mechanical and physical propertig®thbefore and after degradation. Observations
on the fibre/matrix iterfaces througtfSEM were alsoconductedfor all cases to
better explain the behaviour of these composites.

It is expected that this study wproduce a deep understandingtloé degradability

of bambodfibre reinforced polyester composites in outdooriemmens. This will

be limited to nonload bearing structures such as panels and railings, anclkaliv
treatrrents influence these behaviours. These outcomes are anticipated to support the
expansion of outdoor applicatiosnof natural fibre/polymer composgewith
improved performance.



1.2 Objectives

The main objective of this study is to evaluate the degradability of bamboo
fibre/polyester composites subjected to thermal, moisture and hygrothermal effects.

The specific objectiveshall include:

1) To study the effects of different NaOH concentrations (0, 4, 6 and 8 wt.%
NaOH) on the physical and mechanical properties of bamboo fibres through
morphology, diameter and density observations as well as singlddiisite
test and single fibre fragmentation tebhis will lead b the development of
an optimsed NaOH treatment on bamboo fibres for the fabrication of
bamboo fibre/polyester composites with optimum tensile properties,
evaluated through tensile testdibre/matrix adhesion observations.

2) To study the effects ofncorporating randomlyoriented bamboo fibres,
treated and untreated, in polyester resin on its theramal moisture
degradationbehaviouras well as itdensile properties after the degradation
exposure.

3) To investigate the physical and tensile behaviours of treated and untreated
bamboo fibre/polyestecomposites and neat polyester exposed to both
moisture and heat, simulating hygrothermal degradation condition.

4) To assess the compatibility andeetiveness of commercial acrylic coating
on the outdoor durability performancdor instanceheat and moisture
exposures on optimally treated bamliboe/polyester composites.

1.3 Project significance

The significance of the outcomes from this rede#@as follows:

1) The evaluation of different levebf treatment on bamboo fibres is important
to understandhe individual performance of the fibres atieir contribution
to the overall behaviour of the composite at different exposure corglition

2) It is important to thoroughly identify the optimum alkali treatment for
bamboo fibres to obtain its optimum mechanical properties as well as
interfacial shear strength with neat polyester. This will agsifbricatinga
composite with higher strength and stiffness, thus increasing its potential.

3) The findings from the heat exposure at different temperatures on the
composites is vitato evaluatewhether the fibresmprove the properties of
neat polyester at high temptrees, such as in hot weather conditions o, fire
thus assessing timeost advantageowsndition.

4) The findings on the&e o0 mp o snoistueebresponse are usefal predictits
behaviour in high moisture conditions, such as exposure to humid
environmers, rain or underwater application&lnderstanding the physical
and tensile degradations will assist in addressingtbemp osi t eds | i mi

5) Providing hygrothermal exposure to bamboo fibre/polyester composites is
essential to simulate an accelerated weatheegngironment, with the
presence of both heat and moisture. This will present information on the
extent of composite degradation in extreme conditions.

6) It is also significant to assess the compatibility of bamboo fibre/polyester
composites with commerciallgvailable coating products in the market. The
findings will promote adaptability of the composite with easily accessible
products in increasing its service life.
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7) This study is fundamental to gain vital information on the material behaviour
of bamboo fibrépolyester composites exposed to outdoor environments. This
will promote the expansion of natural fibres in civil engineering applications
and support recyclability and greenilding technology.

8) Improving the degradability of natural fibres such as bamiiticcontribute
to the field of sustainable materials. In turn, this will make natural fibres more
competitive with synthetic fibres. This will potentially result in high
reductions in the cost and power consumption of manufacturing polymeric
composites.

1.4 Dissertation aganization

This dissertation is divided into seven chaptassshown in the layout iRigurel1.2.
Chapter One comprises a brief introductimnthe researchdea highlighting the
development of natural fibres as reinforcersemh polymeric composites
substitutingfor synthetic fibres. Theesearchobjectives and significance are also
explained. Chapter Two presents the literature rewelating to natural FRP
composite and their degradability issuesRelevant background informatipras
reported byother researchers, on the behaviour of various natural fibres and their
compositesis summarised. Focus is given to the durability of these materials
subjected to potential outdoaonditions such as moisture, heat and UV rays.
Chapter Three describes in detail the methodology used throughout the study,
covering the material selectionpfe alkali treatment and the composite fabrication
processes, as well as the experimental programme of the physical, mechanical and
degradation testing procedures. Chapter Four cawersreliminary study of the
physical, morphological and mechanical bebar of the composite and its
constituend undervaried NaOH concentratigninterfacial adhesion of the fibre with

the matrixis also evaluated to obtain the optimum NaOH concentratiotrdating
bamboo fibres. In Chapt®Five and Six, the thermal amaoisture degradation of the
fibre, resin and composgeare studied, respectivelyDeterioration of mechanical
propertiesfrom differentexposuress presentedand the condition of the fibre/matrix
adhesioris observed to further explain tlebanging beaviour of degraded samples.
Chapter Six also focuses on the effect aohygrothermal environment on the
samples. Finally, Chapter Seven concludes all the findings of this research and
provides recommendations for possible future developwémtatural filve/polymer
compositein outdoor applications.
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Chapter 2: Literature Review

2.1 Introduction

A comprehensive literature reviewoversdifferent research areas related to natural
FRP composites. These aremxlude: applications, mechanical properties, physical
properties, weakness and degradation issues in natural fibres and their
compatibility with synthetic resins. The comprehensive literature revies been
publishedin an international journalMaterials and Designin the next sections, a
brief literaturereview is introduced emphasising the most related and important
issues regardinghedegradation of natur&®RPcomposites.

2.2 Natural fibre reinforced polymer composites and their

degradation
2.2.1 The applications and drawbacks of natural fibore composites

The application of natural fibres as reinforcements in composite materials is
constantly in development. The drawbacks of its mechanical properties are being
studied to maximise the full potential as an alternative to synthetic fibres. Civil
infrastructurecomposites have to resist loadings from tension, compression, impact,
fatigue, blast and creefHollaway 2010Q. Presently, natural fibre applications are
limited to interior and nostructural applications, due to thgioor mechanical
properties and poor moisture resistafibgtenber & GangaRao 2012t is used in
furniture, architectural and more recently, in automotive indus{Aeaujo et al.
2008. Much effort is currently underway txpand its application; for instance, to

the development of continuous sisal fibre reinforced composites that allow the design
of thin-walled elements with high strengtitension and compression. Applications
may include: permanent formworks, facades)k$a pipes, longspan roofing
elements, strengthening existing structyagsl $ructural building memberSilva et

al. 2010. The application of natural fibres is also being studied in gbateal
engineering.They have beenested for use ifimited life geotextiles (LLG) a
reinforcing fabric only required to perform for a limited time. LLG can be appléed
temporary roads over soft lands well asfor basal embankment reinforcement
(Methacanon et al. 2010

Using natural fibres as reinforcement in polymer composditas some associated
disadvantages These include the incompatibility between fibres and polymer
matrices the tendency to form aggregates during processipgor moisture
resistancginferior fire resistanceimited processing temperaturéswer durability
variation in quality and priceand difficulty in using establishethanufacturing
process(Aradjo et al. 2008 Dittenber & GangaRao 20L2The incompatibility
between natural fibres and polymer matrices leads to low interface strength
compared to glass or carbon fibre composites. The major cause is the presence of
hydroxyl and other polar groups in natural figrediich makes them hydropic.

This hydrophilicity results in incompatibility with the hydrophobic polymer matrix
(Chen et al. 2009Dittenber & GangaRao 201Zhih 2007 Xie et al. 201).
Hydrophilicity of natural fibresndicates thehigh moisture absorptioaf the fibres,
which is the main reason fareak adhesion to hydrophobic matricébkis causes the
produced composites to fail in wet conditions through surface roughening by fibre
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swelling or delaminatiofAraudjo et al. 2008Dittenber & GangaRao 20L2Moisture
present duringnanufacturingalso leaddo poor processability and low mechanical
performance ofthe composite(Chen et al. 2009 Additionally, the majority of
natural fibres have low degradation temperatures (~2007@gh are inadequate for
processing with thermoplastics with processing temperatures higher than 200°C
(Araujo et al.2008. Interfacial treatments can improve this conditieither through
surface treatments, resins, additives or coat{igenber & GangaRao 2013&hih

2007).

Although it has been highlighted that natural fibres are cheaper than their synthetic
counterparts, some processes related to overcome their drawbacks may incur
additional costs. Surface modification is nesagy and thus needs to be optimised to
compete with glass fibre composites. The cost of natural fibres varies due to crop
variability and the difficulty assaated with storing, transportatioeind processing
fibres. To promote price reduction, new apgiimas using naturafibres must be
developed(Dittenber & GangaRao 20)12Further a detailed understanding of the
composition of natural fibres and the different factors that affect its degradation is
required.

2.2.2 Compositionsof natural fibres and its effects on degradation

It is necessary to understand the nature and composition of natural fibres, to gain an
in depth understanding of degradatid\atural fibres are subdivided based toeir

origins: from plants, animals or merals.Figure2.1 shows the types of natural fibres
based on their origingsnimal fibres are composed of proteins taken either from hair,
silk or wool (Dittenber & GangaRao 2013ohn & Thomas 2008 For structural
applications, bast fibres provide the best properties. For example, flax fibres are low
cost, light weight and have high strength and stiffiiP#senber & GangaRao 20)2

In numerous applications, natural fibres from plants are considered reinforcements
for polymeric composites. Natural fibres from pkwcgn beextracted fromthe

p | a stemsobsoft sclerenchyma (bast fibres), leaf, seed, fruddwo cereal straw.
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Figure 2.1: Subdivision of natural fibres based onorigin, adapted from John
and Thomas (2008

Natural fibres derived from plarg consist mainly of cellulose fibrils embeddedan
lignin matrix. Figure2.2 showsa biofibre structureEach fibre has a complex layered
structure containingone primary cell walland three secondary cell walls. The thick
middle layer of the secondary cell wall determines the mechanical properttes of
fibre. It consists of a seriesf helically wound cellular microfibrilsformed from
long chain cellulose molecules. Each cell wall is made upreEmain components
cellulose, hemicelluloses and lignin. Ligdwemicelluloses acts as matriwhile
microfibrils (made up of cellulosmolecules) act as fibrg®ittenber & GangaRao
2012 John & Thomas 20080ther components include pectins, oil and wgdekn

& Thomas 2008Wonget al. 201). The presence of lumen natural fibre ensures
theyare hollow structurs, unlike synthetic fibre¢Liu et al. 2012.
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Hellicallyarranged
crystalline cellulose
microfibrils

Secondary wallS2

Amorphous
Region: mainly
ligninand ]
hemicellulose

Secondarywall S1

Primary wall

crystalline cellulose
microfibrils

Figure 2.2: Structure of biofibre, adapted from John and Thomas (2008



The most important structural component in many natural fibres is cellulose, a
natural polymer with each repeating unit contairtimgehydroxyl groups. In plants,
cellulose is found in the form of slender +like crystalline microfibrils, aligned
along the length of fibre. Cellulose is resistant to hydrlolysis, strong alkali and
oxidising agents but to some extent is degradable when exposed to chemical and
solution treatments. Hemicelluloses are lower molecular weight polysaccharides that
function as acementing matrix between cellulose microfibrils, forming the main
structural component of the fibre cell. It is hydroghdnd can be easily hydrolysed

by dilute acids and bases. Lignin is a complex hydrocarbon polymer that gives
rigidity to plans and asistswith watertransportation. It is hydrophobic, resists acid
hydrolysis and most microorganism attadkssoluble in hot alkali, readilgxidised

and easily condensable with phenol. Pectin is a collective name for
heteropolysaccarides and gives pafhéxibility. Waxes consistf different types of
alcohols (John & Thomas 2008Summerscales et al. 2010Wax and oil are
substances othe fiboreb s sur face t h@Vongetialv201).Soneet ect i ©
examples ofthe chemical compositions of various natural fibres are presented in
Figure2.3.
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Figure 2.3: Chemical composition of vaious natural fibres
SourcesDhakal et al. (200), Khedari et al. (200§ Yao et al. (2008 Methacanon et al. (2030
Manfredi et al. (200BandIdicula et al. (2008

Important variables that determitige overall properties of fibres are its structure,
microfibrilar angle, cell dimensions, defects arfiemical compositioriDittenber &
GangaRao 2012ohn & Thomas 2008Vonget al. 2010. The microfibrilar angle is

the angle betweethe fibre axis and microfibrils with a diameter @D to 30 nm.
Microfibril ar angles are responsible for the mechanical properties of fibres. Smaller
angles lead to higher strength and stiffnesghile larger agles provide higher
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ductility. Generally, natural fibres with higher mechanical strength psdsghker

cellulose contenta higher degree of cellulose polymsiion, longer cell length and

lower microfibrilar angle.Tensi |l e strength and Youngods mo
cellulose content and cell lengtiicreasegJohn & Thomas 20Q8Methacanon et al.

2010. Voids are also present in fibreisdicating a certain degree of porosit¥ong

et al. 2010 Yousif & El-Tayeb 2009 Yousif et al. 2012 Higher degrees of voids

are found in fibres of plants living in wet habitats. This condipromotes higher

moisture absorptiofMethacanon et al. 2010

Reinforcing efficiency of natural fibres is related to the nature of cellulose and its
crystallinity (John & Thomas 2008 Filaments are bonded into a bundle by lignin
and are attached to sterny pectin. Lignin and pectin are weaker polymers than
cellulose andmust be removed by retting and scotching for effective composite
reinforcement{Dittenber & GangaRao 2012

Natural fibre reinforced compositbave ahigher risk of degradation when subjected

to outdoor applicationscompared tocomposites with synthetic fibres. This is
attributed to the characteristics of natural fibres which are susceptible to
biodegradation. Biodegradation of a composite occurs with the degradation of its
individual constituents, as well as with the loss @éifacial strength between them.
Figure 2.4 shows the cell wall polymers responsiblelfor gnocel | ul osi csd pr o
Referringto Figure 2.3, we can predict the degradation characteristics of different
natural fibres based on their chemical compositions. For example, the stresién

for jute and hemp are amorige highest, 40800 N/mnf and 556900 N/mnf,
respectively(Sen & Reddy 201}, which can be correlated to their high cellulose
content. From a study between water hyacinth, reed, sisal and {d4efleacanon et

al. 2010, it was obsergd that water hyacinth and réefibres with higher
hemicellulose contendsabsorb more moisture and experience thermal degradation
at a lower temperatureompared to sisal and roselle. Another study on flax, jute and
sisal fibres showed that degradation of flax fibres begins at a relativgherhi
temperaturewhich the author attribuseto its low lignin contentManfredi et al.
2006.
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Properties of Lignocellulosics Fibres

Strength Thermal Ultraviolet Biological
Crystalling Degradation Degradation Degradation
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Figure 2.4: Cell wall polymers responsible for the properties ofignocellulosics
SourcesMethacanon et al2010, John & Thomag2008, Beg& Pickerin. (2008, Matuana et al.
(2011), Dittenber & GangaRa¢2012 and Suardana et al(2011).

Degradation of natural fibre/polymer composité an outdoor environment is
influenced by factors such as moisture, temperats®/ radiation and

microorganism activities. Thiellowing sectionsdiscusseach factoin depth except

for biodegradation by microorganisms.

2.3 Moisture durability

Polymer compositescan absorb moisture in humid atmospherandor when
immersed in waterespecially natural fibre/polymer composi{&hubhra et al. 2011
Yousif & Ku 2012. In turn this affects the fibrei matrix interface leading topoor
stress transfer efficiencielSurther moisture absorptioby natural fibresffecs their
physical, mechanical and thermal propertig®hakal et al. 2007 It has been
reported thatvater absorption fobiocomposites is typically 0i2% after 24 burs
1i5% after a week, and up to iX®% after several monthshis behaviour was
attributed to the wood fibre chemical compositions havan@pigh hydrophilic
content.Natural fibore composites fail in wet conidihs through surface roughening
by fibre swelling or delaminatior{Dittenber & GangaRao 2012The srface
morphology of compositeaffected bymoisture absorption is different to that of dry
composites in terms of voids, porositgwelling, sorption in microcracks, and
disbanding around fillefAthijayamani et al. 2009

The fibre component responsible for moisture absorption in natural fibres is the
hemicelluloseswhich is the plant cell wall associated with cellul@g8tthacanon et

al. 201Q. It consists of comparatively low molecular weight polysaccharioleit

up from hexoses, pentoses and uronic acid residues. Higher content of hemicelluloses
causes higher moisture sorption and bg@dation. Natural fibremorphology
related to hollow cavities decreases bulk density, results inviigigtht, and absorbs

more water. Moisture content in fibre influences the degree of crystallinity,
crystalline orientation, tensile strength, swellinghlviour, and fibre porosity

Higher moisture absorption increases the ease of microbial attack (biodegradation).
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Cellulosefibres are difficult to dissolveu® to their high crystallinity; this enables
them to retain liquids in the interfibrillar space. The degree of sorption and swelling
obtained are determined by the ability of the liquid to interact with cellulosic fibres
(Joseph et al. 2002

It was observed that water absorptemd césorptionpatterrs at room temperature
follows Fickian behavioymwherethewater uptake process is linear in the beginning

it then slows and approaches saturation after prolonged time. Fickian diffusion refers
to the spreading of water from asaaf highest to lower concentrationsaused by
concentration gradierfiBao et al. 200lL At higherimmersiontemperaturg moisture
uptake behaviour is accelerated and moisture saturation time is greatly shortened.
This nonFickian behaviourhas beenattributed to the difference in sorption
behaviour and state of water molecules existing in the compdgfiteskal et al.

2007 Joseph et al. 2002The diffusion coefficient characterises the ability of
solvent molecules to move among the polysegments. As the temperature sige

a moistenvironment, microcracks on the surface and in the bulk of the material
develop leading to peeling and surface dissolution of the composite. This results in
anincreasen the permeability coefficientfloseph et al. 2002Figure2.5 (a) and (b)

show typical graphs of Fickian and nbitkian diffusion, respectively.

A A

Moisture Equilibrium

Moisture Content (wt%)
Moisture Content (wt%)

v

>

Lo Square Root of Time (t %) Square Root of Time {7}

(a) {b)
Figure 2.5: (a) Fickian diffusion at room temperature, (b) NonFickian diffusion
at devatedtemperature, adapted from Dhakal et al. (2007

In a polymer composite, theater transportan be facilitated by three mechanisms
diffusion inside the matriximperfections withinthe matrix (microspace, pores or
cracks)andc api | Il ari ty al ong (Assamr etyab PO4Bem&t r i x
Pickering 2008 Moisture diffusioninto a polymer depends on its molecular and
microstructural aspectswhich include polarity, the extent of crystallinity of
thermoplastics and the presence of residual hardeners or other water attractive
species(Joseph et al. 2002Vang et al. 2006 The dffusion process omoisture
absorption was studieloy Wanget al. (2008, focusing onthe patéern of electrical
conductivity inthe composite. The composite studied started showing conductivity
after it absorbed approximately 50% of maximum moisture.

Water absorbed in polymers consists of free water and bound (@iten et al.

2009. Free waterefers towater molecules thatan move independently through
voids while bound waterrefers to dispersed water molecules bounded to the
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polymer® polar groups Figure 2.6 shows the conditions of moisture in a polymer
matrix.

Polymer
—_— .
Free matrix
—
water
_Bound
water

Figure 2.6: Free water and bound water in polymematrix (Chen et al. 2009)

When a natural fibre/polymer composite is exposed to moisture, water penetrates and
attaches onto hydrophilic groups of fibre, establishing intermolecular hydrogen
bonding with fibres, and educing interfacial adhesion of fibre and matrix.
Degradation processes occur when swelling of cellulose fibres develops adtress
interface regiondeading to microcracking mechanisin the matrix around swollen
fibres This promotes capillarity and traport via micro cracks. Free water decreases
and bound water increases as water is absorbed excessively. Water soluble
substances start leaching from fibres and eventually lead to ultimate debonding
between fibre and matrixas reportedwith hemp fibre renforced unsaturated
polyester (hemp/UPE¢omposites(Dhakal et al. 2007 Debonding between fibre

and matrix is initiated by the development of osmotic pressure pockets fiiréhe
surface due to the leaching of water soluble substances fratrsthface(Joseph et

al. 2003. This process is summarised Figure 2.7. After long period, biological
activities such as fungi growthdegrade natural fibore§Chen et al. 2009 The
characteristics of natural fibore composites immersed in water are influenced by the
nature of the fibre and matrix materials, by the relative humidity and manufacturing
technique,all of which determingactors such as porosity and volume fraction of
fibres (Dhakal et al. 2007 The manner in which composite materials absorb water
depends upon several factasach astemperature, fibre volume fraction, orientation

of reinforcement, the permeability nature of fibre, area of exposed surfaces,
diffusivity, reaction between water and matrix and surface prote@limseph et al.
2002.
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Figure 2.7: Effect of water on fibre/matrix interface (Dhakal et al. 2007)

Natural fibre/polymer compositewe sensitive to moistur@nd withtime, moisture
exposure causethem to lose functionality. This aspect should be considered in
producing a composite that can be used in a high humidity environment. One
consideration is the selection of an appropridbeefito ensurehatit possesses the

right characteristics for high moisture resistance. At high temperatures, the damage
caused by moisture is known to accelerate; thus for composites exposed to this
condition, added protection is vital.

2.3.1 Effect of fibre content on moisture absorption

From the literature, it has been reported that the fibre volume fraction influences the
amount of moisture absorption and may enhance or worsen the matrix properties. For
instance sisal fiborécement composites shedthat drying shrinkage increases with

the presence of sisal fibreas reported byilva et al. (2010 The drying shrinkage

of a cement matrix is related to the magnitude ofpibsosity and to the size, shape
and continuity of the capillary system in the hydrated cement;phsiteis, natural
fibres enhance matrix porositythe prous nature of fibre a microstructurelevel
creats more moisture pathinto the matrices which leads to higher drying
shrinkageln contrast, thelasorption amount increasedpoly-lactic acid PLA) and
poly-butylene succinatePBS composites as bamboo fibre content increasieid
lowered the strength of the PLA and PBS, desplt& and PBSonly being able to
absorb aboutl% of water. The increasein bamboo fibre content caused the
absorption rate to quickemecause othe strong hydrophilicityof bamboo fibres

(Lee & Wang 200k The degradatiomn mechanical properties of hemp filsEE
composite specimenscreased with anincreasd percentag®f moisture uptake and

was more significant at elevatednvironmental temperature Moreover, the
diffusion coefficient values increase steadily witie increase in fibre volume
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fraction, due to higher cellulose contemts reported witthemp fibrédUPE and sisal
fibre reinforced polypropylenesisal fibre/PP composites(Dhakal et al. 2007
Joseph et al. 2002With regard to the mechanical properties of composites under
moisture absorption, the results @msal and rosellefibres reinforced hybrid
composites revealethdt the percentageduction intensile and flexural strength of
the conposites increased with fibre content and lengtthen the compositewere
tested undewet conditiongAthijayamani et al. 2009

In terms of the age of fibres used, éffect onthe resulting compositstrength was
studied by Mukhopadhyay and Srikanta (2008They found thatthe adhesion

property of natural fibreswas superior withmaturedfibre, due to the aged fibre
having less moisture absorption, possibly because they Wwept in air tight

containers Despite thesdibres hang better strength, composites witiged fibres

show better mechanical propertigsder wet conditions

Fibres are added to polymers to create a composite that is stronger and less prone to
cracks.However, the addition of cellulosic fibres in a polymer compasigkes it
moresusceptible tanoistureabsorption As thevolume of fibres increase, the rate of
moisture absorption also increases. Therefore, for a natural fibore composite to be
used outdors, the fibre content should be limited to attaining the intended strength.
This will minimise moisture absorption and increase the durability of composites.

2.32 Effect of surface reatment on moisture absorption

Poor adhesion between filsrandthe polymer matrix generates void spaces around
the fibresin natural fibre compositegvhich leads t@ higher water uptakéHamid et

al. 2013. Fibre modification througlthe alkaligtion pr@ess can reduce moisture
absorptionPotassium hydroxideKOH) or sodium hydroxideNlaOH) is commonly
used to decreasthe hydrogen bonding capacity of cellulose and eliminate open
hydroxyl groups that tend to bond with water molecules. It also dissolves
hemicelluloses (most hydrophilicthus reducing the ability of fibre to absorb
moisture (Dittenber & GangaRao 20L2These oupling agents build up chemical
and hydrogen bondbatreducethe fibre/matrix debonding caused by moisurhis
improves the fibre/matrix adhesion and consequently, the mp o smoist@we 6
resistanceThe cecreased rate of water absorption and the extent of decreasse var
and depenslon the nature of the chemical treatmgltseph et al. 2002

Silane treatment is used &iabilise polymer composites reinforced with natural

fibres by treating the fibres to resist against water leaching. Silicon is accumulated in

the cell lumina and bordered pits of fibrgdugging these typical penetration
pathways for water. Treatment in bulk nsore effective than surface coatirthe

latter only decreases the water sorption,rate does not reduce the amount of water
absorbedbst he cel | wal | s ar e n olnconrést, blidng wi t h |
treatmentmay reduce the cell wall nafmpore size and deactivate or mask the
hydroxyl functionalitiesthereby decreasing water sorptiefie et al. 201].

Maleic anhydride polypropyleneMAPP) coupling agent was introduced to a
bamo FRP. Moisture uptake by the composite due to immersion in water
decreased. Thisvas attributed to the increas@ interfacial adhesignwhere less
water accumulateis the interfacial voids and prevents water from entering bamboo
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fibore (Thwe & Liao 2002. Water absorption for PLA/bamboo fibre composite
increased greatly during the first 20ursof immersion and then levelleaff. With

the addition ofa bio-based couptig agent,lysinebased diisocyanatd Dl), the
absorption amount and time to reach the plateau were smaller and longer than
without LDI, indicating that the addition of LDl makes the absorption of water
difficult. This isaresult of improvement in interégal adhesion between the polymer
matrix and bamboo fibreslue to the coupling effect of LDI and the reaction of LDI
with the hydroxyl groups of polymers and bamboo fibrediich causes less
hydrophilicity (Lee & Wang 200k

Moisture decreases bond strength by bonding with i br e 6 s hydroxyl gr
lesseimg the bond with the matrix. Water evaporates, leaving voids in cured
composites. For better bangd, fibres must be dried befotbe matrix is introduced.

For short to medium term protection, polymer coatings can be applieeduce
moisture absorption(Dittenber & GangaRao 20)2 A short jute fibre/PLA
composite was coated with 0.1 mm thick polypropylene plastic adhesive tape and
subjected ta hygrothermal environmenas performed byu et al.(2010. At the

end of the tests, fewer microcracks occurred in the coated sample with lower
moisture absorption raaeTemporarily,the coating effectively served as an isolating
barrier of moisture diffusiarbut the filmwasstill inevitably permeald. Overtime,

water molecules penetrated the film and were absorbethdPLA matrix and
natural fibre, causing debonding, microcracks and delamination in the coated sample.

Fibre treatments improve moisture durability by reducing fibre hydrophilicity,

improving fibre/matrix bonding and/or plugging water penetration pathways in fibre.
Thesetreatments done in bulk, are applied througttbatwhole composite material

and are more effective and lomgsting than surface isolation through coating. A

combinaion of these protection systems will give a better moisture resistaace

coating providesa front line defence against moisture penetratiaile fibre

treatments ensure lorigrm durability. A maintenance schedule is required to

monitor coating effectieness duringc o mposi t eds service |ife, as
for corrosion protection.

2.33 Effect of degradation due to moisture on mechanical properties of
composites

A study performedby Methacanon et al. (201&howedthat the maximum tensile
strength and elongations for wet yarns from natural fibres are higher than dry ones.
This is because moisture in fibre influeadde degree of crystéhity and the
crystalline orientation fofibres, resultingin higher amounts and better orientation of
crystalline cellulose in fibres. Elongation is also higlasrabsorbed water molecules

act asalubricant. Fibres could slide over one another during stretchihigh results

in extra extensn and elongation. However, natural fibre reinforced composites face
adverse effects when exposed to moistlires decreasethe mechanicalproperties,
provides the necessary conditions for biodegradation, and changes their dimensions
(Beg & Pickering 2008Chen et al. 2009Wang et al. 2006Wang et al. 2006
Decrease in mechanical properties was reported to be dpecaiostress transfer
caused by degradation of the fibneatrix interfacgBeg & Pickering 2008
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The moisture absorption properties of natural fibre composites depetie fiter
component A study byWang et al. (2006found that highdensity polyethylene
(HDPE) films submersed in distilled watgrroom temperature experience no weight
gain after one yearunlike the ones containing rice hull as reinforcemefitss
shows thammoisture only penetragento composites through rice hull§he factors
affecting fibre distribution will ultimately aéict moisture absorption ability. This
includes fibre concentration, size and shdpecontrastHu et al. (201P statal that

the aging of biopolymer composites is a chemical and physical interaction process
where water molecules were adsorbed physically by both the matrix and fibres, and
were absorbed chemically by polymer molecules. Irreversible weight gain after
ageing observedy Hu et al. (201D in jute fibre/PLA composites subjected &0
hygrotrermal environmentvasattributed to the chemical reaction between water and
PLA that results in water molecules being permanently absorbed by PLA and
transformed into hydrolytic products. ThBLA hydrolysis process resulted in
molecular chain breakage acaused decrease in strength.

A study by Joseph etal. (2009 revealedthat the énsile properties of sisal/PP
composites decreased with increased water uptake, dinm@mersion and fibre
loading. The f[asticisation effect of water weakens the fibre/matrix bonding,
resulting in interfacial failure. Thbehaviour was strongly dependent on chemical
treatment and fibre orientation, whereby longitudinally oriented composites
(anisotropic) provide maximum strength and reinforcement along the direction of
fibre alignment as compared with randomly oriented posites.

The tensile strength and modulus of bamB&Pswere considerably degded after
ageing in water at 26C, and urther reduced with increasembaking time.The
decrease in mechanical properties is due to dissolutiotheofpolymer matrix,
debonding of fibre/matrix interface, and degradation of fibres duriemgm water.

The composite experienced different swelling and shrinkage of fibres, causing
uncoupling at the interface. As moisture levecrease, the modulus of polymers is
reducel, presumably through a plasticig process (Thwe & Liao 2002.
Commercial decking boards made from approximately 1:1 of rice hull and HDPE
absorbed 4.5% moisture afd00 tour exposure to 9% relative humidity (RH) and

40 C, under simulated extreme climatic exposure conditidhgisture content was

the major factor causing deformatioswelling and bowing of the boardg/ang et

al. 2009.

Studies were done on the effect of moisture on bambopaosites. Bamboo absorbs
moisture when it is exposed to humid conditions or immersed in waierto its
structure and composition. Moisture absorption depends on species and treatment
conditions(Chen et al. 2009 Water absorptiofis the main shortcoming whenis

used as reinforcement or permanent shutter form with conesaiatreated bamboo

faces dimensional variation due to water absorption. This causes micro and macro
cracks in cured concrete. Bamboo ageinforcing bar sfiers dimensioal change

due to moisture and temperature variatjonsich severelyinfluences the bond with
concrete. Waterepellent treatment is necessary to ensure strength of bonding
(Ghavami 200%p

The dfect of moisture absorption on bamboo strip vinyl ester composites
studiedby Chen et al. (2009Ground tissue owpiesalarge proportion of volume in
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bamboo strip. This honeycomb structurvith numerous capillary spaces ideal

for holding water. Bamboo strips undergo anisotropic dimensional expansion as they
absorb moistureA softening effect orthe strip is ndicated bya consistent increase

in breaking strain and decrease in modulus of elasticity. Increase in tensile strength
is due to the availability of free water molecules, providiqasticsing effectthat

is advantageous to cellulose filstrength This result is comparabl® a study on
Duralin fibre wherein water uptake is seen to be advantageous for some natural
fibres at 666 RH, due to fibré plasticising effect as a result of the presence of free
water(Dhakal et al. 2007

Higher fibre volume composites immersed in water generally have greater decrement
in tensile and flexural properties compared to dry samples. However, it is interesting
to note that for certain natural fibres, the ultimate tensile stress of wet samples is
higher than thabf dry samples. This may be due to fibre swelling causing gaps
between the fibre and the polyrmeratrix to be filled, leading to an increase in the
mechanical properties of the compositiebakal et al. 2007

Based on these gties, it can be said that generally, water absorption bgdibr a
natural fibre compositecauses degradatioto their mechanical properties. An
optimum fibre/polymer content ratio is required to achieve optimum composite
strength(Thwe & Liao 2002 Wong et al. 2010Wong, et al. 2018). This strength

will deteriorate when exposed to moisture atfackluenced partly by the fibre
volume, length and characteristics. To preserve the strength of a natural
fibre/polymer composite, it is essential to it it from excessive moisture
exposure.

2.4 Thermal resistance

A critical technical barrier for widespread use ERP in structural engineering
applicatiosist he materi al 6s degree of fire resistal
informationavailableregardingbehaviour ofFRP underfire. At lower temperatures

of 100200 C, FRPs soften, creep and distort (a degradation of mechanical
properties), causing buckling in load bearing structuresekssntiatequirement for

FRP strengthened camte structures to meet the minimum strength requirements of
nonstrengthened concrete structures in fire. Any strength contribution from FRP is
ignored in a fire situationHollaway 2010Q. At 300500 C, polymer matrices
decomposereleasing heat and toxic vilas (Hollaway 201(). Decomposition of
burning polymers produces combustilaled non-combustible gases, liquids, solids
(usually char) and entrained solid particles (smoke). These outcomes may produce
hazards such as toxic gases, loss of physical integrity,nalting and dripping,
which can provide other ignition sourcéStark et al. 2010 Polyvinyl chloride

(PVC) is a seHextinguishing material, but it should be avoided due to toxic
generated gases. Polyolefins and HDPE burmh @mp when in contact wittiire
resuling in an instant loss of integritydowever, he addition of fibres improves this
behaviour, and the integrity of composi{€arcia et al. 2009

For natural fibresflammability is in part due to differences in chemical composition.
Higher cellulose content results in higher flammahihtiile higher lignin content
results in greater char formatigDittenber & GangaRao 2013uardana et al. 2011
The presece of silica or ash provides better fire resistance. In terinthe fibre
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microstructure, high cstallinity and lower polymeration improve fire resistance.
Phenoliebased synthetic composites have low flammability, less smoke, low flame
spread, high ignition delay, low peak heat release rateadngh oxygen inéx.
Char during fire exposure protedtse material core thereby increasingtructural
integrity. This is the best matrix for natural fii@ittenber & GangaRao 2012 lax
fibres have low lignin content and are considered begh&rmal resistance among
the natural fibres studied. During thermal decomposition of lignin, relatively weak
bonds break at lower temperatsirevhereas cleavage of stronger bonds in the
aromatic rings takes place at higher temperatuW#ith lower lignin content,
degradation begins at higher temperature, but fibres do not have the oxidation
resistance given by aromatic rings in the ligiManfredi et al. 2006

The burning process is comprised of heating, decomposition, ignition, combustion
and propagation. Flame retardatioan be achieved by interfering with any of these
stagesterminatingthe process before actual ignition occ{8ain et al. 2004 A few
methods are available improvethefire resistance of natural fibore composites. Fire
barriers that can be applied are ceramics, intumescents, silicone, phenolics, ablatives,
glass matand chemical additives. Intumescent syséooatings/addives) arethe

most promising fire barrier treatmentas they foam and expand when heated,
forming a cellular, charred surface that protects underlying material from heat
flux/flame. The best potential for flanretardingof natural FRP is by combining
char-forming cellulosic material with intumescent systébittenber & GangaRao
2012. It is possible to minimescombustion generatioof natural FRRy increasing

its polymer stability orby encouragingchar formation. This will redte visible
smoke, decrease flammability and lirttie volume of combustion products formed
(Manfredi et al. 2006 Other methods for improvinfire resistanceof composites
include fire retardant coating of the composites at the finishing ;stage
impregnation or modification of lignocellulosic particles or fibres with fire retardants
before the manufacturing procdSaiardana et al. 20L1

Polymer alone, when exposed high temperatures, behaves poorly and becomes
very hazardous. Fibre is introduced to improve this condition; however, with natural
fibres, the improvement is limited due to the characteristics of the fibres, which are
more flammable than synthetic fibrddany methods can be introduced to increase
the durability of composites against thermal degradation. Method selection may be
influenced by cost and the degree of resistance.

2.41 Thermal degradation ofnatural fibre composites
There are a few methodahosenby researchers to study the behaviour of natural

fibre composites in a fire situatioifhis section discusses cone calorimeter and the
TGA method to measure the thermal degradation of natural fibres.
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2.4.1.1 Cone calorimeter

Cone calorimetersiwidely used for assessitige flammability of polymer materials

by exposing samples to a specific radiant flux. It can be used to measure heat release
rate (HRR), total heat released (THR), mass loss rate (MLR), time to ignition (TTI),
smoke emissionspecific extinction areaSEA), and averagearbon monoxideGO)

and carbon dioxide €O,). Lower HRR indicatesa smaller contribution to a fire
(Stark et al. 2010Zhang et al. 2012 Shubhra et al. (20)0had adopted a
comparative study regarding loss of composite8 mechanical properties during
thermal aging by heating compositeample at 50 C for 30 days in an oven. The

loss of tensile strength was measured periodic#tly loss increased with heating
time. The magnitude of redtion depends on the moisture content, heating medium,
exposure period and fibre species. Single flame fire or flame propagation tests were
performed byGarcia et al. (200%o study the burningpeed of composites. Flame
was applied for 5exondsthe time to burn 45 mm length specimens was determined.
The limiting okygen index (LOI) test measures the minimum concentration of
oxygen required to support flaming combustion of a material in arflpwiixture of
oxygen and nitrogercalculated using Equation2(Zhang et al. 2012

00® WE GO0 RLOQQE T T Equation2-1

Oxygen concentration reported is its volume pergsih a mixture of oxygen and
nitrogen (Fatima & Mohanty 2011 LOI test does not predict how a material will
perform in a fire, butloescompare between materiaishereby higher Ol suggests
better fire performance. The LOI of natural fibre is higher than that of polymer,
suggesting that natural fibres may be easier to extinguish in a fire than polgioeers

to the higher concentration of oxygen required to sustain bu(Sitagk et al. 2010
Zhang et al. 2012 Smoke density in the process of burning saspies measured

by the change of light intensity in a chamber. It is useful for measuring and
observing the relative amounts of smoke obsaamagproduced by burning or
decomposition of materigFatima & Mohanty 2011

2.4.1.2 Thermgravimetric analysis

TGA is used to studthe thermal stability ohatural fibres. A typical TGA curve for
composite thermal degradability shows a sample subjected to heat will slowly suffer
weight drop, then the weight will dragharplyovera narrowrange and finally turn

back to zero slope as the reactant is exhausted. The shape of the TGA curve is
determined by the kinetic parameters of the pyrolysiech as reaction order,
frequency factor and activation energyhile the values obtained dependouap
atmosphere, sample mass, sample shape, flow rate, heating rate and the mathematical
treatment used to evaluate the data. Theoretically, when a reaction occurs in a
differential thermal analysis (DTA), the change in heat content abhdhre s amp |l e 6 s
thermal properties is indicated by a deflection or peak. If the reaction proceeds at a
rate varying with temperature (indication oftigation energy), the position dghe

peak varies with the heating rate if other experimental conditions are fixed. This
variaion in peak temperature could be used to determine the energy of activation for
different reaction orderfAlvarez & Vazquez 2004 In short, TGA and derivative
thermo gravimetric (DTG) curves determine weight loss and identify the
decomposition of material at a certain temperature, ctéisply (Suardanaet al.
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2017). A typical thermo gravimetric graph for the decomposition process of natural
fibres is shown irFigure2.8.
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Figure 2.8: Typical thermo gravimetric decomposition process of natural fibres
Sourceslee & Wang2006, Suardana et al(2011) and Fatima & Mohanty(2011).

Thermal decomposition processes of different lignocellulosic fibres have very similar
TG and DTG curvesdue to similar characteristics. Approximately 60% of the
thermal decompositiof most natural fibres occunsithin a temperature range
between 215 and 310, with an apparent activation energy of 1600 kJ/mol(Yao

et al. 2008 Thermal degradation behaviour can be evaluated through the
decomposition temperaturefT For studied fibres biethacanon et al. (20),0the

Tq is at 290490 C. Based orBeg & Pickering(2008, the degradation process of
natural fibres includes dehydration combined with siois of volatile components
initiating at a temperature of about 260 and rapid weight loss due to oxidative
decompositioncorresponding to the formation of char as the temperature sezea
Early decomposition shows less thermal stabilMethacanon et al. 201.0Three

main stages of weight loss of natural fibres during, fa® highlighted by a few
researchesre presented in
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Table2.1.
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Table 2.1: Three main stages of weight loss of natural fibres

Stage 1 Stage 2 Stage 3 Reference
50-100 C: 200-300 C: 400500 C: Weight loss due t¢ (Methacanon et
Evaporation of | Decomposition of] lignin and cellulose al. 2019
moisture in the | hemicelluloses degradation
fibres
300 C: 360 C: 200- 500 C, max at 350C: (Alvarez &
Corresponds to| Corresponds to Lignin peak is wider and Vézquez 2004
the thermal the thermal appears superposed on the  Aradujo et al.
decomposition off decomposition of other two peaks. 2008 Manfredi et
hemicellulose Ucellulose. al. 2009
and the
glycosidiclinks
of cellulose.
250300°C: 300400 C: Near 420C: Due to lignin (Lee & Wang
Characteristic of| Corresponds to decomposition 2006
low molecular the thermal
weight degradation of
components, suc cellulose.
as
hemicelluloses.
220'315C: 315400 C: 160/ 900 C: Pyrolysis of (Suardana et al.
Pyrolysis of Pyrolysis of lignin. 201))
hemcelluloses. cellulose.
97 C: Attributed | 325 C: Attributed | Major thermal decompositior] (Shuthra et al.
to water loss. to protein of the composites began at 2011 .
degradation. about 260C and beyond I_:or nat_ural silk
390 C the rateof fibre relnforced
decomposition was slow. ge'a“ﬂ
composites.

Thermal degradation of composites can also be studied through TGA. The
parameters obtained can be used during processing for determining the degree of
degradation of materials when they are proce¢8bdirez & Vazquez 2004 The

main decomposition range of various natural fibres stubiedao et al. (2008
overlaps with the processing temperatures of some thermoplastics. Temperature
plays a significant role in the dimensional stability of natural fibre compositese

it causs direct thermal expansion or contracti@nd by affecting the rate and
amount of moisture adsorptidhatwill lead to fibre swellingWang et al. 2006 To

some extent, thermal degradation of polyethylene/cellulose composites during
processing undergoesn oxidation processwhich results in enhanced adhesion
between polymer and cellulose fibi@gu-Sharkh & Hamid 200¢

TGA curves were plotted byee and Wang (2006to analyse the thermal
degradation of PLA/bamboo fibre compositand PBS/bamboo fibre composite
andtheir components. The thermal degradatidrbiopolymers, PLA and PBS show
a single stage and occurred at 3Z6and 405C, respectively The thermal
degradation obamboo fibre is shown in
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Table 2.1. The composites for both polymers with bamboo fibre have lower
degradation temperatwéhan the pure polymerdee & Wang 2008 For a given
heating rate of a biopolymer composite, the temperature at the maximum degradation
rate shifts slightlyto higher valuesas sisal fibre content increases. Thas been
attributedto the decrasein starch content in the composif@lvarez & Vazquez

2009. With increased weathering time, TGA curves are shifted to lower
temperatures, showing a decrease in thermal stability for both pure polypropylene
(PP) and its composites. The decrease in thermal stability of PP could be due to the
reduction of PP 6 s rmaoWweght drdr the composites, TGA transitions were
shifted to slightly lower temperatures after 1000 hour weathering. This could be the
result of PP chain scission along with degradation of both the fibre and thie fibre

matrix interfacial bondingBeg & Pickering2008).

With the addition ofire retardants (FRammonium polyphosphatend silica), the
thermal decomposition steps were altered as fol(@hang et al2012):

Stage 1Decomposition is acceleratedjith generation of volatile compounds
(ammoniaand HO), a phosphorus rich layer and more char residual,
which could protect the polymer matrix against heat.

Stage 2Char layer show heat insulation properties and inhibits the heat and
mass transfer between surface and melting polymer, resulting in the
increase ofcompositefire resistance, so the second decomposition is
shifted to higher temperature.

The main problem for quantita® analysis in TG experiments is the overlap of peaks
(particularly in the case of compositex DTG curvesas shown irFigure2.9. For
example, research on sisal ibre reinforced polycaprolactone/starcHPCL/S)
composite by di Franco et al. (20Q4shows at least four peaks were obtained
large first peak (19230 C) represents loss of low moleculaeight componets;

the second peak {fix = 311C) may be assignetb starch plus the contributing
overlapping of the first peak of the sisal fibre (hemicellulose); the third shoulder at
Tmax = 354 C is attributed to the second peak of sisal fibre (atiedbwio cellulose);
and the fourth and main peak corresponds to the degradation off R€iepartialy
overlaping decomposition curves dhe biodegradable matrix and sisal fibre are
attributed to the components of each compoumkich are starch and celbse
derivatives from the matrpand lignin, hemicellulose and cellulose from the fibre
(Alvarez & Vazquez 2004

N fib ith Pol ith1 Overlap of curves in
atural fi revlwt oymerthl - composite may produce
3-stage mass loss stage mass loss intermediate thermal
4 4 ~ 4 stability
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Figure 2.9: Curve overlap in TG Analysis of natural fibre/polymer composite
SourcesSuardana et ali2011), Alvarez & Vazque2004 anddi Franco et al.(2004).
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It is important to identify the type of information required to choose the most suitable
test methods. TGA is widely used by most researchers to study the thermal
degradation of natural fibre composites. Eatgcomposition, observed by lower
temperatures at the start of degradation, implies less thermal stability. This can be
used to compare the thermal performance of various composites.

2.4.2 Effect of surface treatment onthermal degradation

The biocomposes studiedby Lee and Wang (20Q6rere mixed with a bibased
coupling agent, LDI. Although lower than the pure polymers, the thermal
degradation temperature was increased by increasing LDI content. The increase of
molecular weight by crodinking reactiors betweenthe matrix and bamboo fibre, or
molecular chairextension of the matrix itself, could have influenced the increase of
thermal degradation temperature.

A study onjute/HDPE composites treated with a coupling agewtieic anhydride
(MAPE), shows highertemperature in the first degradative process tham the
composites withoua coupling agentin addition, thepercentage of weight loss in

both degradation processes was also lower than in the untreated composites. MAPE
in the composites ensures bettBermal stability as compatibilised composites
present more interfacial interaction due to reactibatween acid groups of the
maleic anhydride groups and hydrophilic groups on thedilwe s uThi$ largee
interaction promotes greater interactionvtn the degradation processes oftie
components, whereby degradationoofe component may accelerategradation of

the other componeliAradjo et al. 2008

A study on the thermal stability of unbleached and bleached composites
undertaken byBeg & Pickering(2008. Theyfound that unbleached fibre composites
began decomposingarlier than bleached fibre composites. Residual lignin and
hemicellulose contents decreased with bleachsngportingthe increase in thermal
stability. However, unbleached fibre composites have greater amount of residue due
to higher amourst of lignin, contributing to char formationThis insulates them
against further thermal degradation.

From the studies above, it can cmncluded that surface treatment improves thermal
performance of natural fibre/polymer composites. It is important to note that higher
lignin content in untreated fibres produces more chiae. dptimum degree of lignin
removal can be studied furthéw evduate the positive contribution of lignin in
forming charsas well as its negative impamt low temperature degradation.

2.4.3 Effectsof fire retardants

The most widely used method to acquire flame&ardationis incorporatingFRs.
Depending on the mare of the additives, they can act chemically or physically in the
solid, liquid or gas phasisain et al. 200¢ although most are particles or powders
(Stark et al. 2010 To improve fire performance of natural fibrefpmer composites,

FRs can be added to the plastic melt during proce¢Sitagk et al. 2010 FRs for
biocomposites should be temperature resistant to avoid decomposition during
processing(Hamid et al. 201p and should not contain any halogen.hd&se
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compounds produce toxic gases like those formed d@f@combustionGarcia et
al. 2009. Halogenbased and phospha&rbased compounds prove effective in
suppressing the flame behaviour of synthetic polyna¢the expense of negative
environmentaleffectsand health concerndgdamid et al. 2012 An anatany-based
system on its own is not fire resistabut show synergistic effects with halogenated
compounds. The use of orgarit®s can produce high toxic products after thermal
decomposition and combustion. Nacmmposites constitute a new development in
flameretardationput is very expensivandthus not suitable in commodity products
like construction elementéStark et al. 2010 A small amount of nanolay can
significantly improve the flame retarding propertiesaafod fibre reinforcedHDPE
nanaecompositegZhang et al. 2012

To produce safe composite§Rs should be selectedrom phosphorus (this
contradictsHamid et al. (2019 and inorganic systems like borates, stannates or
hydroxides (Stark et al. 2010 For environmental and health safety reasons,
increasing attention omorganic compounds such as metallic hydroxide additives
are being considered as F{Sain et al. 2004 Stark et al. (201)0statel that thre most
effective additives in producing flame retartegre componds containing bromine,
chlorineor phosphorous, or two or more of these elements. Other elethattiave
exhibited somelame retardant effects includentimony, boron, nitrogen, silicon,
dicyanodiamide, ammoniurand zinc; theseare often used with phosphorous or
halogenated compoungSain et al. 2004Stark et al. 2010

Additive-type flame retardants improve fire performance through the following
mechanismgStark et al. 2010
a) Redirect decomposition and combustion reactitmvgards the evolution of
nortcombustible gases, or heavy gases that interfere with the intgecloén
combustion gases and air.
b) Redirect the decomposition and combustion reaction t@mvadiicing the
heat of combustion.
c) Maintain phyical integrity of the raterial.
d) Increase the specific heat or thermal conductivity.

However, it must be noted th&R worsened the outdoor durabilifzarcia et al.
2009; thus an optimum blend ratishould be employed to achieva balance
betweenthe strength and fire safety of composites. Addition FiRs and other
additives like antioxidants affecthe interfacial adhesion, orientation and dispersion
of fillers in the polymer matri{Hamid et al. 2012 Some FRsand thé& mechanism

of flame retardare are summarised ihable2.2.
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Table 2.2: Fire retardants and their mechanism of flame etardation

Fire Retardant

Description

Phosphorousompounds

Example:
Ammonium polyphosphate
Sodium phosphate

= =/ =44

An intumescent material, char formé@arcia et al. 200%nd leads to autextinguishing behaviour.
Generation of solid form of phosphoric acid, inhibits access to oxygen and shields it from re
flammable gases able to feed flam@&iark et al. 201,(&hang et al. 201)2

Only increase char in pwmlefins when there is another cHarming additive present, typically
nitrogen containing compound (phosphoroitsogen synergism(Stark et al. 2010

Ammonium polyphosphate: water soluble, not suitable for products edgosexterior environment
(Stark et al. 2010

Brominebased compounds

Example:
Decabromodiphenyl oxide

Act in the condensed phase to redirect or terminate chemical reactions involved in combustion
bromine gaseprotect the material from exposure to oxygen and heat. Brepaised flame retardan
are practically always used with an antimony synergist, often antimony tri@Stald et al. 2010

Antimony- based compounds

Example:
Antimony trioxide

The compounds alone do very little, but in combination with halogens form antimony trih
Antimony trihalides both scavenge free radicals and increase char forif&ttok et al. 2010

Metal hydroxides

Examples:
Aluminium-based
Magnesiurrbased

E ]

An inorganic compound thus health and environmentally (S et al. 2004

More effective as hydrated compour(@ark et al. 2010and provide effective flame retarding effis
by releasing contained water at high temperatdesorbing heat from the combustion zone, produ
char, generating metal oxideating that act as insulatand reducingmoke(Stark et al. 2010
Mg(OH), has superior afothermic flame retarding reacticand are more suitable for polyolefir]
polypropylene and polyamidesecause it decomposes ath@her temperature (30820 °C) thus
allowing it to be processed in plastics, for which Al(@Kjecomposition temperature: 200) is not
thermally stable enougfsain et al. 2004
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Boronbased compounds 1 Are generally char producers.
Example: 9 Zinc borate compounds reduce smoke production and are mostly used as hydrates.
Zinc borate 1 The hearequired for dehydration also contributes to fire retardant capaSligyk et al. 2010
Melaminebased compounds | 9§ Aids in char formation.
Example:  Compounded with phosphates to achieve a phosphaitsogen synergism.
Melamine cyanurate 1 Creates endothermic reactions and scavenges free radicals. Decomposition produces nitr
ammonia, which dilutes fuel gasgtark et al. 2010

9 Melamine cyanurate: undergoes endothermic decomposition above 320°C to melamine and
acid, acting as a heat sink in the process. Vapdnmelamine acts as an inert gas source diluting
oxygen and the fuel gases present at the point of comb(Stiank et al. 2010

Silica 1 Recognized as inert diluents and shows some flame retardant effect.

1 Synergistic effect with APP, accumulate on the surface in fire and consequently forms a charred
combining with APP. Smoo#r and more compact char is formed which prevents heat transfe
transportation of degraded products between melting polymer and Siftfecey et al2012).

Halogenated compounds {1 Function primarily by a vapour phase flame inhibiting mechanism through radical re{&dionet al.

2004).
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The addition of 9% FR in a study b@arcia et al. (2009showedno bubble
formation during burning and the rate of flame spreagas much slower than
specimensvithout FR Only the external surface of the specimens was burnt, while
the internal zone was not altered. A blend of sodium metasilicate and zinc borate in
solid form was used as fire retardant byShubhra et al. (20}0in hybrid
biocomposites reinforced with rice husks and sawdust. The TG curves for
composites with FRs have higher temperature curves ttlea samplesvithout fire
retardams. This improved fire retardatiomas attributed to the thermal shielding and
diffusion barrier effects yielded by the effective silica layer formed during the
combustion processogether with the addition of flame retdant agents that slow

the propagation of the burning reaction. The high silica content in rice husks may
also contribute synergisticall(Shubhra et al. 2010 Fibres treated with
diammonium phosphate (DAP) used in biocomposites show a decrease in burning
rate and weight loss rate. Exposure to heddvw the decomposition temperature of
cellulose (<160C) formed phosphoric acid and ammoni&hosphoric acid can
phosphorylate the primary hydroxyl group of cellulose to form a phosphorus ester
that catalyses the dehydration of cellulose, promoting doamationand water at the
expense of levoglucosan. The chasidues increase with increddeAP treatment.

The acid may also crosslink with the cellulose, changing the normal pathway of
pyrolysis to yield less flammable products. Untreated fibre comgsadigintegrated
completely and formed ash after glowing. For PP composites, the addition of DAP
showed poor compatibility between DAP on the fibre surface andi@o absence

of chemical interactictn henc e, | owe r i meghanicah propesti®e mp o s i
(Suardana et a20117).

At higher loading of flame retardant, the mechanical properties of the composites
tend to decreas&hubhra et al. (20)®@bserved that biocomposites added with 0.5%
AOs and 20% FRs contengswvethe best dispersion of hybrid fibres in the matrix,
leading to high perfanancein bothphysical and mechanical properties. A study by
Ayrilmis et al. (2012 observed that water resistance of uncoupled WPCs
significantly decreased with increasing FR content but improved with the addition of
MAPP. At 6 wt. % MAPP, the negative effect of 12 wi FR suppressed the
compatibility between wood fibre and lgmer due to a high contamination of the
wood surface by the crystalline deposits of the &R shown inFigure 2.10. The
severity of wood surfacecontaminationincreases with increasing volumetric
percentage of FRs, indicated by a decrease in particle density. It was observed that
phosphate treatents provided more improvementfire performance than the boron
treatments. WPC containing 4% FR and 2% MAPP produced optimum physical and
mechanical propertie3headdition of ammonium polyphosphate (APP) and silica as
FRs in WPC showea decrease in tensile strength and elongagiobreak. This
could be attributed to the poor compatibility of the added FR with polymer, the
existence of the cavities formed via thermal decomposition of fillers and release of
steam during the process, and larger size of silica agglomerates at Ibiayhag
levelsthat act as stress concentrators and mechanical failure,poitising fracture

of the specimengZhang et al. 2012 Despite the presence of a gling agent, the
addition of FRs shows a negative impact on the tensile and flexural properties of
natural fibore/PP composites. However, these composites exhibit better performance
compared to pure polypropylene. Impact properties of the composites @reaiby
affected by the addition of FRs. It was found that magnesium hydroxide can
effectively reduce up to 50% tiiese compositéslammability. Replacingpart of it
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with boric acid or zinc borate results in a reduction of the retarding effect of
magnesim hydroxide(Sain et al. 2004

> Fibre

. Contamination by
“ crystalline deposit
of FR

> Polymer

Figure 2.10: Fire retardant contamination on fibre surface (Ayrilmis et al. 2012)

At present it is impossible to compare various class€RefAs anexample, studies

on WPCs are done with different matrix materials, fire retardant contents @lad us
range of fire performance tests. Flamatardationis complex whereby each fire
retardant is effective via several mechanisigr examplesStark et al. (2010
performed a study on several FRs and observedahlbugh the decomposition of
both magnesium hydroxide and zinc borate compounds prddvater vapour, only
magnesium hydroxide contribateto fire retadant capabilities.Boronbased
compounds, brominbased compounds amePP are all char producers. However,
only the later was observed to perform well. This study concluded that magnesium
hydroxide andAPP mostmproved the fire performance of WPQeghile a bromine
based fire retardant and zinc borate improved fire performance the least. It also
highlighted that although afRshad a positive effect on WPiCe performancethe
addition of wood flour alone intpolyethylene IPE) dramatically improve the fire
performance (HRR) of PEFigure 2.11, Figure 2.12 and Figure 2.13 show the
improvedfire performance of several natural fibre composites treated vifdraht

FRs using different tests. The graphs do not provide conclusive reasltthe
parameters used @ach studyifferedwidely.

Various FRs were used to achieve improved fire resistance of composites with a
wide range of results. It was observedni the above reviews that magnesium
hydroxide provided a promising positive effect on fire durability of natural
fibre/polymer compositeddowever, the strength of the composites yemgpardised

with the addition of FRs.
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2.5 Effects of weathering ondegradation

Natural fibore composites exposéal direct sunlight aresubjected to radiatiothat
breaksthe covalent bonds in organic polymecgausing yellowing, colour fading,
weight loss, surface roughening, mechanical property deterioration and
embrittlement with greaterreduction in wetter conditian(Dittenber & GangaRao
2012 Hollaway 2010Q. The important drability properties for outdoor application

of construction products includefungal resistance, UV resistance, moisture
resistance and dimensional stabilfiatuana et al. 201Wang et al. 2006 After
weathering periods, the loss of tensile strength of comgamitairs due to fibre and
matrix degradatior{Shubhra et al. 2030

Photodegradation causes changes in all scales of polyimension, including the
monomer unit (oxidation), the chain (crdsking or chain scission), the
morphology (breakdown of tie molecules and crystal), and on the macroscopic scale
(Matuana et al. 2031 The UV radiation absorbed by polymers modifidse t
chemical structure, providing molecular chain scission and/or chain-lorkissy.
Degradation processes by weathedingcluding photoradiation, thermal
degradation, photoxidation and hydrolysi® changethe chemical, physical and
mechanical properties of materiglBeg & Pickering2008 Wang et al. Q05).
Photodegradation of polymers due to pkhoxidationis promoted by UV irradiation.
Oxygen is used up before it can diffuse to the intertbus degradation is
concentrated near the surfadénis occursven in polymersvith high UV levels in

the interior. The photaxidationprocess also occurs in amorphous regions because
of their higher permeability to oxyggBeg & Pickering2008. Oxidation gradients
cause density gradients that result in stres¥éisen thesecombine with chain
scission (reductiomimolecular weight)leadingto shorter polymer chaingheywill
initiate and propagate cracks. Cracks on susféead to light diffusion (a whitening
effect in appearance) and deterioration of mechanical propérabsyi et al. 2008
Matuana et al. 2031 The presence of catalysasidues, hydroperoxide groupsid
carbonyl groups can also be introduced during polymer manufactprogessing

and storage. These species absorb UV light above 290 nm and may initiate
photochemical reactionfMatuana et al. 2031 A schematic diagram ofatural
fibre/polymer omposie degradatiordue to UV exposure is presented-igure2.14.
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Figure 2.14: UV Degradation of natural fibre/p olymer composite andits
components

For lignocellulosic fibres, amng or degradation occurs due tdV radiation
absorption by lignin, formation of quinoid structures, Norrish reactasreactions

of photo yellowing that occur in lignin. UV degradation le&o the formation of
chromophoric groups, such as carboxylic acids, quinones and hydroperoxy radicals
which are responsible for the characteristic yellow colour associated wign@g
paper(Beg & Pickering 2008. Visible light hasenergylower than 292.9 kJ/molhis

is not sufficient to break the major chemical bonds in the fibre componEmis,
photodegradation of fibre results primarily from th&/ aspect of sunlight. The
degrees ophotodegradation of fibre components largely depend on their ability to
absorb UV light. Photodegradatioar weathering of major components of natural
fibres/polymer composiggresults from the combined effects of light, water, oxygen
and heat. All mairpolymeric components of fibres (cellulose, hemicellulose, lignin
and extractives) suffer from photodegradatibtost natural fibore chromophorese
locatedin lignin, which accounts for 8®5% of light absorption. Thisnsuresa
significant contribution taliscolauration(Matuana et al. 2031

Many weathering studies are performed on W&t is already being used in North
America for nomstructural and senstructural outdoor applicationsuch as decking,
siding, railings, fences, window, roof tileachdoor frames. It is preferable to solid
wood due to the presencealfiydrophobic polymer phase in WP,®¢hich improves
resistance to water absorption and biological decdagreasing durability and
lowering maintenance requirements. WPCs have bettermile and acoustic
isolation than aluminiumand a lower price than neat plasticaith an appearance
rather similar to wood. However, their outdoor applicability is hindered by poor
weathering properties. After weathering, WPCs show fading and swélurglina

et al. 2012Garcia et al. 20QMatuana et al. 201 Btark & Matuana 2004
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The mechanical properties of natural fibore composites undergo changes after UV
irradiation These can be attributed to composite surface oxidation, matrix
crystallinity changes and terfacial degradation (Campos et al. 20)1
Photodegradation of natural fibre/polymer composites involves several fatohs

as fibre content, coupling agents, miawuturing methods and weathering conditions.
Oxidation rate of composites increase with fibre content and decresisen
compatibilsers are presentjue to better dispersion of fibres in polymer matrix
(Matuana et al. 2031 At low sisal content (<20%)the sisal fibre acts as a
nucleating site, increasing crystallinity. However, when the sisal content is above
20%, crystallinity decreases as the fibre begins to hinder the molecular motion of
polypropylengStark & Matuana 2004 Composites experience more lightenimgl a
mechanical propeytloss when exposed to UV radiation wehwvater spray cycle
compared toa UV radiation cycle alondBeg & Pickering 2008 Matuana et al.
201)). In terms of manufacturing methods, injectioroulded composites degrade
more slowly than extruded ones due to the formatioa lmfdropholic HDPErich
surface layer on injection ruted composites(Matuana et al. 2031 PRbased
WPCs experienced quicker photodegradation in terms of lightness and wood loss
compared to HDPBased WPCg-abiyi et al. 2008Matuana et al. 2031

Upon UV exposure, WPCs underwent two competiedox reactions:
a) Formation of paraquinone chromophoric structures generated by the
oxidation of lignin, resulting in yellowing.
b) The reduction of the paraquinone structures to hydroquinones, leading to
photobleaching.

During the first 250 hours of expore, yellowing of composite preceded the
photobleaching mechanism that became dominant with increased exposure time
(Matuana et al. 2031

Increass in the carbonyl groups for WP8uggestthat surface oxidation increased

upon weathering. However, with longer exposure time, carbonyl (both carboxylic
acids and esters) and vinyl concentrations began to decrease, most probably due to
the decrease of wood and plastic concentrations in the @utdace the
concentration of talencreased Wood componestpreferentially degraded during

WPC weathering. This reveals that more attentieeds to be focused on staliics

the wood component rather than the polymer mgabiyi et al. 2008

Study of the weathering effect on natural fibre composites should include the
combined action of UV radiation, heat and moisture. Toisld be accomplished
through natural or artificial &g (Wang et al. 2006 The effects of degradation due

to naturalor artificial aging could be evaluated through the quantification of
chemical degradation and/or by analysis of physical properties such as mechanical
behaviour and visual appearar{Beninia et al. 2011

2.5.1 Natural weathering
The ratural aging process is influenced by natural eleitse weathering or
environmental actiom which the material is subjected to conditions of (B&ninia

et al. 201). The longterm behaviour of materials due to environmental exposure is
evaluated by real time observatiorm/er several years. However, research
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programmes lasting 10 §es or more are rare for orgaaisonal and economic
reasongBeg & Pickering2008.

Weathering studies on jute/phenolic composites with 2 years of exposure showed
resin cracking, bulging, fibrillationand black spotswith decreased tensile strength

of over 50%(Dittenber & GangaRao 20L2A 9-month natural weathering study was
conducted on palm fibre/PP composites. The composites eshbittte drop in
strength compared to pure Ri#hich shoveda large drop in strength aft8rmonths

of exposure. The drop increasand the PP Idsnore than 5% of its strength after

nine months of exposure. A minor increase in strength was observed at long
exposure times in natural weatheripgssibly due to enhanced interfacial adhesion
by degradation as@sult of carbonyl group®rmingin PP, thisis more compatible

with the cellulose fibre surfag@\bu-Sharkh & Hamid 2004 The ensile strength of

a neat PP sample after 3 months exposure to UV radiation decr@2sgdo
whereas forl0% sisal fibre loading is 58%, for 20% sisal fibre loading is 37% and
for 30% sisal fibre loading is 23% as studiedJogeph et al. (2002Degradation of

PP is due to photoxidation promoted by UV irradiation. Oxygen is used up in the
reaction before it can diffuse to the interiso degradation isomcentrated near the
surface. Surface cracks of composites can be caused by thermal stresses during
outdoor exposure due to dayght variations in temperatyrer due to the tensile
residual stresses that develop at the surface of some polymers durthgringa
Crack propagation can be controlled to some extent by the addition of fibres to PP,
where with increasein fibre loading the extent of retention in tensile properties
increasegJoseph et al. 2002

Natural weathering studies may prove impractical due to the amount of time
required accelerated weathering tesise preferred. However, the results from
accelerated weathering tests have no exact correlation to what kappesal
conditiors, due to regularity of cycles, duration, intensity and exposure conditions
(Beninia et al. 2011 It is difficult to transfer artifial weathering to life
expectanies under natural weathering conditigres rates of fibre degradation in
nature depend on various external factors such as intensity of radiation, temperature,
humidity and air pollution(Methacanon et al. 20).0Different weathering regimes

lead to different wedtering patternsas discovered byabiyi et al. (2008 The

degree of WPC de@dation in a Z/ear natural test was not as severe as that in a
200Chour accelerated tesbut was more severe than that observed in a-Ao0r

test. It can be seen from the study donéby-Sharkh and Hamid (2004hat highe

stability was displayed by compatibiid samplein artificial weathering compared

to natural weathering. This can be attributed to the UV source in the accelerated
weatherometemot reproducingthe light spectrum produced by solar radiation.
Moreover,it is possible that the maleated polypropylene useal esmpatibiligr is
susceptible to degradation by radiation frequencies that are more abundant in solar
radiation.

2.5.2 Acceleratedweathering
The acelerated agng process occurs in @gg chambes that simulate a natural
environment and the damaging effects of lbe@ign outdoor exposuréy exposing

test samples tdJV radiation, moisture and heat in a controlled manner. The
advantage include faster testing than natuexposure and reproducabyli{Abu-
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Sharkh & Hamid 2004Matuana et al. 20)1It is a more convenient alternative for
assessing lonterm behaviour. However, some variables must be considered such as
exposure time, UV exposure as radiant energy over a specific wavelength range, and
water exposure as a number of cyclasin time. Forthe best comparison between
studies, it is recommended that performance after weathering be reported after a
specific radiant exposure, commonly termeddimae integral of irradiandgBeg &
Pickering 2008

FRPs exposed to accelerated weaihg affect the polymeric matrix and the
components within the matrixincluding: pigments, processing additives and
reinforcements(Wang et al. 2006 Visual observation of samples subjected to
accelerated weathering testhow colour fading and partial shrinkagesulting in
sanplebending.In addition deposition of white chalky material was observed on the
surface. Duringhe weathering process, lignin and water soluble products leach from
the samples, apparénidue to colour fadingBeg & Pickering 2008 Beninia et al.
2011, Methacanon et al. 20).0

During the course of accelerated weathering of polymer composites, two
mechanismscompete: chain scission and crofigking. Chain scission lowers
molecular weight, whereas crelasking raises molecular weight by increasing the
bonding between polymerchains. Chain scission is directly indicated by
accumulation of the carboxylic acids and vinyl groups, as well as insr@ase
crystallinity. The shorter chains produced during chain scission are more mobile and
are readily crystallised which increases ygstallisation and embrittlement. In
contrast, crostinking does not affect polymer crystallinity. While chain scission
occurs in the amorphous phase of the polymer and is controlled by the diffusion of
oxygen in this region, U\ihduced cros$éinking occus in imperfect crystalline
regions(Stark & Matuana 2004 The reduction in molecular size dominates in short
time exposures to weatherinfavouring crystallisation In contrast,after extended
periods, the presence of many extraneous groups in the molecules of hegitgded
polymes makes crystallisation more difficulf{Butylina et al. 201R This
phenomenon can be correlateth the SEM results ofHu et al. (201D whereby

fibre breakage mainlyccurred in shosterm aged tensile samplewhile fibre
debonding and pulbut occurred in longerm aged tensile samples.

Study on accelerated weathering of WPC3tgrk and Matuana (20p4howedthat
while neat HDPE may undergo crdsking in the initial stages of accelerated
weatheringwood fibre (WF) may physically hinder the ability of HDPE to cress
link, resulting in the potential for HDPE chain scission to dominate in the initial
weathering stage up to 100@urs before decreasing. At this point, chain scission
begins to affect the tie molecules, resmgtin a net decrease in crystallinity.

Fibre tensile strength decreases with increased exposure(Metbacanon et al.
2010, while little change is observed for pure EFeg & Pickering 2008 Tensile
strength ad modulus for the composites were found to decrease due to
embrittlement of the matrixand degradation of fibre and fibi@atrix interfacial
bonding evidenced by increased fibre pull dBeg& Pickering2008. Increassin
strength observed at long exposuraes in natural weathering areot present in
accelerated weathering. It seems that the fast rate of degradation in accelerated
weathering tests might offset any enhancement in interfacial adhesion caused by
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degradation(Abu-Sharkh & Hamid 208). Due to the short period of exposure
Beninia et al. (201)1observed no changes in the ultimate tensil@ bfigh impact
polystyrene(HIPS) matrix. However, there was a small increase in tensile modulus
that might have been caused by onset of a dnolsieg process thabccurs with

some thermoplastics subjected to certain processes of degradation. Degradation
procesesfrom accelerated weatherirggeinfluenced by fibre volume and chemical
treatment. Theffectsof weathering exposure was fouhy Beninia et al. (201)lin
composites compared pure HIPS, indicating that fibres decrease the degradation
resistance of material. Through SEM analysis, exposure did not cause degradation of
thefibre/matrix interface.

Most researchers acknowledge that accelerated weathering tests cannot be directly
correlated to the natural weathering process. If time is not an issue, then it is more
accurate to analyse data from natural weathering tests, which gives the actual site
conditions. Accelerated weathering tests provide basic understanding of the
degradatn mechanism of compositesbjected to predetermined exposure cycles.

2.5.3 Effect of moisture on weathering of composites

Weathering in the presence of water enhances the rate of degradation pR8VPC
wood cell walls swell when penetrated by watecjliating light penetration further

into the woodand providing sites fomore degradation. Swelling of wood patrticles
creates microcracks in the matrix, and washes away loose wood particles, loose
cellulose, and degraded lignin at the wood sur{&sg & Pickering2008 Matuana

et al. 2011 Pure polypropylene has no sifigant change in weight while
unbleached and bleached fibre composites showed an increase in weight after
accelerated weathering. The overall increase in weight of the composites show that
water absorption is dominant compared to leaching of lignin anerveolble
products from the sampleReductiors in hardness for composites obsehaould

also be due to plasti@son by water. The degree of crystallinity of PP in composites
was also found to decrease with weatherattyibuted tothe swelling of canposites

by absorbed watéBeg & Pickering2008.

As a result ofthe wetting and drying cycle, WPCs were differentially contracted
between the surface and interior sections. Together with polymer chain scission,
which results in highly crystalied polymer zones that crack, crazing was observed
for both natural and accelerated weathering. Three stages of degradation were
identified (Fabiyi et al. 2008
a) The wrface layer was eroded, creating several cavities orsuhace of
composites.
b) The fequency and size of the cavities increased upon extended exposure
time.
c) Small cracksdevelopedn the weathered surface of WPC.

A study onthe weathering effest of rice hull composite decking boards was
conducted and the dimensional stabilitywas studiedby Wang et al. (2006
Dimensional changes of the composites were attributed to three components:
a) The recoverable swelling and shrinking of the rice hull component under
humidity changes.
b) Thermd expansion/contraction effect
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c) lIrrecoverable swelling due to relaxation of the compressive stresses induced
during the extrusion process.

Moisture adorption was the major factor idimensional instability. Moisture
adsorption/desorption was influenced by temperatwteereby high émperature
facilitated high and quick moisture adsorption; while low temperstuapped the
already adsorbed moisture. The decking boards were found to achieve constant
dimensions relatively quicker than moisture equilibrium when ambient conditions
were changed(Wang et al. 2006 In reality, moisture sorptionof natural fibre
composites irservice is slow and seldom reaches an equilibrium condition in a moist
environment. The surface of the composites may be saturated with water while the
core |l ayers may hostureXieseta) 200y cant |l y | es s

Hemp fibre/mly-hydroxybutyrate(PHB) films composites exposed to accelerated
weathering suffer a decrease in molecular weight via chain scission from U\ photo
oxidation and ester hydrolysis from exposure to moisture. Cracking of composites is
caused by incompatibility between tleefficients of polymer matrix and fibre
thermal expansionral, in the presence of moistuibre swelling is dominated by

free water boding with readily available hydroxyl groups in the cellulosic fibres.
Hoop stresses, generated by fibre swelliexceed the tensile capacity of the PHB
surrounding the fibre. Hence, it was observed that mass changes in the composites
depend more on thébfe/matrix interface and on tHire moisture content than on

the mass stability of the PHB matrix itself. With increased crystallinity and
embrittlement from photoxidation, degradation of composites was accelerated
(Michel & Billington 2012).

Water worsers the weathering effects on natural fibre/polymer composites.
Therefore, in outdoor applications where a composite will be exposed to direct
sunlight and rain, it can be expected to undergo severe deterioration.

2.5.4 Discolauration and chemistry changes of composites due to
weathering

A significant feature of WPC is its aesthetic value which becomes compromised by
weathering through severe disaalation. Wood exposed to weathering initially
becomes yellow and brown due to the phatalation of lignin, and then gray due to
leaching of the degraded product of ligniis discolarationand yellowing resust

from aloss of lignird smethoxylcontent photedissociation of carbeonarbon bonds

and formation of carbomppased chromophoric groups. Fadtting of composites

was observed with the combination of fibre bleaching by UV radiation and water
spray which accelerates oxidation reactions, facilgalight penetration into the
composites, and remawevater soluble wood extractive¢Matuana et al. 2011
Michel & Billington 2012. Research has showthat for both natural and
accelerated weathering, longer exposure gimerease the degree of colour change
and lightness, carbonyl concentrations and wood loss on weathered WPC surfaces
(Assarar et al. 2031

Colour measurement of composites is analysed asARaM D2244 and is

conducted in a spectrocolorimetadapted to coloudata software. It is determined
by calculating the discolouration ( E)
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(L*) and chronaticity (a* and b*) of unweathered and weathered specimens. The
equation is given as:

PE = + (o * P * Equation2-2

WherepL * , aa * apphhedifference of initial and final values of the colour
coordinates L*,a* and b*.L* ranges from 0 (black) to 100 (white) whit& (red
green) and b* (yellowblue) (Matuana et al. 203IMichel & Billington 2012 are
interpreted as: +a expresses redn@ssxpresses greenness, +b expresses yellowness
andi b expresseslbenesgFabiyi et al. 2008Garcia et al. 2009This s represented

in Figure 2.15. The relationships between chemical (wood lignin content and
carbonyl concentrations) and colour changes (L) were establishdéabiyi et al.
(2008, where strong correlations between lightness and wood lignin degradation,
lightness and carboxylic acid concentration, and lightness and esterification were
observed. It was concluded that delignification and oxidation lead to increased
lightness.

White
L* =100

Ye\l(iw / +a*
b \

Green
_a*

Black
L*=0

Figure 2.15: L*a*b* colour s pace adapted fromHunterLab (2008)

A study byButylina et al. (2012proved that higher woofibre content led to more

signi fi cant changes in colour. The decrea
can be linked to the reduction of paraquinones (chromophoric structures) to
hydroquinones, which results in photobleaching and a more serious degradation of

the surface layelAs fibre content exceeds 40%, encapsulation of wood fibres with
polymer becomes impossible. Degradation was found to be limited to 0.5 mm depth
below this, the intensities of different bands were similar to those of the non
weathered composie

Changesn surface chemistry can be studied using spectros@matysisbut they
cannot distinguish between the surface oxidation of polymer and that of the fibre
(Butylina et al. 2012 X-ray photoelectron spectroscopy (XPS) was used to verify
the occurrace of surface oxidation by studying the concentration of carbon to
oxygen atoms througBquation 23 (Stark & Matuana 2004

Coxtunox= Coxidized Cunoxidizeda= [C2+C3+C4]/C1 Equation2-3
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Fourier transform infraredFTIR) spectroscopy monitors the development of
degradation products, such as carbonyl groups and vinyl groups, and determine
changes in polymer crystalliniftark & Matuana 2004 The addition ofVF to the
HDPE matrix increasethe concentration of carbboxygen bond (C2,C3,C4) in the
samples This isas expectedcellulose, hemicelluloses, and lignin of wood have a
larger percentage afxidisedcarbon in their chemical structure than manufactured
neat HDPE. Hydroxyl groups are the main cailaxygen functional group in
wood. Concentration of vinyl groups was larger for neat HDPE than for WPCs
indicating it is important for the degradation of the polymaty, not the wood
(Stark & Matuana 2004

A study performed byatuana et al. (2031on coextruded and uncagp&/PCs
suggestdthat discolaration of WPCs upon UV weathering is a combination of both
chemical and physical changes. Phoxadation of wood components is responsible
for the chemical changes and determines the initial colour ch&mgxtrusion
prevents surface erosion and removal of degraded wood compomantEntains
adhesion between fibres and matritkjus the composites become dark and yellow
but fade once the cap layer is damaghee to removal of loose wood components
by water sprayThe cap layer absorbed some UV light and reduced the availability of
oxygen at the interface of coextruded composites, thus decreasing the
photodegradation rate

UV rays are responsible for colour changes in both synthetic and natural FRPs.
These colour ltanges can indicate chemical changes on the surface of the

compositeswhich reflects the degree of deterioration. In a-fwad bearing natural

FRP, the importance of its physical appearance may exceed its mechanical .strength
As suchthe method selected block the damaging effects of UV rays must not hide

its aesthetic surface.

2.5.5 Effect of surface treatment and additives on weathering of composites

For a high degee of UV resistance, UV stabiiss are incorporated into polymer
during manufactung (Hollaway 201(. Coated polyurethane results in little surface
deterioration and together with fibreodification (bleaching, alkalisation and
silanes) will help slow weathering effedBittenber & GangaRao 201L2However,
chemicall treated composites show a relatively greater extent of decrease in tensile
strength with increaseof exposure timecompared to untreated composites. This
proves that treated composites undergo severe degradation compared to untreated
compositesMAPP treated composites experiertbe worst degradatiofJoseph et

al. 2003. 1t is also important to note that metalbased additives and plasseis

may introduce chromophores into the composites, which will lead to the generation
of phenyl and carbonyl groups during degradaiiBabiyi et al. 2008 Michel &
Billington 2012.

To provide colourstability against UV radiation, additives and fibre modifications
can be incorporated during composite fabricates listed inTable 2.3. Oxidative
degradation ishie most common reason for failure of biocomposites after mechanical
failure. Biocomposites are much more sensitive to oxidative degradation compared to
pure plasticsin addition, theiinduction time, durability and lifetime is dependent on
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the antioxidats (AO) and their amoun{$lamid et al. 2012 Samples with 0.5 wt.%

of antioxidants and 20 wt.% &Rswere observed bilamid et al. (201pto have the

most reasonable strength and elasticity of recycled high density polyethylene
(rHDPE), reinforced with a high loading hybrid of rice husks and sawdums. AOs

were consumed by protecting the polymer from aoxaseand endd up as stable
peroxide, anoxidised antioxidant, or as other stable structures. Althosghmpls

with AOs had higher water absorption satempared to samavith no antioxidant
content addedthey had abetter reinforcing effect as higherresults of tensile,
flexural and impact strengths were obtained.

Table 2.3: Compositetreatment for colour stability

Treatment Description

Photostabikiers Classified into two types according to their action mode:

1. UV Light Absorber (UVA): Absorbs some UV radiation. A
by shielding the material from ultraviolet ligiiGarcia et al
2009.

2. HALS (hindered amine Iig stabili®rs). Act by scavenging th
radical intermediates formed in the phaobddation proces
(Garcia et al. 20Q9 High effectiveness in the initial stage d
to their fast diffusion to the surface butteahatively, low
effectiveness with increased exposure time due to their lo
surface evaporatiofMatuana et al. 20)1

Pigments are added as phtlockers at material surface for cc
effective production because weathering primarily occurs in
region. Composites containing darker colour pigments had &
colour stability(Butylina et al. 2012 Blocks the peetration of UV
radiation as well as masking the bleaching of filjidatuana et al
2011).

Pigments/Colarant

Colour Dye Colouring fibres with an oibased stain significantly improved t
colour stability of composites upon weathering while watsed
dye does not improve the colour stabi(iiatuana et al. 2031

Opaque pigmented coatings block UV/visible lighNor
photostabilsed UV, curable acrylic clear films fails to protect wo
against discolaration. Photodegradation of the interfacial layer
to flaking and peeling of the coatifiglatuana et al. 2031

Coating

Disadvantages: difficulty in coating plastic composite due to
low surface energy of plastic, solvent evaporation and often ¢
environmental concerns, drying stage of coating requires addit
time (Matuana et al. 2031

Lamination Lamination is achieved by melt fusion or an adhesive lay
Delamination often occurs with the bending of the lamin:
composites.

Disadvantage: the difficulty to use lamination technology
manufacture a fully encapsulated structure in plastic compg
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rather tha a planar layered structufidatuana et al. 2031

Coextrusion Coextrusion provides a protective surface by producin
multilayered product with different properties at outer and ir
layers. By coextruding a hydrophobic clear cap layer onto W
discolouration due to water effect can be retard®thtuana et al
2011).

Composites exposed to moisture amdV radiation have more effect on
lignocellulosic fibres thawon the fibre/matrix interfacial region. Bleached fibres have
less amourst of lignin from the removal treatmentprocess which leads to higher
mechanical interaction with the matrix. Mersed fibres have higher amognf
lignin than bleached fibreghus they are more susceptible to UV radiation and
moisture(Beninia et al. 201)1 Bleached fibre composites wef@ind to have higher
tensile strength, failure strain and impact strength than unbleached fibre composites
due tothe removal of relatively weaker and more brittle roellulosic compounds
which allow better fibre/matrix bonding. The crystallinity of RPbleached fibre
composites was better than unbleached fibre comppditedothe removal of lignin
and hemicelluloses. This allows better packing of cellulose microfiprids/iding a
better substrate for crystal growlBeg & Pickering2008 Campos et al. 20} 1After

UV exposure, composites with bleached fibres showed greater deciredsasile
properties in comparison with untreated composithse to the change in the
morphology upon UVrradiation. However, the lower level of surface damage
irradiated compositegompared toneat polycaprolactone RCL) suggests some
protectionof PCL This indicategossible interaction of PCL with cellulose from
sisal fibresas demonstrated lifie Faurier transform infraredRTIR) spectrum with
increased carbonyl groups in the PCL. Strong fibre/matrix interaction and
carboxyl/hydroxyl group interaction contributed to retention of crystallinity,
elasticity modulus, morphology and the structure of caitps after UV irradiation
(Campos et al. 20)1

Irgastab and Tinuvi783 were used to stabilise pure PP, compatibilise and
uncompatibilise composites for thermal dd¥ degradation during processing and
weathering. This enhanced stability was imparted by the presence of fibres in the
composites, and enhanced interfacial adhesion resulting from oxidation of the
polymer matrix, which is the source of retained mecharsta@ngth. The study
concluded that compatibilised samples were generally less stable than
uncompatibilised ones, as a result of the lower stability of the maleated
polypropylene. As for comparison with pure PP, the presence of natural antioxidants,
for example lignin, in composites is known to provide stabilisation to natural fibres.
The dark colour and the surface layer of fibres also act as a protective layer that
prevents UV radiation from penetrating the sample and causing degradation in the
bulk (Abu-Sharkh & Hamid 2004

A stabiliser composed of a blentiIldALS, UV filters and antioxidants was produced

by Garcia et al. (2009The blend gave better results camgd to using HALS alone.

No cracking or fractures occurred in the aged WPCs. However, colour change in the
stabilised composites was much lower than that of neat composites and most
industrial sampleil palm fibresmodified with vinyltrimethoxy silan€éVTS) in an
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alcohol wax mixture (60:40) and soaked in water at different temperatures showed a
reduced water uptake at all temperatures. With this, the resulting polymer composites
wererelatively dryin moist environment, thereby reducing the risk of esrvinental
damage such as deformation and fungal déXas et al. 2019 Coir or oil palm

fibore composites modified with methacryloxymethyltrimethoxy silane (MPS) were
subjected to one yearf eveathering. The mass loss due to fungal decay and the
moisture content of modified composites was less compared to unmodified
composites. The tensile and flexural strength of the modified composites were
slightly reduced (by up to 8%)which is distincty less than over 30% for the
untreated compositgXie et al. 201). However, despite the incorporation of these
chemical additives, natakr fibre composites still underwerghotodegradation
(Fabiyi et al. 2008

From the reviewed studiesne could concludénere are a few chemical treatments
available to improve UV resistance and weathering durability of natural fibre
composites. However, ¢ihe is a lack opublished literaturen this subject matter.

More research needs to be conducted to compare the effects of various chemical
treatments in providing UV protection on a standardised weathering cycle.
Additionally, it must be noted that treat natural fibre/polymer composites suffer
more mechanical degradation than untreated ones.

2.6 Chapter summary

The degradability of polymer composites based on natural fibres was reviewed in
this chapter This includes degradation due to moisture, tlaeffects fire, and UV
rays. The fundamental pointan besummarised as follows:

1) Natural fibres are susceptible to biodegradatibms composites based on
them have a Igher risk of degradation when subjected to outdoor
applications compared to composites with synthetic fibres. Different cell
wall polymers of lignocellulosics fibres have different influenoam their
properties and degradability. For instance, cellulose is responsibféorer
strength, hemicelluloses for thermaiplbgical and moisture degradation,
while ligninis responsibléor UV degradation and char formation.

2) Fibre content is the major factor affecting water absorption of composites
it enhances matrix porosity by creating more moisture path into the esatric
Poor adhesion between fibre particles and polymer matrix generates void
spaces around the fibre particles. Higher fibre volume composites immersed
in water generally have greater decrement in tensile and flexural properties
compared to dry samples. Mture absorption can be reduced through fibre
modifications such as alkagation and addition of coupling agents.

3) A polymer matrk decomposes at 30800°C. Flame retardants are used to
improve thermal durability. The best potential for flame retardamiatiiral
FRPinvolves the combination of eharforming cellulosic material with an
intumescent system. FRs from inorganic compounds, such as metallic
hydroxide additives are preferred for environmental and health safety reasons,
with magnesium hydroxide elwing very good results.

4) Weathering causes degradatiafi polymer composite through phote
radiation, thermal degradation, pha®idation and hydrolysis. These
processes result in changes in their chemical, physical and mechanical
properties. Water enhaes rats of degradation through swelling of filwe
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2.7

leadingto further light penetration. Weathereldeenically treated composites
show a relatively greater extent of decrease in tensile stremigith proves
that treated composites undergo more degradatmmpared to untreated
composites.

Future Developments

From the highlighted degradation characteristics of natural fibre composites,
improvement plans can be further researched to increase their durability for outdoor
applications. The outcome of sth research is expected to assist the future
developments and wider acceptance of natural fibre composites as reliable civil
engineering materialSomeissues that need to be considered for future studies on
the degradability of natural fibore compositaslude:

1)

2)

3)

Natural fibres are prone to moisture attasi it is expected that the moisture
durability of a natural fibre composite will decrease with increased fibre
content. Thusthe amount of fibre in a composite shall be limited to its
optimum fibre/matrix ratio to achieve maximum strength capacity and limit
moisturesusceptibility Fibre treatments are essential to enhance strength and
moisture durability of composgeby promding improved fibre/matrix
interface. Water resistant coating can be appliethewomposite surface to
avoid contact between moisture and fibre.

Low lignin content in a natural fibre leads to better thermal performance of its
composite. However, lignin is a source of char that can provide protection to
the inner layers of composites during a fire. With the removal of lignin
through fibre treatmentharforming FRs can be added to provide improved
thermal resistance othe composite. However, FRs worsened outdoor
durability; as suchan optimum blend ratio shall be employed to achieve a
balance betweerompositestrength and fire safety.

Generally, chemically treated composites possess higher strength, higher
moisture durability and better thermal performance, but poorer UV resistance.
Various additives can be added to a natural FRBtdbiliseit against the
damaging effects of UV rayslowever, moe research is required to compare
the effect of these additives on a more standardised weathering cycle.
Coloured coating may not be an option if the natural elenwernb be
preserved.
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Chapter 3: Methodology

3.1 Introduction

An overview of the experimés and the scope of the study argroduced inFigure

3.1. The first stage details research on NaOH optimisation of alkali treatment of
bamboo fibre and its compositestlwneat polyesterAlkali treatment was introduced

to the fibres at 0, 4, 6 and 8% NaOFhe effect of this treatment on tipdysical,
morphological and tensile characteristics of the individual fibore was observed for
furtherunder st anding of contributions to the
of this fibre treatment on the composites were studied through single fibre
fragmentation test (SFFT) and tensile test to determine the interfacial shear strength
and initial tensile properties of the composites, respectively. The optimum NaOH
concentration for the mechanical strength of bamboo fibre/polyester composites was
identified andhas beemised for composite fabrication in stage two.

The second stage involves two tgpef degradation study; thermal and moisture
degradation of bamboo fibre/polyester composites and their constituents. An acrylic
coating was introduced to the optimally treated composites for added durability of
the sample. The thermal degradation studgseis of TGA, DMA and thermo
mechanical tests, while the moisture degradation study focuses on water immersion
of samples at room temperature and at elevated temperatures. The effects of these
degradation conditions on the physical, morphological andleepoperties of the
composite samples were compareith neat polyester and also to the initial
properties of undegraded samples. Through this research gdepmelieved that the
present study will prove to be helpful in understanding the performbacdoo
fibre/polyester composites under outdoor degradation conditions
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Figure 3.1: Flowchart of research scope
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3.2 Material selection and preparation

The preparation of the samplased in this researaonsiss of cleaning and treating

fibres, composite fabrication ancuring cutting composite samples to required
dimensions, coating samplewith acrylic coating, as well aseat polyester

fabrication and curing.

3.2.1 Fibre preparation and treatment

Untreated bamboo fibrésextracted through a steam explosion progessre
obtained fron an industrial partner in Hong Kong. Before treatment, the fibres were
washed thoroughly with tap water to remove any debris, dirt and undesired
substances and then dried at an atmospheric temperatiifé).(®b the chemical
treatment, alkali solutions we prepared by diluting sodium hydroxide (NaOH)
pallets in water, whereby the amounts of NaOH were varied to achieyé% and

8% by weight of NaOH solutiond8amboo fibres were immersed in the NaOH
solutions for 24 hours at room temperature. After thesrabal treatment process, the
fibores were washed under running tap water until all traces of excess alkali were
completely removed. Finally, the treated and untreated fibres were oven dried at
50 C for 24 hours.

3.2.2 Neat polyester sample preparation

The resin used in the current work is neat polyefid?) (AROPOL 1472/25P)
supplied by Nuplex Composites Australia. The catalyst (ButaneédOMwas added

for room temperature curing at a quantity of 1.5% by weight of the polyester resin.
The liquid polyestewaspoured into a dogbone shaped moualsl perFigure 3.2, in
reference to ASTM D63BASTM 2010h and left to cure at room temperature for 24
hours. These specimens were then removed from the mould and placed in the oven
for 5 hours at 84C for postcuring. The dimensio of the specimens is shown in
Figure3.3.

Sas ¥

Figure 3.2: Préparatidn of neat polyester speimens
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Figure 3.3: Neat polyester specimen dimension
3.23 Compositelaminatespreparation

The bamboo fibres were prepared as per Section 3.2.1, producing 0%, 4%, 6% and
8% NaOH treated fibres. The bamboo fibre/polyest@mposites were prepared
using vacuum bagging proceswhich produced composite laminates with a
dimension of 400 mm x 400 mrat a fibre véume fraction of approximatelyQ®o by
weight. This percentage of fibre volume fraction was found to be most suii@ble
composite fabrication using the vacuum bagging metimottis process, the bamboo
fibres were arranged randomlgut inan evenly distributednanner on an infusion
table with six layers of wax (TR208 Mold Releasegpplied A transparent glass was
placed on top of the fibres to provide a resultant smooth composite surface with a
levelled thickness throughout the panel. A vacuum bag was laid on top of-Ue set
and was sealed along its parameter using adhesive clay. Tig sepresented in
Figure 3.4, with the inlet on the righhand side clamped tightlyvhile the outlet on

the lefthand sidas fixed to the vacuum machine

Vacuum bag

IS

Figure 3.4: Vacuum bagging process for composite preparation

Air was removed from the sep by applying a vacuum of 92 bars. Once it was
confirmed the setip was completely sealed, the neat polyester resin was infused
through the fibres until the fibres were completely soaked by the resin. The pressure
in the setup was maintained from 24 hours at room temperature until the panels
were cured. The panels wereh removed from the mould and were oven cured at
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80°C for 5 hours. Finally, the panels were cut itdasilespecimen dimensions of
300 mm x 25 mm x 5 mras shown irFigure3.5.

300mm S
e

i

Figure 3.5: Bamboo fibre/polyester composite specimen dimension

3.2.4 Coating of composite sample

Coating of composite samples treated at 6% NaOH prdwadeitional protection

from outdoor degradation. A commercial wabaised acihic clear electrometric
coating was supplied by UltraLast Ecoating Systékuastralia was used This is
designedto provide durable protection againgV rays, micr@rganismsmoigure,
rotting, abrasion and chemical exposufee coating was applieds per technical

data sheet (Appendid) directions, using synthetic applicator pad$o ensure
effective adhesion of coating on the porous surface of the composite, two layers of
Ultralast Bondwere applied and lightly saed after dryng. Finally, two layers of

the acrylic coatingvere added téhe composite surface, with each lagleoroughly

dried and tackfree before the next coatas applied (after 1 hour) The coated
samples were left to cure for 12 hours at room temperaitinea finalfilm thickness

of approximately 10 umFigure 3.6 shows a SEM of the surface o 6% NaOH
treated bamboo fibre/polyester compgstteated with acrylic coatingChe layer of
coating was observed to provide full encapsulation on the composite, covering both
the fibres and polyester resin.

| covered with§
coating laer

/

iy V/
0

High-vac. Sél PC-std. 15 KV, . 4 y "\7/0;41201 00020
Figure 3.6: SEM of acrylic coating on bamboo fibre/polyester composite

Overall, the samples used in this resedbsed on the experimental program) are
presented iTable3.1.
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Table 3.1: Type of samples

Sample Description
BPCO Untreated bamboo fibre/polyester composite
4 wt.%NaOH treated bambddre/polyester
BPCG4 :
composite
6 wt.%NaOH treated bamboo fibre/polyester
BPG6 )
composite
8 wt.% NaOH treated bamboo fibre/polyester
BPGS8 )
composite
BPG6C Coated BP&%
NP Neat wlyester

3.3 Fibre characterization

Before tests were conducted on thamboo fibre/polyester composites, some
physical and mechanical properties of the fibres were identified to understand the
behaviour of the fibresndividualy without resin influence.Experiments and
observations on the morpholggyiameter density,tensile strength and stiffness of

the fibres were conducted, focusing on the effect of NaOH treatment and its
concentration on the changes of these properties.

3.3.1 Morphology study

Optical microscopy (MotkSMZ 168) was used to study the surface effibres,

before and after treatment. Ten fibres from each set (untreated, 4%, 6%, and 8%
NaOH treated) were selected and evaluated. The diameters of the fibres were
measured to identify the average dimension of the bamboo fibres. For high
magnification olkervationof the microstructure of the fibres, SENas performed

using Jeol JCM6000 with a balance scale range of = 0.1fde fibres were
attached toa carbon adhesive displaced on aluminium mount3he samples

were later coated with gold prior to caluction andthe surface modifications
resulting from the alkali treatmentere examinedFibre breakages resulting from

the fibre tensile test werdsoobserved using SEM to understand the mechanism

of failures.

3.3.2 Density measurement

A multipycnometer (Quantachrome MMPL60-E) was used to measure the volume

of the dried fibres. Fibres were chopped to approximatelymi in length and
weighed prior to volume measuremensing 0.1 mg precision weighing scale
(Sartorius CP225D)A known vou me of hel i um gas in the
cell was released into the sample cell containing the fibres. The remaining pressure
of the helium gas in the reference cell was used to determine the volume of the fibres
(Truong et al. 2000 Three repetitions were performed for each set and the densities
calalated.

3.3.3 Single Fibre Tensile Test

In the single fibre tensile tegSFTT) sample preparation, two ends of each fibre
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were adhered into sandpaper grips using adhegsinewith a gaugeehgth of 10
mm: the test setip is presented ifrigure 3.7. Principally, the technique is to
elongate the single fibre under tensile lagdil it fails or breaksThe tensile test
was performedusing adynamic mechanical analysis machine (DMA Q800)
wherebythe fibres were subjected to tensile loading at a rate Mfndin until
complete breakageaccording to ASTM D3379(ASTM 1989. The TA
InstrumentExplorer software recored the load and extension and then $ess
andstrainof thefibres were calculatedased on thdiameter at the fracture point
obtained by stereo zoom microscope (M@&MZ 168) A minimum of 10 fibres
from each setvere tested and tleverage valuelsave beemeported.

Sandpaper
grips

Direction of
loading

Fixed clamp

Fibre with gauge
l ength

Movable
clamp

Figure 3.7: Test setup for Single Fibre Tensile Test

3.4 Mechanical properties of composite

The strength of mechanical interlocking between the untreated and treated fibres with
polyester resin was studied using single filbegmentatiortest(SFFT) This allows

for some basic understandingtbé behaviour obamboo fibres with the influence of
polyester resin.The initial mechanical properties of bamboo fibre/polyester

composites and neat polyester, as well#isr moisture and thermalegradation

were evaluated

Comparisorwas made & the strength betweeredraded and undegraded samples,

based

on t hus df hhersamples

stre

describing the durability of materials for outdoor applications. The fractured surfaces
of the tensile damaged samples were later observed using SEM taetaduaffect
of morphological changn thestrength of the composites.

3.4.1 Single Fibre Fragmentation Test

Single fibrefragmentation test (SHF was performed to determine the interfacial
shear strength betwearinforcing fibres anda polymer resinin a composite
system The current study is based on &elly and Tyson (196ptechnique. This

basically subjectthe specimen to an increasing tensile load, which is transferred

to the fibre through the fibrevatrix interface.Each test specimen for SFTT
consists of aingle fibore embedded irunsaturated polyester reswith a gauge
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length of 12 mm, as shown inFigure 3.8. The specimens were prepared in a
dogbone shaped mould.sihg a small syringe, all air bubbles were removed. The
prepared specimens werared for 24 hours at atmospheric conditiddsxt, the
samples were removed from the mould and cured again in an oven with a
temperature of 5@ for 24 hours.Four sets of SFT sampleswere fabricated
according tohie percentage of NaOH treatmedfib, 4%, 6% and 8%.

The specimenwere mounted otthe grips of the tensile machine using two steel
pieces with suitable grooves for specimen ends, avoiding any compression load
thatmay lead to micraracks on the specimenhe test was carried out using a 5

kN capacity load cell (Hounsfield H5EK) at a cross head speed of mB1/min.

The interfacial shear strength ( ) was computed using the following equation
(Saravanakumar et al. 20\&onget al. 2010:

T — Equation3-1

Where 'O is debonding forceQ is the fibre diameter and is the fibre
embedment lengtilhe interfacial shear strength for each set was taken from the
average values of six specimens.

Direction of
loading

35mm

Figure 3.8: Test setup for Single Fibre Fragmentation Test

3.4.2 Tensiletest

Experimental investigation on the tensile propertiesahposite samples and neat
polyester resin, before and after degrematwas conducted as per ASTM6B38
(ASTM 20108, using a universal testing machine, MTS Alliance RTAduipped
with a 10 kN load cell and MTS Laser ExtensometeX300 to measure the
elongation of the specimefhis isshown inFigure 3.9. All tests wereconducted
with five replicates for each sample type at a cross head speetimfrifmin. Both
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ends of neat polyester and coated composite {BEICsamples were roughened
using sand paper to prevesiippageat the grip during testing. This was not required
for the other bamboo fibre/polyester composit&s therelatively rougher suiace

was sufficiently gripped by the machine. The st®sain curves were plotted by
TestWorkssoftware until failure was detected. The average values of the tensile
strength and elastic modulus were reported.

Tensile
machine

Figure 3.9: Tensile test setup with laser extensometer

3.4.3 Morphology observation of fractured surface

The fractured surfacemorphologes of the tensile tested samples were further
investigated using scanning electron microscopy (SEM), Jeol-@@N with a

bal ance scal e r anmenswere cuNto dpprdxienatelyxti@xihOe s p e c
mm and attached to carbon adhesive glisulaced on alminium mounts. To

eliminate charge effect, 10 nof gold coating was used to coat the specimens prior

to SEM conduction. The morphologiesere observed,ncluding fibre/matrix
interaction, as well as fibre and resin conditions.

3.5 Thermal decompositionexperiments

To study the thermal resistance of bamboo fibre/polyester compositetheind
constituents, three types of tests were uskdrmo gravimetric analysis (TGA),
dynamic mechanical analysis (DMA) and thermechanical test. TGA was
performed oruntreated and treated bamboo fibres, neat polyester and the composites
to identify the decomposition temperature and charring capability of these materials.
The visceelastic properties of neat polyester and bamboo fibre/polyester composites
were analysedising DMA, with the glass transition temperaturg) @btained from

the loss modulus curves. Finally, the static tensile properties of the samples exposed
to increased temperature in the plastic region upgtvd@re studied using thermo
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mechanical testyhereby tensile tests were conducted in a controlled environment at
40/C, 80 C and 120C.
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35.1 Thermo gravimetric analysis

Thermo gravimetric analysiéTGA) was used to study the thermal degradation of
untreated and treated bamboo fibr@s well as thir composites and neat polyester
resin This studywas performed to determine changes in wejght relation to
temperaturgin a controlled atmgzhere.For the bamboo fibres, the samples were
chopped into shorstrandswith aninitial weight of approximeely 5 mg while the
composites and neat polyester were cut into small cubes weighing approximately 20
mg, as shown irFigure3.10. The TGA equipmentTA InstrumentTGA Q500) was
progranmed for heating from room temperature to i@Q0with a heating rate of
10/ C/min. For the TGA environmentMonteiro et al. (201R noted that both
atmosphere and nitrogen enviromtscould beused to test cellulosic fibreBartial
overlapping of this peak with the exothermic peads noted asorresponding to the
oxygen reaction with the cellulose. As a consequeneemntiin TGA peak is shifted
to lower temperatures in oxidativenasphers, compared to ineratmosphere
Moreover, nitrogen is used during TGA testifog natural fibresas performedby
most researcherfAradjo et al. 2008 Aziz & Ansell 2004 Lee & Wang 2006
Manfredi et al. 2006Shih 2007 Suardana et al. 201X ao et al. 2008 Based on
this information, the current work was testedainitrogen environmenfTGA and
DTG curveswere obtained from the runs and wesed to determine thgercentage

of weight loss andhe deconposition temperaturewith the number of degradation
steps respectivelyThe percentage of residues left after the TGA runs represent the
mat erial sd .char producti on

/X \11 i‘ 0. 7
7 Lof e SRR ST -
‘A |/;F ¢ \"l»e'> \“. :)' o \

(a) Bamboo fibres : (b) Composite samples
RS A : :

7

Figure 3.10: Thermo gravimetric analysis test seup

3.5.2 Dynamic mechanical analysis

TA instrument DMA Q800 was used to evaluate the dynamic mechanical properties

of the composite materials and the neat pdgresRectangular samples with the
dimension of60x 15x5 mm were used in the tefte setup is presented ifigure

3.11. The equipment was operated in a dual caweil mode (oscillation amplitude:

15 pum) at 1 Hz frequency, from room temperature toi C3@t a heating rate of
3iC/min. The datawhi ch i ncludes storage mwetkul us,
recorded by the TA Instrument Explorer software and were plotted against
temperature. The glass transition temperaturgswWere obtained from the peak of

the loss modulus curves.
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Figure 3.11: Dynamic mechanical analysigest setup

3.5.3 Thermo-mechanical test

Untreated (BPD), treated (BP&) and coated composites (BBC), as well as
neat polyester (NP) samp]egere exposed to three temperature settingsC, 80 C

and 120C, to study tle effect of elevated temperatures on the mechanical properties
of these materialsAn INSTRON 3119 Environmental Chambemas incorporated
onto the MTS tensile machinghe test setp is shown inFigure 3.12. Five
specimens for each sample were placed in the environmental chamber at the
specified temperature setting for 1 hour prior to tensile testing. The initial weight and
thickness of the specimens were taken uddiy mg precision weighing scale
(Sartorius CP225D) and 0.01 mm precisianniercalliper (Kincrome) respectively.

After 1 hour of heat exposure, chasg@e weight and thickness were recorded. The
specimens were immediately mounted on the tensile machidesaribed in Section
3.4.2 but this timewithin the environmetal chamber. The tensile load svapplied

in a controlled environment at constant temperature, simulating fire exposure
(without flame effect) on the samples duringsirvice conditios. Thedisplacement

was also measured usigg MTS Laser Extensometewhich was placed outside the
chamber, recording the data through the chamber's glass window. Thesstiess
curves were plotted until failure waletected.
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Tensile
machine

Environmental
chamber

Figure 3.12 Equipment setup for thermo-mechanical test

Changs in weight and thickness due to the temperature exposure were calculated
based on Equatiad+2 andEquation3-3:

w b — pPTT Equation 3-2

Where W, and W denotethe initial weight and thefinal weight of the sample,
respectively

Yb —— PpTT Equation 3-3

WhereT, and T denote the initiathicknessand the finalthicknessof the sample,
respectively

Results of the tensile strength, elastic modulus, and ceamgeeight are presented
as an average of five specimeibe fractured surfaces were vidyahspected and
the morphologiestudied using SEM.

3.6 Moisture degradation experiments

The effect of moisture on the physical and mechanical properties of bamboo
fibre/polyester composites antheir constituentsis generally investigatedby
immersing these materials in watdihe moisture absorptivity, moisture kinetics,
thickness swelling, volume expansion deaasile properties of the moisture degraded
neat polyester and composite samples were tateulated. Twasets ofconditiors

were evaluated in this studsnoisture degradation at room temperaturd J5and
hygrothermal degradation ati&m.
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3.6.1 Fibre moisture absorption study

Untreated and treated fibres wesubjected to three conditionsnmersion in
distilled water, immersion in rain water, and exposure to room humalgyudy the
moistureabsorptivity of the bamboo fibres. Before and after immersithrfijbaes

were oven dried at 5C for 24 hoursand the dry weight was measured gsanhigh
precision scale + 0.fug (Sartorius CP225D). Thebfes were then exposed to the
three ses of condiions at room temperature (@5 for 24 hours. Fibreghat had
beenimmersed in distilled water and rain water were placed in air tight contamers
avoid any effect of water evaporation. The fibres were reweighed after surface
moisture was removed.he percentage ofmoisture contentvas determined by the
weight gain relative to the dry weight of thieresand computed as follows:

0 b —— pPTT Equation 3-4

Where W, and W denotethe dry weight of the sample and tfieal weight,
respectively.

3.6.2 Moisture absorption of composites at room temperature

For the composite and neat polystamples, two types of specimens with different
dimensions were prepared. The physical study for moisture absorption was
conducted on small pieces of square samples, measuring 15x15x5 mm. For the
tensile test, the same sized samples were prepared Rigyne3.5.

For the first test condition, all samples were imradris water at room temperature;
that is, 25/C. For the physical study specimens, the initial weight and exact
dimensions were recorded usir@l mg precision weighing scale (Sartorius
CP225D) and 0.01 mnprecision vernier calliper (Kincrome), respectivelyAt
regular intervals, the specimens were remofreth water and immediately wiped
with filter paper to remove surface watéithin 30 seconds, the sample was
weighed to avoid errors due to evaporation. The change in dimension was also
measured. The samples were reimmersed in water to permit the cbotinob
sorption until saturation limit was reached. In this case, it took approximately 60
days of test duratioriThe test was carried out according to ASTM DRASTM
20103. The final phystal appearances of the specimens were observed and the
morphologies were evaluated using SEM.

The weight, thickness, surface area and volume gain relative to dry condition were
reported in terms of percentage against time, using the following equations:

w b — pPTT Equation3-5
Yp — PTT Equation3-6
ob — pTT Equation3-7
w b — pTT Equation3-8
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WhereW, T, A, and V represent wgiht, thickness, area and voluméneTsubscripts

@b and &6 refer to the initial and final values, respectively. From these results,
moisture absorptivity, moisture absorption kinetics, thickness swelling rate and
volumetric strain were calculated and discussed.

As saturation was achieved after 60 days, the samples for tensile test were left to
soak in water for the same duration. Tanimise moisture loss, the specimens were
removed from the conditioning chamber immediately before the tests. Tensile testing
was conducted as described in Section 3.4.2. The tensile ruptured surfaces were later
observed under SEM to study the degraded saeng 6 mor phol ogi es.

3.6.3 Moisture absorption in hygrtohermal condition

Considering that outdoor materials placed under direct sunlight in summer can be
exposed to elevatee@mperatures afip to 80C, possibly along with high humidity,

the second testcondition involves both heat and moisture exposure. This
hygrothermal condition was conducted on the physical study samples and the tensile
test samples, whereby specimens were subjected to immersion in amatplaced

in a laboratory oven at 8C. The sme test procedures were conducted for these
specimens as for the first conditiofhe hygrothermal test was terminated after signs

of physical deterioration were observed on the specimens; in this case, they occurred
after two days of test duration. Allesults obtained for both conditions were
compared to data for undegraded samples.

DMA was also performed on moisture saturated samples. DMA specimens were
soaked in water at room temperature for 60 days to ensure moisture equilibrium was
reached. The sanm@ocedure as describé@d Section3.5.2was conducted, exposing

the samples to increased temperawp to 170C. The change in viseelastic
properties and Jdue to hygrothermal effect were reported
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Chapter 4: Alkali Treatment Optimization on Bamboo
Fibre/Polyester Composites

4.1 Introduction

To understand the contribution of bamboo fibres in a composite system, the
characteristics of the fibre should be comprehensively evalu@ee.major issue
regarding the use of natural fibres in the polymer compasitieistry is the
incompatibility between hydrophilic fibores and hydrophobic polymer resin. This
renders weak interfacial adhesion that leads to ineffective load transfer from the
matrix resin to the reinforcing fibres. One of the most recent and effeetkiaiues

to improve interfacial adhesion between natural fibres and polymer matridkalis a
treatmentwhichinvolves the immersion of fibres in NaOH solution.

While several studies have showhe potential of using bamboo fibres as
reinforcement in natural composites, limited wohas beenconducted to
comprehensively study the influence of NaOH ondtractual, physical and tensile
characteristics of bamboo fibre. Such study is essentiaiderstand these important
characteristics of bamboo fibres. This will lead to mechanical improvement,
producing composites with enhanced properties and eventegtigindg the use of
bamboo fibres in the polymer composite industry. Thiapteraims toevaluate the
effect of alkali treatmenton the $ructurl, physical and tensileharacteristics of
bamboo ibres as well as the interfacial and tensile properties of the corresponding
bamboo fibre/polyester composites. The morphological changes fibtee and the
effects on the interfacial adhesion of the fibre/matrix interface have been studied
using SEM to understand the compositesd mec!l
were used to study the tensile and interfacial behaviours of the fibres tredpec

4.2 Influence of fibre treatment on the structural properties of
fibres

Changes in the structure of bamboo fibres from the effect of alkali treatment are
discussed in this sectioRigure4.1 shows the lateral views from optical micrographs
and SEM of untreated and treated bamboo fibres. For untreated bamboo fibres, the
optical micrograph shows an almost smooth fibre surface. The SEM indicates that
the fibre sirface is mostly covered with cell wall, and only some fibrils are visible.
Through alkalisation, the surfaces of all treated bamboo fibres are rougher than the
raw fibres. It was further observed that different concentrations of NaOH provided
different levels of modificationon the fibressurface At 4% NaOH treatment, some

cell walls can still be observetut mosthave beememoved from the fibre surface

and more microfibrils have been exposéte fibre surface is further roughened at

6% NaOH treatmentand some voids were observed from the optical micrograph.
This was confirmed by the SEMherein voids in the matrix of the fibre are present.

At 8% NaOH treatment, more makes were removed, exposing the fibrils to alkali
attack. It can be observed ththe surface of the fibrils experienced some surface
disintegration.
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Figure 4.1: Morphology of treated and untreated bamboo fibres
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To further explain these mechanisms, it is important to understand the arrangement
of bamboobs structur al components.- The
level is representeith Figure4.2. Bamboo fibre itself is a composite, with two main
components: parenchyma tissues made up of ligemicellulose matrix, and
sclerenchyma tissues consisting of vascular bundles made up of many phloem fibres
(Tong et al. 200p The chemical composition of bamboo fibres is 45.70% cellulose,
25.90% hemicelluloses, 24.95% lignin and 1.65% @& et al. 2008 However,
throughthe steam explosion procesShao et al. (2008uggestedhat xylan,which

is the major hemicelluloses of bamboo cell walls, Magely removed during
treatment. The strength of natural fibres is thought to be influencedthsyr
cellulosic componest(John & Thanas 2008Methacanon et al. 20L.0As such, this
suggest that nearly 50% of the compositon ef bamboo fi breds
contributes to its strength.

Bamboo Microscale Cross-section Nanoscale
Culm Fibres of Fibres Particles

Middle lamella Primary wall

Y

=
<
P —
} S

—
A 4

Secondary wall

Cellu.lose Hemicellulose
grain

Figure 4.2: Structure of bamboo from macro to nano level, adapted fronZou et
al. (2009

Raw bamboo fibres are protected by the outer Jaykich is the cell wall. This can

stru

cCompoc

be observedn Figure 4.1(a), whereby a thick layer covers most o t he f i br ebs

perimeter, providing smooth surface profileHowever, some exposed fibr§ also
visible, which impliesthat some areas on therbsurfaceare affected by the steam
explosion process. As NaOH is introduced in the fibre treatment, these cell walls
were removed, exposingore fibrils;in Figure4.2 this refersto the cellulose grains.

At 6% NaOH, the alkali may have been strong enough to erode the hemicelluloses
lignin matrix, explainingthe presence of voids FRigure4.1(b). Thishasalsobeen
reported byWong et al. (2010, whereby hemicelluloses, lignin, waxes, oil and
surface impurities of bamboo fibres are soluble in NaOH aqueousosoloausing

the cell wall to open up as these substances were dissolved. As the NaOH
concentration is further increased to 8%, more hemicelldigsa matrix was
removed from the fibre, exposing more fibrils. These fibrils are also more vulnerable
to akali attack which may explain the rougher fibril surface observed-igure
4.1(d). Once the cellulosic component of the fibre is affected by atkalistrength

of the fiboremaybe compromisedMost studieslimit the concentration of NaOkb

10 wt.% foralkali treatment of natural fibregs higher concentrations worsen the

f 1 b mexltasical propertigdvonget al. 2010).
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Studying themorphology of natural fibres is important for predicting interacion
with polymer resins in a composite systé€dpinacé et al. 2009The smooth surface
texture of untreated bamboo fibres provides poor friction and weak interlocking with
polymer, possibly resulting in @mposite with low strengthn comparison to other
natural fibres, similar findings were also observed with changes in fibore morphology
due to increased NaOH treatmademp and kenaf fibres treated at 6% NaOH were
observed through SEM to be roughenethvabvious removal of wax, oil and other
surface impurities in comparison to raw fib(égiz & Ansell 2009. Sydenstricker

et al. (2003 confirmedthat at 5 and 10% NaOHsisal fibres suffer serious physical
effects, with a rougher surface compared to fibres treated and 2% NaOH,
wherebyfibre integrity is still preserved Surface impurities on Borassus fruit fibre
was observed to be completely removed at 15% NaOH treatientwith an
increased pore presence. Thehars highlighted that if these pores exceeded the
desired amount, the mechanical properties of the fibres might be reBamohthi

et al. 2012 However, some natural fibres exhibit a different reaction towards NaOH
treatment. Raffia fiborebecome smoother and cleaner as the concentration of the
solution is increased from 0 to 10% Na@Elenga et al. 2003 Untreated coir fibre
containsglobular protrusiongnd cuticls on their surface, which were removed at

7% NaOH, making the fibre smooth@am et al. 20111 Thus, it is noteworthy to
highlight that different natural fibres undergo different morphological chainges
alkalisation. It is important to understand how NaOH treatment and its various
concentrations alter éhfibre surface to predict its consequent interlocking with the
polymer resin.

4.3 Influence of fibre treatment on the physical properties of
fibres

From the morphology study in Sectidr®, it is expected that that the alkali treatment
may have armffect on the physical and mechanical properties of bamboo fibres. The
physical observations discussed in this section include the visual appearance, as well
as the changes in fibre diameter and density.

4.31 Visual inspection

Figure 4.3 shows the colour changes experienced by bamboo fibres. Treated fibres
are darker compared to untreated ondsey are more brownish as oppose to the
palerraw fibres thus it is possible to visually differentiate betweaw and treated
fibres.However, there was no obvious difference in appearance between the 4%, 6%
and 8% NaOH treated fibres. Other researchers had also observed some changes in
colour due toexposingfibres to treatments. The lignin component of a natural fibre

is said to be responsible for its colour chan@dehanty et al. 2000 Elenga et al.
(2013 had measured the changes in colour Riffia textilis fibre using a
spectrocolorimeter. They found that alkalisation increased the yellowness and
redness, and reduced the lightness of the filiit@s.can also be visually observed on

the bamboo fibres studieBlenga et al. (20)3also agreedhat the lightness did not

vary significantly with the NaOH concentratiokhan and Ahmad (1996 also
reported a reduction in lightness of jute fibres bytd®0% due to alkalation,

which resulted fromlignin removal. However, some natural fibres experienced
increased lightness after treatmeRaut et al. (200Lhad reported that by bleaching

coir fibres, the fibre changecolour from dark brown to silvg white, which they
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attributed to the removal of lignin. Sisal fibres were also reporteflydgnstricker et
al. (2003 to become lighter in colour and rougher at treatments higher than 5%
NaOH.

Figure 4.3: Changes in appearancefdamboo fibres due to alkaligtion
4.32 Diameter distribution

The diameter of the bamboo fibreds cell ul ose
shownin Figure4.4. The diameter is approximatelyl.3 um.In a nanescale study

conducted byZou et al. (200Q the authors observed that the diameter of the

microfibrils, or the building blocks of bamboo fibreis about 5 to 20 umThis

concurswith the measurement performed in this study.

11.3 um

Figure 4.4: Diameter of abamboo fibre microfibril

The average diametemeasured from 40 fibres for each treatment concentrason
shown in Figure 4.5. The average diameter decreases as the fibres undergo
alkalisation up to 6% NaOH. This corresponds to the SEMEigure 4.1, which
showsthe removal of thdibre cell walls, as well as other surface impurities, thus
reducing the diameter of alkadd fibres. However, at 8% NaOH, the average
diameter was obseed to increaseThiscan be attributed to the partial separation of
fibrils with the removal of hemicellulose and lignwhich acts as matribinding
these fibrils together. Overall, the average diameter of thiba fibres used in this
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study wa 161.52 um, with a range from 89 to 3fufh, measured from 160 fibres.
This measurement is within the range of 88 to 330 um present&htma Prasad
and Mohana Rao (20} ior bamboo fibres.

350

0% 4% 6% 8%
NaOH Concentration

Figure 4.5: Average of fibre diameter for treated and untreated fibres

Figure4.6 shows the distributions of fibre diameters at different levels of treatment.
The frequency distribution for alidre conditions is Gaussian. Fibres treated with 4
and 6%NaOH (Figure4.6 (b) and (c))present a narrower range of distribution due to
the removal of the cell walls and surface impurijtigkile alkalsation at 8%oNaOH
(Figure4.6 (d)) presents a wider distribution, similar to the untreated fibrbis is
probably due to weakening of the interaction between fibrils in the fibre Qundle
leading to partial fibrillation (Spinacé et al. 2009 This phenomenon can be
demonstrated ifrigure 4.7, whereby erosion of the cell wall and partial removal of
the fibre matrix leads to separation of the individual fibrlspersing further from
one another.
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Figure 4.7: Schematic diagram of diameter change of a bamboo fibre due to alksdition
Note: d, = initial diameter, d = final diameter
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4.33 Changes in density

As the concentration of treatment is increased, the density of the fiboesases
slightly, as shown inFigure 4.8. Without treatment, raw bamboo fibres have a
density of 1.47 g/cf which reducseto 1.39g/cnt at 8% NaOH treatment. This can
be attributed to the extrash of t h e f soloblee @wmponents such as
hemicelluloses, lignirand other impuritiegsas well as corrosion of the cell wall.
From the morphology observations, themberof voids on treated fibreis higher
than on untreated fibreghis can contribute to the lower density of treated fibres.

Helium pycnometer measures the absolute density of a fibre, which does not account
for the lumen and pores. Therefore, it only measures the solid matter of the fibres
(Mwaikambo 2009 Different natural filbes react differently to alkaksion in terms

of densitiesas presented dylwaikambo (2009 whereby some fibres experienced a
reduction in density, some experienced an meee while others exhileit no
changesThe decrease in density due to alkation was also observed on sisal fibres
(Rong et al. 2001Sydenstricker eal. 2003 and bamboo fibre@Nong et al. 2010
However, some fibreandewentincreasein density such as reported on Borassus
fruit fibres (Boopathi et al. 2002andhemp and kengfAziz & Ansell 2004; due to

cell wall densification of these fibres.
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|l:lDenSity 1.47 1.43 141 1.39

Figure 4.8: Density of bamboo fibres at different concentration of alkali treatment
44 Tensile properties of fibres

The single fibre tensiléest performed on bamboo fibres yielypical stressstrain

curves as presented iRigure4.9. Initially, the curves show increased strain at very

low stress which can be neglected as it may be caused by the clamps adjusting to the
full length of the fibres. Once this has been essablil, it can be observed that all
fibres behave in a brittle manner whereby a sudden halt in linear stress increment
was achieved at maximum load. Generally, the highest maximum stress was
obtained by 6% NaOH treated fibres, followed by 4, 0 and 8% Naé&xted fibres.

A minimum of ten fibres for each fibre sampiastested. The tensile properties of
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the fibres were extracted from the stref®in curves and the average values
obtained.

350
300 e
6% NaO /
250
<
o
S 200
[7)]
@ 150
= 0
) 0% NaO / 4% NaO
100 i 7
/ 8% NaOI:|
0 = T T T T T 1
0 2 4 6 8 10 12
Strain (%)

Figure 4.9: Stressstrain curves of bamboo fibres at different concentration of
NaOH treatment

Figure4.10 shows theaverageensile strengthwhile Figure4.11 shows the average
modulus of elasticity of untreated and treated bamboo fibrestensile strength and
elastic modulus of bamboo fibres are higher for treated fibres up tiN&XH,
decreasingat 8% NaOH. The increase in tensile strength and elastic modulus is
highest at 6 NaOH treatmentwith 181% and 47% improvement, respectively.
Through the SEM observations, the partial removal of weaker components of the
fibre can be clearly seen as the concentration of alkali is increased. This shows that
with the absence of these naponents, the cellulosiibrils, which provide the
strength to the fibreyere able to align themselves in the direction of loading thus
decreasing its microfribil angle. This maximises their loadying ability and
reduceghechances for higher elongan.

The increased tensile strength due to fibre treatments were also obserigdve
fibres(Bessadok et al. 20p&ndBorassus fruit fibregBoopathi etal. 2013. Further,
Boopathi et al. (20D)2indicatedthat dkalisation causgthe fibre matrix to partially
dissolve and allowbetter alignment of fibrils. Thigay contribute to the increase in
tensile strengthKalia et al. (2009 had highlighted that alkabgion affects the
chemical composition afaturalfibres, the degree of plymerisation and molecular
orientation of the cellulose crystallitedue tothe removal otementing substaee
like lignin and hemicellulosewith long-lasting effect on the strength and stiffness
of the fibres. Themprovement in strength amomMgpOH treated bamboo fibres (1, 3
and 5% by weight) was also reported Wiong et al. (2010, who predicted that
higher concentratiaof caustic soda causadiecrease in microfibril angle, whereby
natural fibres with low microfibril angles exhibd high strength. Howevert &igher
concentratios of NaOH, which in this case is at 8% concentratiobye are
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weakened by higher arix removal and damagm cellulosic fibrils(Boopathi et al.
2012. This was observed through SEMsls shown inFigure 4.1, whereby some
damagecan be observed on the fibslurface of the8% NaOH treated fibre. This
reduced the tensile strength even furth®r up to 24%more than the untreated
fibres The stiffness was also observed to decrease by 29%.
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Figure 4.10: Tensile strength of bamboo fibres at different NaOH concentration
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Figure 4.11: Elastic modulusof bamboo fibres at different NaOH concentration

The increased in stiffness of theatedfibres, as highlighted by the values of the
elastic moduluswas also observed by some researchers. The auattobsitedthis

to the densification of the fibre cell wallcaused bythe high removal of
hemicellubsethroughalkalisation andalso by theormation of new hydrogen bonds
between thecellulose fibril chairs (Obi Reddy et al. 2033Sawpan et al. 20)1
However, based on the density measurement of the bamboo fibres, alkalisation
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caused the density of treated fibres to decrease when voids were pidsent.
improved stiffness ofnatural fibres was mentioned byKalia et al. (2009 as
attribubleto the crystalline regio (cellulosic) of the fibre. Therefore, in this case,
the possible improvement in fibril alignment that causes increased fibre tensile
strength may also contribute to improvements in stiffness. With better alignnsant, le
deformation can be expected as the fibres are being stretched in the tensile direction.

4.5 Morphology of fractured fibres

Figure 4.12 to Figure 4.15 show comparisa between the fractured surfaces of
untreated and treated fibres obtained through SEMiguare4.12, it can be seen that

the untreated fibre experienced a britike failure, where the fracture occurs all the
way through the crossection of the fibre.Presence of the fibre matrix may
contribute to this, as it ensures cohesion betwdamiisfi It can be noted that brittle
materials have low values of elastic modullise failure of 4 and 6% NaOH treated
fibres can resulfrom individual fibril breakagesas presented ifigure 4.13 and
Figure 4.14. With partial removal othe fibre matrix, the tensile load is mainly
transferred along the fibrils, with less influence from neighbouring fibrils, making it
less brittle than the untreated fibre. The stiffness decreases for 8% NaOH treated
fibres due to damage on the fibrils. It sw@bserved that the fractured surfaces for
8% NaOH treated fibres are similar to the untreated fibres. The absence of cell wall
with some midsplitting of fibrils can be seen clearly Figure 4.15, which may
contribute to the decrease in the modulus of elasticity.

Cell wall
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X 4y 50 pm
High-vac. SElI PC-std. 10 kV % 400 28/02/2013 000117 High-vac. SEI PC-std. (19 \/ X 340 28/02/2013 000115

Figure 4.12: SEM of fractured untreated fibres due to single fibre tensile test

72



SEl PC-std, 15.kV.

No.1
VA WA, —T1} pm
SEl PC-std. 15 kV x 300

—e 100 pm
High-vac. SEI PC-std. 10 kV x 240 28/02/2013 000125
SEl PC-std.

~ 1 Fibril breakage

— 20-ym
High-vac. SEl PC-std. 10 kV x 600 28/02/2013 000130@High-vac. SElI PC-std. 10 kV. X 650 28/02/2013 000434

Figure 4.13: SEM of fractured 4% NaOH treated fibres due to single fibre tensile test
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Figure 4.15: SEM of fractured 8% NaOH treated fibres due to single fibre tensile test
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4.6 Comparison ofbamboo fibre properties to other natural fibres

The characteristics of untreated bamboo fibres studied irthibgssare presented in
Table 4.1, along with other natural fibres. The bamboo fibres are physically
comparable to hemp fibres but with lower tensile properfies corresponds to the
amount of cellulosic component present in the fibres, which plays a major role in the
f i br es @rengtrdIolm & Themas 2008 The percentageof cellulose in hemp,

jute, bamboo and coir fibres are 74.40%, 66.25%, 45.70%, and 43.44¥cGtresly
(Dhakal et al. 2007Khedari et al. 2005Yao et al. 2008 Generally, the tensile
properties of fibres increase with increasing amounts of cellulose.

Table 4.1: Comparison of several cheacteristics of untreated bamboo fibres
along with other natural fibres

Properties Hemp Cair Jute Bamboo
Diameter (um) 80-300 100460 54 94-304
(Ratna Prasa( (Ratna Prasad| (Defoirdt et al.
& Mohana Rag & Mohana Rao 2010
2011 2011
Density (g/cm3) 1.45 1.29 1.39 1.401.53
(Ratna Prasad| (Defoirdt etal. | (Defoirdt et al.
& Mohana Rao 2010 2010
201)
Tensile strength 227-700 120304 3071000 60-145
(MPa) (Ratna Prasad| (Defoirdt etal. | (Defoirdt et al.
& Mohana Rao 2010 2010
201)
Elastic modulus 9-20 4-6 1354 314
(GPa) (Ratna Prasad| (Defoirdt etal. | (Defoirdt et al.
& Mohana Rao 2010 2010
201)

4.7 Interfacial properties of bamboo fibre/polyester composite

The typical loaedispla@ment curves obtained from ti8HT for bamboo fibres
treated at different concentrat®rof NaOH reinforced polyester composite is
presented irrigure4.16. It can be observed that upon loading, the force increased at
a similar rate for all NaOH concentration, with 0 and 4% NaOH treated fibres
experiencing higher displacement at the s t 6rsng. bhés gnaynindicate that the
fibre/matrix interface for 0 and 4% NaOH treated fibres have weaker bonding with
the polyesterwhich may lead to higr sliding of the fibre throughout the hole,
compared to the 6 and 8% NaOH treated fibres. The/fiitatax interface provides

the platform for load transfer from the polyester to the bamboo fiv@®ss this
interface, in an equilibrium state, a frictional shear force acts equally in the opposite
direction of the applied forcéWNong et al. 2010 Upon reaching the peak load,
debonding occurscausing the load to drop drastically, indicating the release of
stored energy.
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Figure 4.16: Load-displacement curves oSFFT at different concentration of
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The mean interfacial shear strengths (IF8Ss)iculated from Equation-3 for
treated and untreated bamboo fibre/polyester comgpsitiégh 'O  values taken

from maximum loadin Figure4.160 arepresented irFigure4.17. The IFSS for 0,

4, 6 and 8% NaOH treated bamboo fibres, at an dmbat length of 12nm are 23,

25, 28 and 22 MPa, respectively. The trend shows an increment in IFSS as the
concentration of treatment is increased up to 6PAOH with an optimum
improvement of 22%At higher concentration of 8% NaOH, a reduction of IFSS wa
observed. The raw, untreated fibres have a low IFSS value which reflects its
hydrophilic nature that may be incompatible with the hydrophobic polygskéret

al. 2011 Wambua et al. 2003 The incompatibility weakenthe bonding strength

with the matrix; together with the smoother fibre surface (as observé&igime
4.12(b)), as well as the presenoé surface impuritiesthis renders poor interlocking
between the two components of the composite. With the rougher fibre surface and
the removal of surface impuritiehieved through alkahtion, the IFSSs increased

for 4 and 6% NaOH treated fibres indting an improvement in the mechanical
interlocking between the fibres and the matrix. The rougher surface and the presence
of voids on the treated fibres also providénigher surface area for contact and
adhesion which increases the frictional sheatdo6% NaOH treated fibres vea

higher IFSS value than the 4% NaOH treated fibres and less early displacement as
observed irFigure4.16. This may suggest that tfibre achieves its optimum surface
condition for fibrématrix adhesion, and together with its improved tensile strength,
shows the best mechanical performance at 6% NaOH treatment. This improvement
in interfacial strength values was also observed on uatteend NaOH treated coir
fibores with a poly(butylene succinate) matrixwhere the authors observed an
increasedn roughness of thigbre surface after alkadation(Nam et al. 2011
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Figure 4.17: Effect on alkalization on the interfacial shear strength of bamboeo
polyester

However, there is a limit to the concentration of NaOH in bamboo fibre treatment.
The IFSSfor 8% NaoH treated fibres wasbserved to belightly higher than the
untreated fibres. As observed kigure 4.15 (d), these fibres have a considdyab
rougher surface due to exposure of the individual fibrils as a result of coroplete

wall removal,compared to untreated fibres. figure4.16, the displacement due to
tensile loading for 8% NaOH treated fibres was similar to the 6% NaOH treated
fibres. This may suggest that the interfacial adhesion between the matrix and fibre is
better tharwith untreated fibres. However, as observe#igure4.1 andFigure4.15

(c and d), the corroded fibril and fibril splitting suggest that at 8% NaOH, the
concentration of the caustic soda may be too corrosive for bamboq féseking in
damage tdahe fibres. This was also proven on the tensile test perforniextdy the
tensile strength of the fibre was reduced. It can be assumed that although there was
better interfacial adhesion between fibre and matrix for 8% NaOH treated fibres, the
damaged fibres may have contributed to the failure of the compafHieting its

IFSS value. The behaviour of the fibre/matrix adhesion can be simplded
demonstrated ifrigure 4.18, whereby better fibre/matrix interlocking is expected as
the fibre surface is roughened by alkali treatment.
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48 Tensile properties of bamboo fibre/polyester composite

Tensile test wereconducted on the untreated (BBTand treated composites (BPC

4, BPG6, and BPGE8), as well as the neat polyesterPNto obtain the initial
mechanical strength values. These values are established as benchmark for
comparison with the strength of the degraded santplwill be discussed in the
following chapters. The samples were tested with tensile loading utditefaand

the stresstrain diagrams were plotted. The elastic moduli were experimentally
determined from the slopes of the linear portion of the sttas curves. The
theoretical values of the elastic moduli were also calculated for comparison.

4.81 Stressstrain diagram

Figure 4.19 to Figure 4.22 represent the stressrain curves of the bamboo
fibre/polyester compositesvith different concentratisof NaOH treatmentThe
stressstrain curves forNP are presented ifrigure 4.23. Each set of testwas
conducted on five specimens amaly the best curves were utdidto determinghe
tensile strength and elastic modulus.
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Figure 4.19: Stressstrain curves for composites with Owt.% NaOH treatment
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Figure 4.20: Stressstrain curves for composites with 4wt.% NaOH treatment
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Figure 4.21: Stressstrain curves for composites with 6wt.% NaOH treatment
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Figure 4.22: Stressstrain curves for composites with 8wt.% NaOH treatment
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Figure 4.23: Stressstrain curves for neat polyester

The results for tensile strenglinesummarised irFigure4.24. It is observed thatiP

has he highest tensile strength at 33.79 MPa. Hgseeswith the values provided

by the manfacturer:30.9 MPa. With the addition of bamboo fibres, a decrease of
approximately 10 MPa was observed on the bamboo fibre/polyester composites. It
was highlighted ¥ Manalo et al. (2013thatonly the fibres orientegerpendicular to

the load preided reinforcementin a compaite laminatefabricated withrandomly
orientedfibres The maximum tensile strength achieved by samples-@PEBPC4

and BPC6 are very comparable, with only a slight increase in the average values for
the treated sample®A mere 8% increase in strength was observed for BRC
However, there was an obvious drop in tensile strength at higher NaOH
concentration as demonstrated by the HPGample with an 18% reduction
observed

The improvement in tensile strength of the fibres a8l as the interfacial properties
between the bamboo fibres and polyester matrix for fibres treated at 4 and 6% NaOH
may have contributed to the slight increase in average tensile strengtleiof
corresponding composites. BBChadthe highest tensile ngth value. Genelg,
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the mechanical performantesuch as the tensile properties of a fibre/polymer
composit® dependon the strength and modulus of the reinforcemsinength and
toughness of the matrix, and the effectiveness of the interfacial steessfet
between the fibres and the mat(RRong et al. 2001l Other researchers have also
reported the effect of alkali treatment on the improvement of natural fibre/polymer
c 0 mp o snechanisab propertietNam et al. (201)Lhad doserved an increase in
tensile strength of coir/poly(butylene succinate) compsditeated at 5% NaOH.
The increased strength was observed for all fibre mass content and is also higher than
for NP. It is interesting to note that these fibres were arrangddrmly. Rong et al.
(2001 attributed thancreased strength of sisal fibres and better wetting of the fibres
by the epoxy resin as the reason for better strength of sisal/epoxy comjresiied

with 2% NaOH. The decrease in strength for B®®& due to the degradation
experienced by the fibyecaused by the high level dflaOH corrosivenessThe
weakened fibre fails to sustain the load transferred from the masissing early
failure of the composite.
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Figure 4.24: Tensile strength of specimenat different concentration of NaOH
treatment

The elastic modulus for all samples are summarise#lignre 4.25. The elastic
modulus for theNP resin as provided byhte supplieris 3.1 GPa. This is comparable

to the value obtained from this experimenhich is approximately 3.3 GPa. With

the addition of untreated bamboo fibres, the stiffness of the composite was observed
to decrease slightly to 3.18 GPa. Howevers thehaviour improved with alkali
treatment as exhibited by all treated composites. B&&chievedthe highest
modulus of elasticityl4% higher than th&lP, while BPG8 experienced a slightly
lower average stiffnessout a higher standard deviation. Theflience of the
damaged fibres with better fibre/matrix adhesion may varyeffext on stiffness
depending onfibre distribution. Many authors agree that the efficiency of the
interfacial adhesi on may contri buutue 1t o
of bamboo fibrgdoly (lactic acid composite was reported e and Wang (2006

to increase rapidly fror@666 to 2964 MPawith the addition of a bidased coupling
agent.Aziz and Ansell (2004 indicated that theléxural moduliof a composite
depend on the type of chemical bonds between the fibre surface andmesiix.
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Their study on hemp/polyester and kenaf/polyester compas$itegedtha treatment
of fibres by alkalisation helped to ingwethe mechanical interlocking and chemical
bonding between the resin and fibresulting insuperior mechanical properties, with

better performance by composites with long filmakerthan short fibres.

Figure 4.25 Elastic modulus of specimens at different concentration of NaOH
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4.82 Theoretical values of elastic modulus

The elastic modulus of a composite, Ean be theoretically calculated using the
Rule of Mixture, whereby the elastic modulus of eamhmposite component
contributes to the final prodydbased on its volume fraction. This is formulated as

follows:

0

WherekE; is the elastic modulus of the fibre; i the volume fraction of the fibre ,E

is the elastic modulus of the matrix ang, ¥ the volume fration of the matrix. A
Krenchel factor, n is introduced into the modified Rule of Mixture equation to
account for the orientation of the fibres distributed throughout the comgazire&
Ansell 2004 Krenchel 184; Wong et al. 2018). This alters the original equation as

Oow

follows:

O

For a unidirectional fibre/polymer composite, s 1, indicating that the fibre
stiffness is etirely used by the composite. However, fax randomly oriented
fibre/polymer composite, r= 0.25. This means that the mechanical properties of the
composite will depend more on the matixi t h
is influential. Table4.2 represents the theoretical values for the modulus of elasticity
of bamboo fibre/polyester composites used in this stiadyng the volume fraction

¢ Ow

O w

O w

of fibresas 20%.

Table 4.2: Theoretical modulus of elasticity of bamboo fibre/polyester composise
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n BPCGO BPCGA4 BPC6 BPCGS8
1.00 4.07 GPa 428 GPa 4.73GPa 3.67 GPa
0.25 3.03 GPa 3.08 GPa 3.19 GPa 2.93 GPa

E experimentar 3.18 GPa 3.31 GPa 3.81 GPa 3.65 GPa

The theoretical elastic modulus calculated for the randomly oriented fibre composite
with 0% treatment is comparable the experimental value obtained, with only a
4.7% difference between the two values. As the treatment concentration is increased,
the gap difference between the theoretical and experimental values is enlarged. One
possible explanation for this is that tlequation of the Rule of Mixture did not
consider the improvement of the interfacial adhesion between the fibres and the
matrix as the result of the alkali treatment. The enhancement fibthstiffness due

to treatment is reflected in the equation.rEgtreated at 8% NaOH exhibited the
lowest stiffness theoretically producinga composite with the lowest modulus of
elasticity. However, the experimental value obtained for BRE€higher than BPO

and BPC4, indicating that the improved fibre/matrixiteesion plays an influential

role on the improved stiffness of the composite.

It is often observed that the addition of fibres as reinforcement in a polymer matrix
increase the strength and modulus of the compoagéibres have much higher
strength andtiffnessvalues than the mates(Ku et al. 201) Theoretically, if the
potential of the bamboo fibres wefelly used whereby all fibres were aligned
uniformly in the direction of the applied tensile load, the elastic modutugd be

much higher than thEP resn, improving the mechanical properties of the polyester.
This improvement is shown ifiable4.2 for n- value equals to 1 for a unidirectional
fibre orientation. However, due to the nature of the fibres extracted thtbegteam
explosion process which are relatively shorter than the length of the composite, it is
impossible to fabricate a continuous wnrhly oriented fibre composite. A study by
Wong et al. (2018 showed that even when short bamboo fibres were arranged in a
unidirectional manner, only a maximu@b% increase irthe tensile strength of
polyester compositesvas achieved. The authors also highlighted thalty the
longitudinal fibres contributdo energy dissipation and crack retardationthe
composite system.

4.9 Morphology of fractured composites

The visual observations of the fractured surfaces of the tensile tested samples are
presented ifFigure4.26. The NP shows a rough surface profilith some samples
experiencing multiple fracture points. Once the failure load was reached, failure
occurred abrupyl with pieces of the damaged samples prone to fling away from the
tensile machine, demonstrating timea t e r brithehe8ss With the addition of
bamboo fibres, the composites did not fail in this manner. The samples were mainly
intact, with one fracture point within the gauge length. The presence of bamboo
fibres helped tasuppresshe abruptseparation of any fractured polyester particles.
Cracking sounds were audible even before the maximum load was reached,
indicating that the faile occurred gradually. At close inspection, it is interesting to
note that the exposed fibres at the failure surface for treated composites had more
resin particles attached to them compared to the untreated composite. This suggests
better fibre/matrix adlson for the treated compositeand a more thorough
examination was performed usiSg&EM.
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Figure 4.26: Fractured surface of neat polyester and bamboo fibre/polyester
composites
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Micrographs of thes a mp Ifractsiréd surfaces are presented Figure 4.27.
Defragmentatio of polyester particlewasobserved throughout tHeP surface. The
failed surface is uneven and rough due to the brittle nature of the failure condition.
For the untreated composites, holes on the matrix surface were observed, left by
debonded fibres pldd-out during tensile loading. Higher magnification at the
fibre/matrix interface shows the fibre and matrix are separated by voids, proving that
bonding between the two materialgas poor. Therefore, with low interlocking
strength for BPED, the fibres an easily slip through the polyester redeading to
failure of composites through fibre puuts. For 4% NaOH treated fibressimilar
morphology to BP&@ on the fibre/matrix adhesion was observasl some areas
showed poor resin bonding. However,imggarticles were found to adhere along the
fibres as observed ifrigure4.27 (e). The treatment providembetter fibre surface
than the raw fibres for matrix adhes, but may still be insufficient. Some surface
impurities could still be present on the figre®nsequentlythis has only slightly
improved the strength of the composite for BRCPolyester resin showed better
adhesion to 6% NaOH treated fibres as squarts of the resiwerestill bondedto

the fibre, although the surrounding matrix was fractured and removed. Resin
particles were also found to adhdcethe fibres, even in between the fibrils. The
improved fibre/matrix interlocking was further confiech by the mode of failure
shown inFigure4.27 (g), whereby the breakage of a fibre bundle may imply that the
fibores were damaged first before debonding could take place. As forS8BHE
condition of the fibres was poor due to its vulnerabilithigh alkali strength. Fibril
damage and erosion were eafid. Howeverthe fibre/matrix adhesion was very good

as no gaps were observed between the fibre and matiaikhe appanet chunk of

resin still adheredo a fibril. This supports the SHFgraph Figure4.16) where the
displacement reading for 8% NaOH treated fibmas comparable to the 6% NaOH
treated fibres due to good fibre/matrix interlocking. rEfiere, thelower tensile
strength for BPEB is influence by the camaged fibres. It is interesting to note that
the stiffness of BP@ is highe than NP, BP& and BPG4. Thismay imply that the
elastic modulus is highly influenced by the fibre/matrix adhesiather than the
individual components of the composite.

Sample

enatio

& 5

NP

W ';r;/ﬂ\;u:‘ /e

i iy % 9
T

2

&, \ At i
% { } e 500 111 4 5 |
Hig? -vac _SEl -std. 15KV x 400° »\'*. 7/04/2014 . 000066

85



Sanmple

BPC-0

BPC-4

o

Vac-High PC-Std. 10 kV x‘300

] y
» - >
Resin ‘
!@ encapsulatio

Fibre bundlg
BPC-6 breakaﬁ,
.. 'SEI PC-std.- 15KV
Fibrillation
BPC-8

| S Fibre
148 / pullout
’ 5 . >

SEM

i a
Poor fibre/matr
interlocking
-

«

interlocking
ha 50 pm

High-vac. SEl PC-std. 15kV x 340

~ I 2 o8
.
J - =

2 Fibrillation

Good fibre/'ari) <
interlocking

. . 'r\

€

Vac-High PC-Std. 15kV x 540

7/04/2014 000085

Figure 4.27: Morphologies of neat polyester and bamboo fibre/polyester

composites

86




The morphologies of tensile fractured surfaces of other natural fibre polymer
composites treated with NaOH were reported to have sirpiaperties with the
bamboo fibre/polyester composite in  this studyAlkalised banana
fibre/polypropylene composites were reportedAnnie Paul et al. (20Q8to have
significant improvementn the fibre/matrix adhesigras shown by the absence of
holes and debonding of the fibrésat were apparenin untreated fibres. Instead,
fibre breakage rather than pwollit wasdetected, idicating better interfacial strength.
Pulledout coir fibresalong with cracks at the broken fibre ends in 5% alkali treated
coir/polyester composites observed Bput et al. (200}l suggested that failure
occurred at the fibre due to strong adhesion between the fibre and matrix. Another
study on coir fibres bjdam et al. (201lshowed that the gaps present on untreated
fibres with poly(butylenesuccinate) resin were unobservable on the alkali/treated
composites. A larger quantity of residual epoxy regas observed byRong et al.
(200]) on the surface of alkali treated sisal/epoxy composites and even at the gaps
between thailtimate cells, proving the penetration of epoxy into alkali treated sisal
fibre bundles. Overall, these authors agtieg the SEM observations indicatieat

the increase strength of these compositess influenced by the improvemeir
fibre/matrix adlesion due toalkalisation on the fibres.

4.10 Chapter summary

Bamboo fibres were treated with sodium hydroxide at a concentration of 4%, 6% and
8% by weight. The characteristics of the fibres were observed and studied to
determine the changes resultiiigm the alkalisation process. These changes were
correlated with the morphology of the fibres, as observed through SEM. The results
have shown that:

1) The fibre matrix was partially removed thrduglkalisation. The amount of
removal is higher as the contextion of treatment is increased, causing
rougher fibre surfacawith voids observed between the microfibrils. However,
there is an optimum NaOH concentration for natural fibre treatmdrgreby
at a concentration higher than the optimum level, degauafi the cellulosic
component of the fibre may occur which will affect tsemboo fibre strength.

This was observed on the 8%&OH treated fibrewhereby deterioration dhe
fibril surface was observed.

2) Alkalisation on bamboo fibres resulted in changeappearance and texture.
Treated fibres are darker than untreated fibres. The change in colour may
suggest that lignin was removed from the fjlwhich alters its composition. In
addition, hemicelluloses and other surfac®urities also partially removed
may contribute to the presence of voids within the fibre. This causes slight
reductiors in thediameter andiensity of treated fibres.

3) The tensile properties of bamboo fibres improved at 6% NaOH treatwiémnt,
an incremat of 181% and 47% in tensile strength and elastic modulus,
respectively.In contrast the tensile strength and stiffness decreéaate 8%
NaOH treatmentdue to the damaged fibrjlsvith 24% and 29% reductisn
observed in tensile strength and stiffness garad to untreated fibres

4)  The interfacial properties of bamboo fibres watlpolyester matrix improved
with alkali treatment. This correlates well with the fdtat the alkalisation
roughens and removesurface impurities for a better interfacial bonding
between theeomposité $wo componentsOptimum interfacial sheastrength
was observed for 6% NaOH treated fibr&s22% improvementiowever, the
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5)

6)

7)

damaged fibrils at 8% NaOH treatment hinder the effect of improved bgnding
causingareduction in theomposité §SS

The tensile strength of the composite is lower tharNRedue to the random
orientationof the fibres which hinders fulluse of the fibresd strength. Fibre
treatment caused a sligbhhancemenof abou 6% for 6% NaOH treated
fibres on the tensile strength of the compositet reduced the strengths
much as 18%t 8% NaOH dugo fibre damage.

The elastic mdulus of the composite is optingid at 6% NaOH treatment,
which is 14% higherthan theNP resin. Apart from the increasa fibre
stiffness due to alkalgion, the improved interfacial adhesion plays a major
role in providing higher elastic modulus of the treated composites.

The SEM observations confirmed that fibre/matrix interlocking was improved
with increased NaOH concenii@i. Untreated fibres were surrounded by
voids at the interface with some fibre palits observed. BR6 and BPG3
showed good fibre/matrix adhesjaven though the 8% NaOH treatedréib
suffered some fibril damage
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Chapter 5: Thermal Degradation Study on Banboo
Fibre/Polyester Composites

5.1 Introduction

One of the limitations of natural fibres is their tendency to degrade at lower
temperatures compared to synthetic fibres. This behaviour is expected to influence
the durability of polymer composites reinted by natural fibres when exposed to
heat. The majority of natural fibres have low degradation temperatundsch are
inadequate for processing with thermoplastwblich haveprocessing temperatures
higher than 200C (Araujo et al. 2008 Even for synthetic FRPs, at a temperature of
100 C, a loadbearing structure will experience failuiidollaway 2010).

Temperature plays an influential role in the thermal stability of natural fibre
composite where it causes direct thermal expansion or cotitnia and affectshe

rate and volume of moisture absorption that leads to fibre sweNiang et al.
2005. The degradation process of natural fibres includes dehydration combined with
emission of volatile components initiating at a temperature of ab@€C2&nd rapid
weight lss due to oxidative decompositjaorrespondindgo the formation of char

as the temperature increasgBeg & Pickering 2008. As the fibres degrade,
organoleptic properties sli as smell andcolour undergochanges,while the
mechanical properties ammpromised. This is caused by changesnass and
crystallinity, anda reductionin the degree of polymerisatipdue to chain breakage

by cellulose glycosidic union decomposition, releasing carbon dioxide and water
(Alvarez & Vazquez 2004 Higher cellulose contenh a natural fibreresults in
higher flammability while higher lignin content results in greater char formation
with a lower degradation temperatufittenber & GangaRao 201R1anfredi et al.

2006 Suardana et al. 20L.1However, it is important to highlight that hemicellulose
and celluloséen lignocellulosic fibres areonsiderablydegraded by heat before the
lignin is affectedMohanty et al. 2000

In this chapter, TGA is used to evaluate the thermal decomposition behaviour of
bamboo fibres,neat polyesterand their compositesThe effectsof alkalisaton
treatment on the thermal degradatigmocess arealso analysed Additional
protection, such as additives and coating were introduced in the composite t&ystem
evaluate whether these methods had any
was perfornred on the composites to study the effect of temperature on the
mechani cal properties of t he sagnphees,
composites were also exposed to different temperatures (40, 82@r@) for one

hour before being subjected tensile loading. The influence of heat on the tensile
properties of the composites was analysed. The fractured surface and physical
changes experienced by the composites were also observed. It is expected that from
this study, the limit of heat exposure bamboo fibre/polyester composite can be
further understood to better define its application as adaehbearing structure.
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5.2 Influence of temperature on the decomposition behaviour of
bamboo fibres

Raw and treated bamboo fibres were subjecteddmperature range of 25 to 6@
to studythe decomposition behaviour. The results of the TGA runs are summarised
in Table5.1.

Table 5.1: Thermal decomposition of bamboo fibres froml GA

Alkali Treatment (wt.%) 0% 4% 6% 8%
1st Temperature PeakQ) 291.83 237.96 - -
2nd Temperature Peak() 35147 313.95 321.91 303.71

Final Weight afteDecomposition (%) 15.90 2596 27.53 35.69

From the DTG curves ifrigure 5.1, it can be observed there are two temperature
peaks for untreated fibrethe first at 291C, corresponding to thdecomposition of
hemicelluloses;the second at 3%C, corresponding to hie decomposition of
cellulose. Theignin peak is wider and is usuallyperposed on the other two peaks
(Araujo et al. 2008Manfredi et al. 2006Shih 2007 Suardana et al. 20L1The 4%
NaOH treated fibres haalslight first peakta237 C (indicated by the arrowm Figure

5.1), while ata higher treatment concentration of 6% and 8% NaOH, the first peak is
no longer present. Thimay indicate some traces of hemicellulosemainat 4%
NaOH treatmentbut areremoved at higher concentrations. The initial peaks on the
DTA curves observed at temperatures belowiCO@epresent the evaporation of
moisture from the fibregroving the hydophilicity of natural fibres. The fibres are
observedasstable at the temperature range ofil2@ 180C. Although there is no
apparent weight loss in this regiolwaikambo (2009 highlighted thatgradual
degradatio which includes depolymerisation, hydrolysis, oxidation, dehydration
and decarboxylatiah may also occur in thimperature range
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Figure 5.1: DTG curves of raw and treated bamboo fibres
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As the concentration of NaOH treatment increased, the temperature of the second
peak decreaseavith 8% NaOH treatment resulting the earliest decomposition at
303 C, a decrement of 134 of thermal stability comgred to the untreated fibre. It
was reported byvlwaikambo (2009 that at a concentration of NaOH higher than
0.32%, the converted cellulose structure is rendered #abBle to thermal
degradation. As suclcare musbetaken in selecting the level of alkali treatmémt
take this effect into consideratiokVith optimum strength achieved at 6% NaOH
treatmentin this study the adverse effect on thermal stability was obseriée.
reduction in thermal stability of adlised fibres may also be attributed to the removal
of lignin through alkaliation. Suardana et al. (201lhighlighted thatlignin
decomposition occurs at temperagipetween 160 and 900, while Lee and Wang
(2009 stated that lignin decomposes at about 1€20Without the higher
temperaturdignin peak superposing the cellulose peak, lower decomposition
temperatures were obseryeepresenting only the degradation of cellulose.

The TGA curves are presented kigure 5.2, whereby thepercentage okample
weights at the end of the run represents the remaining solids after thermal
decomposition. The results show that char formation increases with irtrease
conentration of treatment. Bamboo fibre treated with 8% NaOH producB® 12
more char than untreated fibres. In natural fibres, lignin is the component responsible
for charring by which higher lignin content generally produces more(Ehitienber

& GangaRao 20l2Suardana et al. 20L.1However, in this studyfibres treated at
higher NaOH cocentration (presumably with lesser lignprpduced higher residues

at the end of the TGA run. This behaviour was also observed on other natural fibres
treated withNaOH, which includes kenaf fibres (see Appenéixand Rafia textilis

fibres (Elenga et al. 2003 As suggeted by Elenga et al. (2033 further studies
should be conducted on the residues and gas emitted during heating for better
understanding of this behaviour. With the removal of lignin, other substances may
have a more influential role on the final product of the degraded treated fibres.
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Figure 5.2: TGA curves of raw and treated bamboo fibres
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5.3 Influence of temperature on the decomposition behaviour of
bamboo fibre/polyester composite

The bamboo/polyester composites at different alkali treatment concengatien
well as the neapolyester resin were subjected to thermal decompositmm a
temperature range of @5 to 600 C. The results of the TGA runs are summarised in
Table 5.2: Thermal decomposition of bamboo filpelyester composites and neat
polyesterfrom Table5.2.

Table 5.2: Thermal decomposition of bamboo fibrépolyester composites and
neat polyesterfrom TGA

Alkali Treatment NP BPC-0 BPC-4 BPC-6 BPC-8
(wt.%)

1st Temperature Peak  387.89 359.65 358.22 358.30 336.62
(°C)

2nd Temperature Peak - 394.71 388.69 391.76 387.10
(°C)
Final Weight (%) 5.18 11.62 10.29 9.77 10.98

As observed inFigure 5.3, all bamboo fibre/polyester composites have two
temperature peakwhile theNP has only one obvious peak. These two peaks on the
DTA curves of the composites represent the decompositionetamope of the
bamboo fibres, which is the smaller first peak, and the NP denoted by the second
larger peak. Since the NP sample consists of only one material, it is expected that
only one peak would be present. The untreated bamboo fibre compositaehad
highest decomposition temperature among the composite sa@ipB8sd.65C. The
decomposition temperatures slightly decrdatm BPG4 and BP@6, but drop
further at abou6.4% for BPC8. For theNP resin, the decomposition temperature is

at 387.88C, and this is also reflected in the second peak of the composites fer BPC
4 and BPG8. However, the decomposition temperature for polyester in-BRad

BPG6 is slightly higher with the untreated composite having the better thermal
resistance.
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Figure 5.4: Temperature peaks from DTA curves ofbamboofibres and
bamboo-polyestercomposites

Based orLaoubi et al. (2014 thethermal decomposiin process of all unsaturated
polyesteramay occur betweeh30 C and 400C. This occurddy scission of highly
strained portions of the polysigne crosdinks, with the formation of free radicals
that thenundergofurther decomposition. This resultsthereleaseof low molecular
weight volatiles, which include carbon monoxidarbon dioxidemethane, ethylene,
propylene,butadiene, naphtalene, benzene and toluermdote that adding fibres
reduces thermal performance compared to N#s was also observda/ Milanese

et al. (2012 on sisal/phenolic compositebrough TGA, whereby the composite
showed greater stability than the sisal fibre itself, but possessed lower stability than
the neat resin. The author concluded that the thermal stability of phenolic matrix
decreasewith the addition of vegetable fibreshich in their case, a0i C reduction

was observed on thmomposité shermalstability compared with the neat resin.

terms of the effect of fibre treatment on the thermal stability of natural fibre
composites, several researchers have obtained varying réBefis& Pickering
(2008 found that unbleached WF/polypropylene composites started to decompose
earlierthan bleached fibre composites, wHike and Oza (201)3observed that mep
fibre/polyethylene composites treated with NaOH had better thermal stability than
untreated composites, but lower stability than silane treated composites. This
behaviour was mostly attributed to the removal of the less thermally stable
components of bres, such as hemicellulose and pectin, which renders less heat for
decomposition of treated fibre@Kabir et al. 2011 Norul Izani et al. 2013
Interestingly,Beckermann and Pickering (200&ported no difference in thermal
stability between untreated cdmlkali treated hemp fibre/polypropylene composites,
but the authors counter this by indicating ththe poor thermal stability of
hemicelluloses and pectins in a composvis negated by the inclusion diAPP
coupling agent.From the resultsin this stug, the thermal stability obamboo
fibre/polyester composites may not be dependenthepresence of hemicellulose
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Shih (2007 highlighted the importance of char in a polymer composite, as it directly
correlates to the potency of flame retardation for polymers. The increase in char
formation may lead to lower production aombustible gases, decrease the
exothermicity ofthe pyrolysis reaction, anflinder the thermal conductivity of
burning materials Basically, adding reinforcements to polymers improves their
charring capabilityThis was discovered bfphakal et al. (2007in hemp/polyester
composites, whereby NP vyields approximately 2.53% char, wimcleasedto
10.84%, 12.81% and 19.56% with the addition of untreated hemp, NaOH treated
hemp and glass hybridised hemp, respectively. Higher chawasgobserved for
treated composites, while adding glass fibres improved charring, due to high heat
resistance. However, some researchers have observed deterioration in char formation
for alkali treated fibre/polymer composité&hukor et al. (@14) noted a decrement in
formation of carbonaceous char for kenaf fibre/PLA biocomposites as the treatment
was increased from 3% to 9% NaOH. The authors coed that alkalisation
increasesthermal stability butreducesthe residual char content, due lignin
removal. This was also mentioned in Sectiof, Svhereby several researchers
believed that lignin was responsible for charring.

54 Additional protection study for improved durability

As natural fibres/polymer composites have several limitatiovhich are emphasised
when subjected to degradation by the environment of their intended applications,
additional protective materials or substances can be introduced to the composites.
Incorporating additives such as antioxidants, thermal stabiliserfiame retardants
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in a composite system is the simplest form of protection. Mangposites form a
newer technology that enhance thermal and mechanical durability; barrier coatings
are posffabrication protections representing an engineering sol@#onhiraju et al.
2012). In this setion, the application of both fire retardant additives and coatings are
studied to help improve the durability of bamboo fibre/polyester composites.

54.1 Thermal decomposition of bamboo fibre/polyester composites with
additives

Initially, two types ofadditives were proposed for incorporation into the bamboo
fibre/polyester composite. Magnesium hydroxide (MgDli$ used as a thermal
stabiliser, while Uvinul 3030 is used as a UV light absorber. Before these two
additives can be employed together in thenposite system, the optimum level of
concentration for each substance needs to be identified to produce the best thermal
protection. Based on the literature review, MgQOperforms well as a thermal
stabiliser. For this kind of additive, the mechanicalperties of the composite are
less jeopardised at lower concentratigBbukor et al. 203,4Zhang et al. 2012 As

for Uvinul 3030, the manufacturer recommends the concentration level be in the
range of 0.2 to 10% depending on dudte and performance requirements of the
final application. Most literature limits the addition of UV stabilisers or antioxidants
to below 1%(Abu-Sharkh & Hamid 2004Garcia et al. 2009 From these findings,
Table 5.3 was tabulated to separately obtain the optimum concentration of both
additives.

Table 5.3;: Concentration of thermal stabilizer and UV absorberfor
optimization study

Sample MH1 MH2 MH3 UVl UV2 UV3
Magnesium Hydroxide 4 6 8 0 0 0
(Wt.%)

UV Stabilizers (wt.%) 0 0 0 04 06 08

Using mechanical stirring, these additives were mixed together, bastabteb.3

with liquid polyester for one hour and poured into moulds. However, this technique
was unsuccessful with apparent settlement of the additives causing layers of unequal
substance distributiothroughout the thickness of the polyester resin, as shown in
Figure5.7. While Tibiletti et al. (2012 found this technique successful, most authors
have used compounding techniques with extruders to ensure homogeneity of all the
composite components. However, in this study, additive incorporation into the
composites was unachievable due lawk of equipment. Moreover, since the
additives failed to blend together with the polyester resin, it was impossible to
distribute them evenly throughout the composites, especially between the bamboo
fibres, using the vacuum infusion process
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Figure 5.7: Settlement of additives in neat polyester

Even if the additives were able to be dispersed evenly throughocotigosite, the
expected effect, such as improved thermal stability, may not be achieved. The
additives are not homogeneously blended together with the NP, and are basically a
separate unit residing within the NP. To study this, small samples of bamboo
fibre/polyester composite, with 12, 16 and 20wt.% MgQ#tre fabricated for
thermal analysis through TGA. The concentrations were increased to ensure that any
effect on thermal resistance could be easily detected. The DTA curves are presented
in Figure5.8.
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Figure 5.8: DTA curves of bamboo fibre/polyestercomposites with MgOH2
additive

Since bamboo fibres treated with 6% NaOH showed better mechanical properties,

the additives were added to sample BRCand the resulting DTA curves were
compared to BP®. As observed ifrigure5.8, all three samples with additives have
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a third peak at 58, whichseems to ascend at the end of the TGA run. This proves
that the MgOH decomposes separately from the polyester, and mayreelajigher
temperatures to fully decompose. The polyester for all four samples decomposed at a
relatively similar temperature, approximately B82 No improvement in thermal
stability was achieved by the additives, due to the insufficient compounding
tecmique.

Other researchers have successfully increased the thermal resistance of natural
fibre/polymer composites by compounding additives with the polyhi@mid et al.

(2012 has found that by adding a fire retardant made up of sodium metasilicate and
zinc borate has increased teecond peak of the DTA curve of a biocomposite
reinforced with rice husks and sawdust from 425t0 470C. However, the
increasedconcentration othe fire retardant did not provide further improvement.
This was also achieved Gybiletti et al. (201) on unsaturated polyesters filled with
metallic oxides fillers. Bothtadies showed a higher formation of char with the
presence of the additives. In this current study, the amount of residues was higher
with the addition of MgOKR but this may correspond to the Mg®@Hot fully
decomposing at the end of the TGA ruhherefore, another option must be
considered to substitute the use of additives to provide additional protection for the
composite.

54.2 Thermal decomposition of bamboo fibre/polyester composites with
coating

Additives may at times be difficutb incomporateinto a composite. If this occurs,
consideration should be given to using an inherently low heat release polymer or
other protective methods, such as polymer rasmaposites and integrated barrier
systems. Barrier coating is a reactive mode of ptiatedhat is easy to apply but
may also be easily defective, leaving the composite vulnerable to damage stimuli
such as UV, heat and abrasi@udhikary et al. 2008 However, it is widely used in
maintenance works on structures, due to its easy application.

This study used a nemazardous watdvsased aglic clear electrometric coating
system for outdoor protection. It is not an intumescent coating but contains Tinuvin
for UV resistance. The manufacturer also claims it has good water proofing
properties, heat and fire resistance, is-tic and odourlss, as well as colourless

to maintain the aesthetic advantage of bamboo fibres. The coating was applied to
BPG-6 samples; it shows good mechanical properties, as discussed in Chapter Four.
Thus in this section, the thermal degradation and mechanical fiespef BPC6

coated with a commercially available coating system used for domestic and industrial
applications is evaluated. There is a lack of literature relating to the effect of this type
of coating on natural fibre composites

A coated sample of BR6 was subjected to thermal decomposition using TGA. The
sample is labelled as BP&Z, and the DTA curve obtained is compared to the
uncoated sample and presente&igure5.9. It can be observed that sample B&C

has a slight peak betweeni80and 200C, which is absent for the uncoated sample,
indicated by the arrow in tHeigure 5.9 This implies that the coating is decomposed

at temperatures highethan 100C. As the coating is designed for outdoor
environments, it is understandable it can only withstand high temperatures up to
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