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Abstract

The work of this thesis was structured into 2 main activities: (1) to devise a
surface functionalization technique for commercial carbon fibres (CFs) based on
lignin precursor developed under the Europe&mion FP7 Project
AFunctionalized I nnovative Carbon Fibres
Cost Efficiency and Tailored Propertieso
604248. (2) To perform the exploration ofd cost carbon fillers for application

to polymer composites.

1% chapter presents a general introduction of the different carbon materials
and their applications."® chapter is concerned with the existing commercial
carbon fibre manufacturing techniques and precursors. A small portion on the
suface modification techniques is also added in this chapter. Thaapter deals
with the production techniques and limitations of Carbon nano tubes as a filler for
the application to composites. A brief introduction on biochar materials has been
added a well. The 4 chapter deals with functionalization study of commercial
carbon fibres and lignin based carbon fibres. Commercial carbon fibres T700 were
purchased from Toray, Japan to study the surface modification through low
pressure oxygen plasma at liRo Treatment parameters in an oxygen
environment such as holding time (1~10 minutes), plasma power (100~200 W),
flow rate (250 Standard Cubic Centimeters) and plasma chamber pressure (53 Pa)
were set. Morphology of the carbon fibres before and aften@areatment was

studied through Field Emission Scanning Electron Microscopy (FESEM).
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Chemical nature of the functional groups formed on the carbon fibres surface after
the treatment was studied through Fourier Transform Infrared (FTIR)
spectroscopy andt@mic percent was quantified throughRay Photoelectron
Spectroscopy (XPS). Raman spectroscopy was carried out to study the structural
changes in thecarbon fibres. Wettability test was carried out to study the
interaction of the surface functional groupgh epoxy matrix. Tensile strength of

the CFs was determined after the plasma treatment to ensure optimum mechanical
performances of the treated fibres in the subsequent composites. In order to ensure
the effectiveness of the plasma treatment the samplesa were studied after six
months of storage in ambient conditions. On the basis of the obtained results from
the activities above, optimum plasma treatment parameters such as treatment time,
plasma power, oxygen flow rate, plasma chamber pressure ingledsout and
applied on the lignin based carbon fibres. The lignin based CFs were plasma
treated for 5 minutes at 100 W and 200W at a flow rate of 250 SCCM and 53 Pa
plasma chambepressure. Surface morphology was studied through FESEM.
Plasma treatedldres showed canals and pits on the surface. The fibre started to
damage at a plasma power of 200/Iso the oxygen pickup reduced at this
treatment poweas depicted by the XPS analysis. 2@ W, 5 minutes treatment

was identified asan upper limitfor the treatment parametefhe treated fibres

were shreddedfinely and dispersed in epoxy resin using an overhead nbixer
produce composites. Mechanical and tribological analysis was carried out and
compared with the neat epoxy and untreated €@positesThe plasma treated
carbon fibre composites outperformed their counterpaBased on the
observationswe recommended low pressure oxygen plasma treatment for the
surface modification of the lignin based carbon fibres intended for commercial

use.

To further support ourecommendatian we produced carbon fibers from
waste cotton clothes in Polito and applied the same treatment to them. The

temperature profile for the thermal treatment was deduced from



thermogravimetric analysis of cotton fibresargonenvironment. XPS and FTIR
analysis was carried out to ensure the absence of any impurity in the cotton
fabrics. Carbonization process was carried amt a Carbolite furnace
(TZF12/65/550) at the temperatures of 430 600 C and 800C for one hourn
nitrogen environment at a ramp rate of Céminute. The sample prepared at 800

C was selected to study the plasma treatment due to its more ordered structure and
high carbon content as depicted by the Raman and XPS analysis respectively. The
carbon fibes were treated with oxygen plasma at 100 W and 200 W for 5
minutes. Surface morphology and structure of the treatexiw@Fe studied via
FESEM and Raman spectroscopy. Surface of the treated fibres showed pits and
canals confirming the action of the plasralements while a degradation of the
Io/lg ratio in the Raman spectra evidenced the effects of the plasma elements on
the structure of the GF The functional groups on the surface of the plasma
treated CBwere studied through-Ray Photoelectron Spectroscopy and Fourier
Transform Infrared spectroscopy. Chemical groups like alcohols, carboxyl and
carbonyl were found on the surface of the treated BET analysis showed that
surface area of the fibers inaed after treatment. The plasma treated CF
retained higher amount of the epoxy resin in the wettability test. The plasma
treated fibres were applied in composites. Epoxy based composites were
fabricated with the pristine and treateds@f 1% and 3% by wight. Mechanical

and tribological analysis was carried out on all composites. The composites of the
plasma treated fibres showed superior mechanical and tribological properties
when compared to their untreated CFs counterparts. Morphology of the
mechanichand tribological specimen were studied with FESEM to investigate the
interaction of the filler with the matrix. Above results supported our earlier
argument and low pressure oxygen plasma was recommended as a suitable

treatment for the modification oféhcarbon fibres.

The 29 part of the thesis emphasizes the application of cheap precursor based

carbon materials for the tailoring of composites properties. In recent yaars,
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cost carbons derived from recycled materials have gained a lot of attemtion f
their potentials as filler in composites and in other applications. The electrical,
frictional and mechanical properties of polymer composites can be tailored using
different percentages of these fillers. In the Carbon lab at Polito we synthesized
carba nano materials (CNMs) from waste polyethylene bags in two different
morphologiesnamely carbon nano beads (CNBs) (P1) and a mix of carbon nano
tubes (CNTs) and carbon nano beads (B&hg chemical vapour deposition
(CVD) technique by varying the carrigas pressureMorphology of the CNMs

were studied through FESEM and their purity through Thermogravimetric
Analysis (TGA) and Raman spectroscopigpoxy based composites were
fabricated using these CNMs as filler in 1% and 3 % by weight. Mechanical
propeties and tribological properties were compared with the epoxy composites
of commercial Multi Walled Carbon Nano Tubes (MWCNT). It is observed that
the in house generated CNMs composites show overall better mechanical and
tribology properties compared toettneat epoxy and the coramsial MWCNTSs
based compositedlorphology of the composites was analysed through FESEM
to study the interaction of the filler with the matrix that lead to improved
performances. A model on the fracture behaviour was proposed sis difa

FESEM analysisChapter 6 is concerned with this activity.

In chapter 7, the maple based biochar has been explored as a cheap alternative
filler to enhance the polymer properties. In this regard, the mechanical,
tribological and electrical behaviof composites with two types of biochar based
on maple wood namely biochar and biochar HT were investigated and compared
with those of a composite containing multiwall carbon nanotubes. HT is heat
treated at 900C in nitrogen at 1 hour. Superior mechahipeoperties (ultimate
tensile strength, Young modulus and tensile toughness) were noticed at low
biochar concentrations 2~4 wt. %). Biochar based composites showed equivalent
tribology properties to the composites fabricated with MWCNTSs. Furthermore,

dielectric properties in the microwave range comparable to low carbon nanotubes



loadings can be achieved by employing larger but manageable amounts of biochar
(20 wt. %) rending the production of composites for structural and functional
application coseffecive.

Conclusive remarks and future plans are compiled in chapter 8.
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Chapter 1

Carbon materials: An overview.

Carbonis derived from the Latin word "carbo” meaning charcoal or ember. In
the modern era the word carbon means much more than mere charcoal. Carbon is
the back bone of strongest known fibres i.e. carbon fibres, one of the best known
lubricant i.e. graphite, andhe hardest known crystal i.e. diamond. In on
crystalline form it is the best gas adsorber, activated charcoal and one of the best
helium gas barriers (vitreous carbdd)]. Carbon possesses a unique property
called catenigon. Due to this property carbon can form bonds between its atoms
and create stable compounds for instance chains, rings and branched chains. There
are six million compounds of carbon known today. Due to this vast range carbon
compounds present, the whofeeld of organic chemistry is based on the
investigation of carbon and hydrogen containing compounds[@hlZarbon is a
common element in all living organisms. Carbon is crucial for the life on earth as
pure carbon compounds comes in various personifications with dive&essiee
dimensionalities. Still there is a lot of room to learn about cadoahits forms or
allotropes. Most commonly known allotropes of carbon are graphite, diamond,
lonsdalite, fullerene, carbon nano tubes and recenthclio$3]. The various
allotropes of carbon are applied in diverse fields ranging from electronics to
aerospace industry due to their superiorcteieal, mechanical and thermal
properties.



2 Carbon materials: An overviev

1.1.Historical Perspective

Carbon and its allotropes have played a significant role in the technological
progress in the history of science and technology. The discovery of diverse novel
materials in the fieldf nanotechnology has made carbon the king of elenpéhts
Very first report was published in 1889 reporting the possibility of producing
carbon based filaments from thermal breakdown of gaseous mé¢8jaimdomas
Edison used the carbon filaments in light bulbs at Paris Universal Exposition.
Thesediscoveries made a classified scheme to recognize all the carbon forms and
to predict new ones. Hollow fibers in the nanometer dimension wWerepbrted
by the Swedish scientists Hillert and Lange in the year 1658

However, amorphous carbon, diamond and graphite were the only known
allotropes of carbon till 1980s. Kroto et al. 198%] and Richard Smalley
discovered fullerenes in 1985. Fullerenes are a large famitgxdgonal carbon
rings, mostly in spherically closed cage arrangement. The contributors won the
Nobel Prize in Chemistry 1996. The field of carbon materials research found a
renewed interest after the report of Carbon Nano Tubes (CNTs) by ljima in 1991
[8].CNTs were termed as rolled sheets of graphene. Single rolled sheet was
termed as Single Wall Carbon Nano Tube (SWCNT) while CNTdemay
multiple layers were termed as Multi Wall Carbon nano Tubes (MWCNTSs). The
tubular nature of carbon filaments in nano dimension was reported in Physical
Chemistry Journal of Russia in 1952 but these articles are not well known and
cited [9] .The latest breakthrough is the formation of stable single layer of
Graphite called graphene discovered in Z@0ft hough t he word o6graptl
mentioned by Mouras in 19821]. The biochar history dates back some 2,000
years ago in the Amazon Basin. The regions of dark, highly fertile soil were called
terra preta, in Portuguese | anguage meani
analyzed. High concentrations of charcoal andanig matter was found in these
samples and given the name biocH].

1.2.Structure of Carbon

Carbon is the @most abundant element by mass after Hydrogen, Helium and
Oxygen. It is a very interesting element due to its properties as a solid material
and its wide range of applications. Carbon has an atomic number of 6 and is
represented by the symbol[C3]. Carbon possesses an exceptional characteristic
with the diversity of structures that can be formed when two or more atomas b
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together. The six electrons of carbon atom are represented in figure 1.1. The
arrows head corresponds towards the electron spin. Two of the six electrons
occupy the 1s orbital close to the nucleus, the next two in 2s orbital and the last
two reside intwo different 2p orbitals. All p orbitals have equal energy the
electrons reside in separate orbitals.

Energy

1s

Figure 1.1: Energy levels of carbon atom

The introduction of quantum mechanics in th& 28ntury provided the novel
framefor understanding the chemical bond between the atoms. The 4 electrons of
carbon atom resides in the valence shell. The electronic configuration of carbon
atom is 18 28 2p?. This configuration results in a variety of crystalline and
amorphous forms of chon. The molecular orbitals formed by a carbon atom can
have three different types of hybridizations namely sp, sp2 and sp3. The
combination of s dypedorbimls whilebthetcambisatioh efa d s
offaxi s p o rtype tbandiss This owhanism of electronic orbital
hybridization as shown in the figure 1.2 leads to different types of covalent
bonding.

t

0]
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Figure 1.2: The sp, sp2, sp3 hybridization Model of Carbon

1.3. Allotropes of @arbon

Carbon possesses several allotropic forms with two main forms amorphous
and crystalline. Bundy et. al. 19984] reported the phase diagram for carbon as
shown in figure 1.3Hexagonal graphite is the stable thermodynamic phase which
exists at the ambient temperature and pressure conditions. Graphite exist with a
continuation of hombohedral and polytype variety under metastable conditions.
The cubic diamond phase is metastable under the ambient conditions of
temperature pressure and stable under high pressures. Lonsdaleite (L), i.e.
hexagonal diamond is found under specific caodg of temperature and pressure
as shown in the figure 1.3. The carbyne phase exist at high temperature, below the
graphite melting line. These phase transformations of the carbon are
hypothetically reversible. The new carbon phases e.g. fullerenes anhd &bl
are not included in the same diagram because they arelagsical forms.



1.3. Allotropes of carbon 5

Pressure (GPa)
= T
|} 1
] 1
S m :
] 1
]
DIAMOND
30 : : Triple
1(2) ' Point
|} \ Liquid
]
20| ¢ N N \
] '~ S
: Bp--_—__ |~V
] TH--4
10 : e e )
. /
B
0 3 -
[ 2000 4000 6000
Temperature (K)

Figure 1.3: Phase diagram of carbon, Equilibrium phase boundaries represented by solid lines
and kinetic transformations represented by dottedines; L stands for Lonsdaleite Phase [14]

1.3.1.Crystalline Allotropes of Carbon

Carbon can exist in three crystalline forms. Two of the-edwn and oldest
allotropes of carbon are Diamond and graphite based on sp3 and sp2 hybridization
respectively[15]. These two allotropes have different structures and textures
compared to the conventional masdsie.g. carbon black and activated carbon.
Carbyne is another allotrope of carbon with sp hybridization.

a. Diamond

Diamond is an allotrope of carbon possessing crystalline structure due to its
sp3 hybridization. The 4 sp3 orbitals organize in a tetrahedrdiguration which
promotes strong O bondadamiarrahgedtirhaehreeei ghbor
dimensional tetrahedral structuvéth a bondlength of 0.154nm. The closely
packed rigid structure of carbon atomscounts forthe hardness properties of
diamondsand veryhigh melting poing [16]. The structural properties of diamond
arise due to formation of @ bonds. Di amon
thermal conductivity (200@500 W/(m-K)) and smallest thermal expansion
coefficient at room temperature compared to other alg4j.
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Figure 1.4: Structure of diamond.

b. Graphite

Graphite is an allotrope of carbon with a layered, planar structure. The
individual layers are called graphene sheets. The carbon atoms in gachr&a
arranged in a honeycomb formation with a separation of 0.142 nm. The distance
between the planes is 0.335 fiY]. Graphite possesses sp2 hybridization. The
three out of the four valence electromsside into trigonally organized sp2
orbitals, making three 0 bonds in a plane
and forms ° bonds with the neighboring at
plane. The electrical conductivity of graphite comes tlue t-he bonds.
Graphite is stronger iplane than diamond but only weak Van der Waals forces
exists between the layers. This makes graphite a good lubricant. Graphite exists in
two forms namely Alpha and Beta (R).These 2 forms are physically alike but
differ in crystal structure where alpha is hexagonal while beta is rhombohedral. In
nature, graphite possesses 30% beta and 70% alpha from, while lab synthesized
graphite is almost 100% alpha form.
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c. Carbynes (Linear Acetylene carbon)

Carbyne is an allotrope of carbon with sp hybridization. Carbyne was reported
in 1995 by the American chemists. Carbynes consist of long chains of carbon
atoms with alternate carbararbon triple and single bonds [18Carbyne is
semiconductor in character, sensitive to light and can be used in photodiodes and
other electronic devices. Carbynes have gained substantial attention in
nanotechnology as they are believed to have Young's modulus forty times higher
than thatof diamond, the hardest known crystal . One dimensional sp hybridized
carbyne with alternate single and triple bond and some other proposed allotropes
of this family are shown in figure 1.6 [19].

Figure 16: (a) 1-D Carbyne, (b) 2-D graphyne, (c) 3D diamond [19].
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1.3.2.Amorphous Carbon

Amorphous carbon does not possess any medium or long range crystalline
Sstructure. The |l ocalized ° el ectrons
inter-atomic spacing and in the bond angle. In mineralogy, the term amorphous
carbon is associated witthe derivatives of soot, coal and carbides. These
materials are impure carbon and differ from graphite and diamond. Amorphous
carbons can be treated a polycrystalline material with forms of diamond or
graphite incorporated in the bulk of amorphous matrixcafbon. Amorphous
carbon can be fabricated by the advanced techniques like sputtering deposition
and chemical vapor deposition (CVD) etc. Fast quenching of liquid carbon is the
simplest and rapid technique to produce amorphous carbon. The sp3 to sp2 ratio
determines theropertiesamorphous carborGraphite is sp2 hybridized, on the
other hand diamond possess only sp3 hybridized bonds. The carbon material with
high rato of sp3 to sp2 bonds is known demond like carbon owing to their
resemblance with diamond dhfferent physical properties.

1.4.Carbon Nanomaterials

The discovery of carbon nanomaterials e.g. carbon nano tubes, carbon nano
beads, Bucky balls, graphene etc. have opened a wide rangesexdrch
opportunities in various applications. The fabrication of carbon nanostructures
enabled the production of novel devices with extraordinary properties and
functionalities due to their superior electrical, mechanical and transport properties
compaed to other materials. Due to the ability to forge nano devices the carbon
nano materials have opened new horizons for research in the fields of nano
electronics, nanahemistry, nandiomedicine, nanghotonics and nanbiology.

Some of the extensively westigated carbon nanomaterials are briefly below to
create more interest for the readers.

1.4.1.Fullerene

Fullerene was discovered In 1985 by Robert Curl and co. by the pulsed laser
ablation of graphitg7]. Fullerenes were named as Buckminsterfullerene or
simply fullerene tohonor R. Buckminster Fuller who first developed a geodesic
architecture that resembles to that of fullerene strudil8e A Fullerene C60
consist of twenty hexagonal and twelve pentagonal faces that form a closed cage
structure, similar to a soccer ball in which carbon atoms are sp2 hybridized and
readily react with electron rich species aswh in figure 1.7. Because of their
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structural, physical and chemical properties, fullerenes have been extensively
studied for biological, medical, optical, chemical, electronic and magnetic
applications.

Figure 1.7: (a) STM Image of fullerene, (b) Simulated imag€c) Fullerene geometry [21].

1.4.2.Carbon Nanotubes

The deposition of graphite on cathode by arc discharge technique can deposit
many different carbon nano structures under different experimental conditions.
Filaments like structures were deposited on one of the electrode when the DC
power of the arc was ahged to alternating current. The deposited filaments first
caught the attention of the world after S. lijima observed these structures-n high
resolution transmission electron microscope in 18)1These circular structures
were named carbon nanotubes (CNTs), due to their tubular structures with
diameters in nanometer range as shown in figure 1.8. CNTs can also be assumed
as a cyihdrical component of the fullerene family, with at least one end capped
with a hemisphere. CNTs have a diameter 50000 times smaller than a human hair
and a length of a few millimeters. CNTs have highest strength at a given size
when compared other matdsiaTheir exception strength to weight ratio makes
them ideal for structural application in polymer composites. Limitations in cost
and scalability as well as in reproducibilty curb their full exploitation in
composites. Further discussions on cost anthlisitiay is done in chapter 6. In
CNTstherehybr i di zation process occurs due
be f ound itypen orbitals” changing their chemical and physical
characteristidd9].

t

(0]
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o S o

Figure 1.8: HRTEM image of MWCNTSs. Dark lines correspond to the walls of MWCNTs. (a). 5
walls, (b). 2 walls, (c) seven walls [8].

1.4.3.Graphene

Graphene is a crystalline form of carbon nano materials along with CNTs and
fullerenes. Graphene has two dimensional structures with single layer of carbon
atoms arranged in hexagonal egoomb as shown in figure 1.9. Graphene is the
strongest and the thinnest material known till to ddie Graphene sheets are
almost transparent but owing to their high density even the smallest atoms of
Helium gas rareldiffuse through it. Commercial graphene can be applied in
many applications because of its two dimensional structure and interaction with
light. Graphene possesses outstanding properties of high strength, light weight,
transparency, electric and heat cociince that are"2to none. Major techniques
for the synthesis of graphene includes exfoliation of graphite, reduction of
graphite oxide, by melting of metal carbon, cutting of CNTs, reduction of carbon
dioxide and Sonication of graphite ¢&f)

Figure 1.9: Structure of graphene
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1.4.4.Carbon Nano Spheres

Carbon nano spheres (CNSs) can be synthesized in the presence of
polyoxometalates (POMS) as catalyst under hydrothecowaditions. The POMs
apart from their catalyst role also support the glucose dehydration process. POMs
also plays it role as a preservative to stop the aggregation of CNSs. The CNSs can
be potentially applied as electrodes for biosensors and catalysiss @nS
different from C60 and carbon onions and less investigated than fullerenes, CNTs
and nanofibers. The properties of CNSs are similar to graphite but a scalable
economical method for their synthesis is not available till to date [24].

Figure 1.10: (a) SEM image of CNSs, (b& (c) TEM Image of CNSs [24]

1.5.Carbon fibres

Carbon fibres (CF), also known as graphite fibres, are composed of more than
90% by weight of carbon atoms. The carbon atoms are bonded together in a
hexagonal form and aligned parallel to the fibre g#@%]. The high tensile
strength of carbon fibres arise due to this alignment pattern. Commercial carbon
fibres are available in from of tows containing some thousands of filaments for
instance 3000 up to 24000. Each fil ament
which is roughly one tenth the size of human hair. A carbon fibres tow can be
used as it is or in woven form in composites application. The CF tow or fabric
wound or molded intshapes and joined together with the help a polymer matrix
forms a composite material that is light in weight and possesses high strength.
Carbon Fibre Reinforced Polymer (CFRP) components are used in aircraft
industry and spacecraft parts, racing car ésdgolf club shafts, bicycles frames,
fishing rods, automobile springs, sailboat masts, and many other applications
where light weight and high strength is soUiggt.
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Figure 1.11: Applications of carbon fibres composites

1.6.Bio char

Biofuels and biomaterials have gained a lot of attention due their availability
in abundunce imature and eco friendly characteristics. The residue materials
obtained after pyrolysing biomass and biogenic wastes under controlled
environment is termed as a biod#r Biochar mostly contains stable aromatic
forms of carbon and thus cannot be readily returned to the atmosphere as CO2
even under favorable environmental conditior&iochars can be used in various
applications in diverse areas because they possess versatile-gtesical
properties. Some important area of applications are char gasification,energy
production via combustion, ticated carbon, soil remediation, carbon
sequestration, catalysis, and in biomedical indydi?).. Pyrolysis temperature
and heating rates are the key factors that determine the biochar properties such as
carbon yeld, mineral phases, surface area, porosity, electrical conductivity etc.
Biomass conversion technologies include thermochemical processes like torre
faction, pyrolysis, gasification,liquefaction and supercritical fluidAgtcexample
of olive based bioltar is shown in the figure 1.12.
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Figure 1.12: Bio char from wood.

1.7.Summary

Carbon has always been a key element for humans and .nBeréndustrial
applications of carbon based materials has developed exponentitdbt ithree
decades. The number of publications reported per year in the field of carbon
materials continues to increase exponentially, and it is likely that lifeal
applications and devices will soon become an important part of international
markets. Howver, the bulk synthesis processes of the +wambons still need to
be devised to realize the dream of istitial scale products based on carbon nano
materials. The high price of carbon fibres and dependence on the petroleum
precursors undermine their fuihdustrial application potential. Carbon fibres
based on renewable sources with low price is still a vast area of research. Biochar
is new to the family of carbon and is finding its applications in various
dimensions. The remarkable characteristics @drbon in its various forms has
always attracted the scientists and is expected to continue and motivate further
investigations and findings.
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Chapter 2

Overview of carbon fibres
production and surface
modification processes

2.1. Introduction

Carbon fibres (CFs) are defined as fibres containing at least 92 wt. % of
carbonand are polycrystallinén the nongraphitic stageThey manifesta long
range two dimensional order The carbon atomsare arrangedin a planar
hexagonal network as shown in tigure 2.1with no crystallographic ordein the
third dimension[23]. Carbon fibres can be distinguishee the basis of the
strudure of the fibore and degree obrientation of thecrystallites. Different
varieties of commercial carbon fibres are available in the markethétmtended
end use sougHhbr instance Ultra High Mdulus (UHM),High Modulus (HM),
IntermediateModulus (IM),High Tensilestrength (HT) and isotropias shown in
the able 2.1 The Utra High Modulus and Hgh Modulus carbon fibres are
graphitized at ahigh temperatureandmanifesta tensile modulus of 300 GPa and
500 GPa respectively. The IM and HT carbon fibres are known for their high
tensle strength and low modulus. Heat treatment attiemvperaturess the cause
of this low modulis The htermediateModulusCFsmanifest 8300 Goa modulus
with a strength/modulus ratio of 0.01. On the other hand Hie CFspossess a
tensile strengtlof morethan 3 GPa and a strendthodulus ratio between 1.5 and
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0.02. The isotropi€ F s d o ssess and orgered strucuture due ta@hedom
orientation of the crystalliteShey manifest a modulus of 100 Gpa and thier cost
IS low due tahelow modulus

Figure 2.1: Crystallographic structure of carbon fibres[2].

Table 2.1: Categorization of carbon fibres.

Type of CFs Temperature  Orientation of  Long distance

of heat the crystallites crystallite
treatment (°C) order
Type | 2000+ Parallel to the Highly ordered UHM, HM
axisof CFs
High Modulus
Typelll 41500 Parallel to the Low order IM, HT
axisof CFs
High Strength
Type lll <1000 Indiscriminate  Very low Isotropic

Isotropic

2.2.History of carbon fibres.

The earliest carbon fibres are believed to have reported by Thomas Edison
who appliedcotton and bamboo fibrezharfor incandescent lamp filamenia4].
Carbon fibres wereommercidly useal in the late 1950%or the applicatios to
composite. The main aim at that time was improve &idativeproperties of the
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materialsused to manufactum®cketcomponentsin early 1960s, Union Carbide
introduced a carbonized rayon based fabric aiming for such functionality. During
the timeperiod of 1960s and 1970s a lot of research egaged out tooptimize

the performancéo price ratio ofCFs Research focus was to look for precursors
yielding large amounts of commercial grade carbon fibres. A variety precursors
such aspoly acrylonitrle (PAN), pitch, rayon, phens] lignin, imides, vinyl
polymers, and naturally occurring renewable cellulosic materials have been
evaluated over the years for the productiorC&6with desired propertieat the
commercial scal¢25]. During the 1970s, the search for alternative precursor led

to the introduction of petroleum pitdbased carbon fibreslitch based CFs are
about 85% by weight carbon and possess excellent flexural streagth low
compressive strength limitation led to their demise in the race towards the top.
1980s the carbon fibre demand rose to a 1000 metric tons per annum. Major
consumers were the aerospace and sporting goods industry. PAN based carbon
fibre surpasseall other precursors based CFs. This fact may be surprising to
some as dominant belief was that low raw material cost with higher ofieddar

from pitch would bewin win situation buta spirable pitch production process

was expensive and time consumuirConsequently, PAN fibres emerged as the
dominant precursor for commercial carbon fibres productioneagstill reigning

today Rayon precursor stands at timrd postion. Bespiteof lower raw material

cost the carbon fibres produced by rayaon fibresiaferior in properties and a

low yield of 20 to 25%carbon fibres made the overall conversion process
economically unviable. By th#®0s, companies like Zoltek and Fortafil introduced

a new cost effective P based carbon fibre. A goal of reducing the carbon fibre
price to 5%/Ib was set by the year 200Mis policybrought a lot of attention to

the accelerated development of the carbon fibreindi@ely The report @ACar
Fibres & Carbon Fibre Reinforced Plastic (CFRFA G| o b a l Mar ket Over
was released 2013 by the Research and Markets Company (Dublin, Ireland)
predictirg the global carbon fibre demand will reach DOD metric tons annually

in the year 2020 as the composites market reaches 210,000 metric tons in the
same year. The United States, Japan, and Western Europe are the leading
producers of carbon fibres.

2.3. Structures and Properties of Carbon fibres

The atomic structure of the carbon fibre resembles to the graphite structure
with layers of carbon atoms arranged in a regular hexagonal pattern as shown in
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figure 2.2. These layer planes in CFs can either be strdi@ or graphitic or a

hybrid structure of both depending on the precursors and the heat treatment
process. The carbon atoms layers are stacked parallel to one another in a regular
fashion in the graphitic structure and the atoms are covalently bomaedyb sp2
bonding in the irplane while weak Van der Waals forces exists between the
planes. The pacing betwee two graphene layers (d002) about 0.335 nm

[27]. However the structure of commercially available carbon fibres consists of a
stack of turbostratically arranged (irregularly or haphazardly folded, tilted, o
split) layers of graphene. The turbostratic structure and the sp3 bonds increase the
d-spacing to 0.344 nij28].

Figure 2.2 (a) Crystal structure of a graphite crystal, (b) structure of turbostratic carbon [2].
2.4.Precursors for carbon fibres

On the commercial scale four types of precusrors are employe@nafacture
the CF429-31].

2.4.1.Acrylic precursors

PAN precursor ha beenthe most widely used precursor toanufacture
commercial grad€Fsby the majority of industrial manufacturers. The quality of
the material produced is still®o none.
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2.4.2.Cellulosic precursors

Cellulosemolecule constitutes af4.4 % carborby weightbut, the practical
yield of carbon is not more than 25~30 wt. % due to the complications in the
conversion process and the heat treatment behavior of cellulosic materials.

2.4.3.Pitch-based precursors

Pitch is chaacterized by its high yield of carbon material, roughly 85%. The
resulting carbon fibreare characterized by a highly graphitic structure and high
modili.On the other hand pitch based CFs dispday compression and transverse
propertiesvhencompared tahe PAN baseFs.

2.4.4.0ther forms of precursors

Phenolic resinsand unylidene chloridehave been investigated agpotential
precursor tomanufacturecommercial grade carbon fibres but the conversion
process has proved to be economically unviable.

2.5. PAN precursor

PAN-based polymers can be classified into hggoéymer and o-monomers.
The cemonomers are largelysedto synthesizd®AN-based polymersThe PAN
precursorsare usedo produce commercial gradd-s The manufacturing process
to produce carbofibres from PAN is elaborated in the figure 2.3

Raw Material Air Oxidation 300° Pre-carbonization Carbonization
PAN Spun Filament. C 110°CN, 1800°C N,
. r Surface Treatment
Drying Hot Water washing (Chemical
\ Anadizati

Carbonization 3300
*CN, /Argon.

Sizing. }={ Drying. H Winding. ]

Figure 2.3 : Manufacturing process carbon fibres from PAN based precursar
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The whole conversion process can be categorized in following sections.

PAN precursor polymerization,
Filament spinning

Oxidation,

Carbonization, and graphitization.

The poly acrylonitrilecopolymer contais around2~15 wt. % of acrylic acid,
methacrylic acid and /or itaconic acifhe molecular alignment anoixidation
conditionsdepend upon the type of-enonomersAn approximateyield of 50i 60
% by weight carbon fibers can be obtained by carbonizing PAN pred@&or

rwnh e

2.5.1.Polymerization and spinning of PAN precursors

The PAN filaments are are most widely used precursor to produce
commercial grade carbon fibrehe chemical structure of PApblymer is shown
in the fig. 2.4 Commercial PANfibres contain approximatelyetween 2 td.0 %
by weight of coomonomes like Methyl Metharylate (MMA) or Itacon acids
(ITA). Most of the commercial manufacturers synthesize -iouse PAN
precursors so thehemcialcompositionof the polymer is stilla secretThe PAN
polymer comprises gbolar nitrile groupswvhich promote atrong intermolecalr
interactionsbetween the fibres chains. For this reason PAN fibres manifagiha
melting temperature. PAN fibres in the carbon fibre industry are spun with
traditional spinning techniques for acrylic fibres. PAN fibres are produced
generally throughhe wet spinning teamique but thedry jet wet spinningpf PAN
fibre is capturing more attentid83]. CommercialPAN fibresproduction through
melt spinning technique @bsolete now

CH, cltH W
CN

n

Figure 2.4: Basic structure of PAN polymer.

2.5.2. Thermal stabilization (oxidation)

Oxidation of the PAN precursor is critical to obtain higduality carbon
fibres. Thisoxidation process may last feeveral hoursThis processlepend
upon thefinal heat treatment temperaturdiameterof the PAN fibres and
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precursor fibrepropertieg34-36]. Process parameters such as heating ramp rate,
treatment time, and temperature of heating affect the quality of the final carbon
fibores. The PAN fibres areoxidized in a controlled environment with a
temperaturgange betwee00 and 300° C The oxidationprocessconvers the

fibres into an intermediatéorm that canbe heatreatedat elevated temperatures
without melting or fising the fibreswithin each othe(37]. In the stabilization
process the linear PAN molecules are converted into cyclic structures. However,
this cyclization mechanism is quite oroplicated and requires further
investigations.The mechanisnof the oxidation reactiors depictedin the figure

2.5.

CH, — CH o
| —— +HCN + CO,
C
CN . Heat \N \N/ \NH

Figure 2.5 Cyclization mechanism of PAN.

2.5.3.Carbonization and graphitization

The oxidizedPAN fibresare carbonized and subsequently graphitized in an
inert atmospheréN> or Ar ga9 [38]. Argon is generally preferred over nitrogen
regardless of its high price compared to the nitrogenabgibn confersuyperior
mechanical propertiet® the carbon fibres owing fits high density and viscosity
The carbonization temperature usually depends uponthe intended final
application For highstrength applications the carbon fibres are treated in the
range of 15081600° C. Above this temperature the tensile strength decreases.
For high modulus carbon fibres the treatment temperature is set between 1800° C
and 3000° C. This process is called graphitizaf#$ 40]. Nitrogen environment
cannot be used at temperatures above 2000° C due cyanogen formation which
happens when daon react with nitrogen. ype of precursor anaxidation
conditionsdictate thecarbanizationprocess parameters like heating ramp rate and
housing time Carbonization at a low temperature rang@®~1000° Cevolves
gases and volatiles from the PAN precursor. This effect was confirmed by
Bromley et al41], 1992.Removal of hydrogen from tHeAN joins the molecule
chains in a graphite like ribbon strucutre while the removal of the nitrogen from
theseribbonscause thema from asheetlike structureThe heat treatment assist
the formedstructure to grown thethickness and aredimension.This phenomena
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orientaes the crystallite along thébre axis and reduce the wid content.
Consequently, interlayer spacing reduddghly graphite structuresan further

be obtained by treatment at high temperatures of 1500° C. Heat treatment above
this temperature ensures the compédimination of N. Schematic diagram of the
carbonization and graphitization process is depictémirbe
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Figure 2.6: Schematic structure of Graphite sheets[2]

2.5.4.Surface treatment and washing.

The surface of the carbon fibres is modified in order to improve adhesion with
the matrix Higher adhesion leads to superioreahanical behaviofin the
composite application The treatment technique to modify the carbon fibres
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surface is still kept confidential by many manufactures. Liquid and gaseous
oxidation treatments are commonly employed to alter the surface of commercial
CFs. The liquid oxidation treatmeate very effective in surface modification of
CFs and can double the shear strength of the composites with a slight reduction,
roughly 46 % in the fibre tensile strengf42]. Anodic oxidation treatment
method is widely utilized in the surface treatment of commercial carbon fibres due
to intriguing benefits like low cost, low treatment time and high efficiency.
Commercial carbon fibres are electrically conductive @lag the role ofinodein

the electrolysis of an acidolution e.g.nitric acid (HNQ) and sulfuric acid
(H2SQy) or a salt solutiorlike ammonium sulfate ((NB.SQs) and ammonium
bicarbonate (NEHCGO;3)[43]. Washing with warm water after the surface
treatment removes the excess electrolyte. The surface tre@ked are
subsequently supplied to thext process after drying. The demaridhe surface
treated carbon fibres has been significantly elevated due the increased demand for
high-performance carbon fibre composites.

2.5.5.Sizing

Carbon fibresare brittle in nature andequire surface protection and
lubrication for the ease of handlimigring processingThe carbon fibres are dried
prior to the sizing treatment. The sizing material is chosen to preserve the physical
properties of carbon fibres. The sizing material is required to provide consistent
handling and not to build up residue ore throcessing equipment. The sizing
material should also be compatible with the matrix. Solubility of the sizing agent
in the matrix or its reactivity with the formulated resin are important
considerations before the application of the sizing agent. Imiysthe resin can
penetrate the fibre bundle and interact with the fibre surtagexy resinsbhased
sizing is usually applied on the surface of Clidgally the sizing materials do no
alter the chemicabnd physicalstate of the C§& duringthe storage.Size coating
can be washed after the weaving or the braiding pr¢28%s

2.5.6.Winding.

The carbon fibres are dried aftée application of the size coatiagdwound
into 12 kg spooldy automatic winding machines
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2.6. Cellulose based precursors

Thomas Edison inl880s used the cellulose based carbon fibres in his
revolutionary electric lamp filament. Union Carbiié¢ational Carbon Compaiy
synthesizedcarbonfabric from therayon precursor fabricin 1959, in 1961, a
carbon yarn was introducdd4]. In 1965 carbon fibres with tensile strength of
1.25 GPa and Youngdés modulus of 170
properties of carbon fibres were attributed to the -pasgbonization treatment
inculpating stretching at 2500° C but, tterbon fibregproductionhalted for more
thana decade due unviable parameters likedbst of the hot drawing process,
low yield of carbonandfaliure to achieve the desired properties of ¢b#ulosic
precursorA heat treatmernprocessor monofilamentsased on Rayn precursar
cellulose based yarns amte-woven rayon textile materiavas proposed biord
& Mitchell [45]. Thefibres wereheat treaéd undera controlledenvironmentat a
ramp rate of10° C/hour for tepmeratures uptdl00° C, 50 °C/hourthe
temparatures range of 100 400° C A ramp rate ofLl00 °C/hwas set for heat
treatmentup to the temperature 0300 °C. If graphitization is sought the heat
treated fibres can be subsequgnteated up to 3000° C. Heat treatmeta
temperature range of 900~3000° C \wasformedin an inert atmospherd dl, or
Ar gas.Carbon fibres obtained after the heat treatmnet manifest supensile
strengthwhencompared to theuntreated counterpartX-ray patterns confirmed
the presence of highly ordered graphitic strugigf Cellulose can be converted
into carbon by following a simplified 4 steps process proposeddng and
Baconj47].

1 Stepl. Heat treatment of cellulose a temperature range @6~150° C
results in the physical desorption of the adsorbed moistusenall degree
of change in the lateral ordsralso observed due to the water desorption

1 Step2. Heating at a temperature rangeléD~240° Cdehydraesthe Q' H
and @ OH fragments of the cellulose uninfraredspectroscopgonfirms
the presence afarbon carbon bond and carlgbgroups which shows that
thedehydratioroccurs with in the molecules

1 Step3. Heat treatment between higher temperature rang@f400° C
causegleavage of the glycosidic linkage and C=0 and soiiné Bonds
scission by means dd free radical reaction. This reaction leads to the
formation of large amounts of tar,@, CO and C@

1 Step4. Aromatization begins at 400° C or moBring the aromatization
the cellulose unit breaks dowirming a residue structure comprising of 4
carbonatoms These carbon strucutures furtipedymerizeinto polymer of

GPa
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carbon having agraphitelike structurethrough condensation reactions
accompanied by the removal of hydrogen.

A lab scale heat treatment for stress graphitizadiorayon based precursor
was proposed bystrong et.al[48]. This phenomenaccurs at approximately
2800° C and any nowuniformity in the filament leads to either a roniform
stretch or breakage during the stretching process. It is imperative that the filament
is supported and transported by rollers. The textile finish on the Rayon filament
was removed bthe boiling water.Pyrolysis of the Rayon can be carried out in in
two ways(i) heat treatment continuously for sewamutes between temperature
range of 260280 °Cin oxygen environmeni(ii) Heat treating a batch a5 °C
for 20h in air. A40 % weight Iss occures during this treatnment.The treated
fibres are further heat treated fominutesin oxygen with atotal yield of carbon
upto 45~ 50% The final carbon structurean be developed witsufficient
strength to edure stresscarbonizationby heat tratmentin nitrogen enviorment
for a minute and a halét 350 °C The material was carbonized over the range
900~2000° C and graphitized over the range 2800~2900°-2y Xliffraction
studies showed that the starting material Cellulose Il was converted to the
Cellulose 1V structure before degradatistarted.Ilt was obsrved that during
pyrolysis in air, shrinkage occurred at approximatgf~45 % weight loss,
associated with a tendency to kink if the yarn was not under tension. So, the
pyrolysis stage was deliberately limited to postpone the second weight loss stage
to the carbonization step, during which sufficient tension could be applied to
prevent kinking.

2.6.1.Carbonization of Rayon fibres to attain carbon fibres

Rayon fibres with the cellulosic background can be converted into carbon
fibres with carbonization procesfuring the stabilization and carbonization
processesarbon fibresexperiencgphysical,chemical andnechanichchanges as
well as their microstructure exhibit an alteratiémlight of changes in mechanical
and chemical properties, the stabilization pescis very important to synthesis of
stable carbon fibre§ hermal shrinkageccur in he cellulose fibress a reuslt of
the weight losduring the stabilization proce$49]. The conversion processes
like stabilization, carboniza&in, and graphitization cellulegprecursorto carbon
fibres are explained belowsubsequent processes after conversion dikdace
treatment, sizing, and winding asaniliar to that ofthe PANbased process.
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a. Oxidation / Stabilization

Cellulose is a linear polymebased on glucose molecule.The glucose
molecules arec o n n e ¢ t-@-d) glipcysidid linkageso form the cellulose
strucutre a shown in the figure 2.7. Th®H fucntional groupsin the clullose
structure are responsible fohetintramolecular and intermolecular hydrogen
bonds This type of bond formation governs differemtlered crystalline strucutre
The stoichiometric amount of carbon in the cellulose is about 44.4% as shown in
the chemical formula of cellulose {&100s)n. But, the actual carbon yield
obtained is onlpetween 10 % to 30 % by weight. The reason for the low yield is
that macromolecular chainslepolymerize during heat treatment and carbon
content also reduces due to the explusion of carbon containing gasearbke
monoxide (CO), carbon dioxide (G aldehydes, organic acids, and tats
Therefore it is imperative to carefully choose the stabilizer matdoiaisnproved
carbon yiéd and consequently the properties charbon fibres[50-52]. The
cellulose fibres start degrading at around 200° C and comg&gieadation at
380° C in an inert environment. The thermal stability of the celepoecursor is
dependant upoon themanufacturing proces€omplex physicochemicahanges
occur in thecellulose fibresduring the cowersion process and variety of
oxygenated compoundse producediuring the heating procedsormation ofthe
volatile substances argblid residuecauses the major mass lo3he yield of
carbon material can be improved by reducing the burning loss. Cellulose
precursors can be modified to improve the yield and ptegeof the carbon
fibres. These attributes can be achieved by eitlmavly heatingthe cellulose
precursor with a heating rate of f@aw °C/h or treating with compatible
impregnators[53, 54]. Two predominant reactions control the pyrolysis of
cellulose precursorsamely dehydration and depolymerization or cleavage as
shown inthe figure 2.7.At 300° C dehaydration occurs in theelluloseand its
structureis stabilized Conjugated double bondse formed due tthe dehydration
reaction As a concequence tlsenjugateding is more resistant toleavagevhen
compared to the original cellulose structuviajor mass loss at high temperature
is caused by the depolymerization in the early stages of pyrolysis with the
incomplete dehydration of the cellulose struetiSlow heating rate during the
carbonization process improve the carbon yield and also influence positively the
propertiedike density, porosity and microstructusc.[55].

b. Carbonization and graphitization

The P! dehydration of the cellulose occurs at~250° C.At a temparture
range of 150~240° C cellulose molecules dehydrates and water desorps
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physically. Dehydration causes the formation of intermediate conjugate bonds
[56]. During the arbonizationprocess the depolymerize strucutt cellulose
repolymerizes to form a graphitic structuiiéhe repolymerization processartsat

a temperature oB00 °C and continuesill 900 °C temperature.The basic
microstructure of the carbon is formed during the Staget|. The cleavage of
glycosidic linkags and theether bond®&ccur betwee240~400° CFurther more

the monosaccharide derivativelepolymerize at this stag@he releag of non
carbon O & H) gases from the intermediates causes the faomatf aromatic
structureqg57]. Heat treatmenat 400~ 900° Cin an inert atmosphefascilitates

the formation of adered carbon structwseThe full mechanism of aromatization

to graphitic structure is yet to be known due to the complex decomposition of the
cellulose and reactions during the various stages of the carbonization process.
Semiordered carbontsicture is formed at around 90CG. Graphitization can be
carried out under stress in a temperature range of 900~3000° C to obtain high
modulus fibres due to the enhanced order of the graphene stacks, both laterally
between the layers (crystallographicgister) and in terms of the preferred
orientation along the fibre axis. The
treatment temperature with the graphitization conducted under tension. The
carbon content of the fibres increases up to 99 % after the grapibitizprocess

with the fibre density increases due to the growth of crystaji€ls

Yo
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2.7. Pitch precursors.

CH,OH
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llulose [2]

Pitch is a complex blend of polyaromatic molecules and heterocyclic
compounds. Pitches have been used as precursor to produce commercial grade

carbon fibres and also as fillers in carbon composite

s. Pitch comprises of more

than 80 % carbon and this composition is dependent upon tar source and the
processing conditiong59]. Pitchis availalle throughvarious sources aksted

below.

(i) Residue afteextractionof petroleum also known as bitumen or asphalt,

(i) Residue obtained after thestructive distillation of coal,

(i) Natural asphalt,
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(iv) Pyrolysis of PVC,

Pitch precursor haseveral intriguing advantages over the PAN precursor
such as low material cost, higher char yield and higher degree of orief@ékion
Pitch-based carbon fibres possea high elastic modulus, higlectrical &
thermalconductivity in the fibre direction due to their more graphitic structure
[61]. One undermining factor for the pitch precursor is the high processing cost.
Petroleum and coal tar based pitch is isotropic in nature. The isotropic pitch is
melt-spun into lowcost general purpose carbon fibréathe evaporation of the
low molecular weight fractions. Where high performance is desired a hot
stretching process is employed that is expensive and adds cost to the final product.
High-performance carbon fibres from the pitch precursors are prodycesiry
an anisotropic pitch e.g. mesophase pif88]. Various types of pitches are
described below.

a. lIsotropic pitch

Isotropic pitches are generally used to manufacture only general purpose
carbon fibres. The general purpose carbon fibre are characterized for their non
graphitic structure and poor properties as compared to the high performance
carbon fibres. Higlperformance CFs are manufactured from mesophase pitch.
Isotropic pitch can be converted to mesophase pitch with a special treatment
process. Mesophase pitch is optically anisotropic and a graphitic material. The
isotropic pitch can be melt spun only aftae removal of low molecular weight
volatile species and filtration of solid particles. The refining process raise the
softening point and avoid the formation of mesophase. GP carbon &bees
generally manfactured from tiAeshland Aerocarb 60 and fPecursors[62, 63].

b. Mesophase pitch

The highmodulus carbon fibres are manufactured by mesophase pitch
precursor. The mesophase pitch is produced by either thermal polymerization of
petrolaum or coaftar based pitch or by the catalytic polymerization of pure
compounds such as naphthalene. An intermediate phase is formed by thermal the
thermal treatment of aromatic hydrocarbons at 400 ~550° C called the
messophase. During the mesophase faomatiomains of highly parallel, plate
like molecules form and coalesce until 100 % anisotropic material may be
obtained in due course. The morphology of the messophase pitch is the deciding
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factor in determining the microstructure of the final graphitiatemal [64].
Mesophase pitch can be produced by the following methods.

(1) Pyrolysis of isotropic pitch,
(2) Solvent extraction,
(3) Hydrogenation,
(4) Catalytic modification.
2.7.1.Carbon fibre production from pitch precursor

CFscan beproduced from pitchprecursor in different stages. These stages
include synthesisof of the fibres, oxidation carbonization and graphitization.
Stabilization of the precursor is the most important stage as in this the thermal
oxidation of the precursor takes place. The performance of the final carbon fibres
depends greatly on the stabilization of the precuiiboed. The surface treatment,
surface coatingnd windingprocessearesame as thBAN carbon fibregprocess
Detailed production process is described below.

a. Fibre production

The melt spinning of the pitch precursor involves three steps namely melting
the precursor, extrusion through a spinneret capillary and drawing the fibres as
they cool. It is the melt spinning process that governs the structure to the
mesophase pitch based CFs and the heat treatment only reinforces this structure.
The process variakde affect the final structure of the fibres that play the
determining factor role in the final graphitic structure of the carbon fibres.
Melting temperature is L most important factor in this listtach mesophase
possesss a unique melt spinrable temperafre. Attmept to spin the fibres below
the temperature threshold causesigh viscosityof the presucrsoand brittle
fracture occurs while thedrawdown Low viscosity, dripping and precursor
degradtion occur for a spin temperature higher than the thdrehel A decrease
of 15° C in the temperature can increase the viscosity four tmdsequently
mechanical strength andyu n g 6 s deaedhse kignidicanty5s].
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b. Oxidation

The pitch fibres are oxidized in air at elevated temperatures before being
exposed to the final high temperature carbonization treatment. The oxidization
temperature are always less than the glass transition temperature of the fibre in
order to keep the orientation of the fibre intact. The mesophase pitch precursor is
stabilizedin air at 250~350° C for a time period ranging from 30 min to several
hours depending upon the composition of the pitch. Fibres may or may not be
stretched in this step. The oxidized pitch molecules contain ketone, carbonyl, and
carboxyl groups that lead tthe stronger hydrogen bonding between the adjacent
molecules. The introduction of oxygen containing groups and formation of
hydrogen bonding between the molecules facilitate the three dimensional cross
linking but also limits the crystalltes growth. liod repaotedly reduces the
oxidationtime and increases thgeld of carbon Sasaki and Sawaki reported the
imbibement of 0.05 wt. % of lodine in the methanol soaked carbon fibres
precursor. The fibres were then heated in an oxygen environmamreaseheir
infusibility. The amount of imbibed iodinesually dictates the treatment time.
The infusiblilization can be completer in temnutes[65, 66).
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Figure 2.8: Melt spinning of pitch based CF [48].



Overview of surface treatments on the commercial carbon fibre: 33

c. Carbonization and graphitization

Stabilized fibres are then carbonized and graphitized. During the
carbonization stage the fibresccur in the maximum weight loss. During
carbonization the excessive release of Wektcan cause defects in the fibres. To
avoid this problem the fibres are precarbonized for 0.5~5 minutes at a temperature
of 700~900°C. Carbon fibres are produced at a carbonizing temperature range of
1500~1800°C. Bright and Singef67] reporteda decrease in the modulus at a
temperatures of 1008C owing to the degradation of structure by the release of
volatiles. The modulus increased significantliien heat treated above 1000.

For high modulus applications the carbon fibres are graphiazeédmperatures
close to 3000°C. Barr et al[68] demonstrated the alignment of the crystallin
lamellae at elevated temperatures that lead to high modulus of the resulting CFs.

2.8. Overview of surface treatments on the commercial
carbon fibres

Carbon fibres (CFs) composites have been applied in various industries
because of their intriguing properties, process ability, and recyclability. However,
raw CFs require a surface treatment and sizing for ease of handling in the
subsequent process and interaction with the matrix at the interface of the two
species[69]. Surface treatment enhances the adhesioweeet the fibresand
matrix. A physical or chemical change in the properties at the interface can be
achieved by eithetreatmentof CF surface by suitable surface modifier or by
applying surface finisH70]. A suitable surfacdreatment method increaesthe
surface areaf the CFs andreatedunctional group®n the surface of thCFsto
entance the Chmatrix interactions consequentlynechanical properties of the
composites improve. The interfacial shear strength increases due to the chemical
bonds formation between the fibres and the matrixafety of oxidizing agents
and gassare avaialble today to modify the surface of carbon fibfé® nost
prominent techniques for surface modification apdasma, electrochemical
treatment, aciéind thermal treatmenfg1].

2.8.1.Gaseous Oxidants

Dry oxidation is carried out in the presence of air, oxygen (02) and ozone
(03). This method of surface modificationsngs advantages like low cost, ease
of operation, lack of pollution and excellent homogeneity [54, 55].
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a. Air Oxidation

Carbon fibres oxidize on exposure to high temperature in the ambient
conditions. As a result the properties of final composites changethau
mechanical properties of the CFs degrade. Tong et al. [56] heat treated PAN based
CFs in air at a temperature range of 400~700° C. The crystallite height decreased
at the elevated temperatures doi¢heoxidation ofcarbon.A significant decrease
in the tensile strength was observed with almost identeadile modulusThe
density of the carbon fibres increased after oxidation which suggests that the
glasslike carbon is easier to burn off compared to the graphitic carbon in the
fibre. After oxidation the graphite size in the fibre decreased while the spacing
between th graphite layers increased. This behavior is due to the oxidation of the
C atoms of the graphite layers[55]. Wang et al.[Siidiedthe changes in the
surface morphology of the pitdbased CFs after oxidation @ite temperatures of
300, 400, 500, and 60TC respectivelyin air. Li et al. [3] observed that the
specific surface area and roughnesshe CFs increase after oxidation in air.
They further observed the deterioration trend in the fibre mechanical properties
with increasing either treatment teempture or time.They witnessed that the
flexural strength, flexural modulus, and shear strength of the composites increased
by 149, 91, and 29 % respectively after treatment while the impact strength
decreased by 23 %.

b. Ozone treatment

Carbon fibre surfacecan be activated using ozone gdashis treatment
modifiesthe morphology of the CEsConsequentlyhe flexuraland compressive
properties othe compositesmprove[58]. This phenomena can be explained by 2
ways (i) formation of chemical bonds between ttésin and fibre (2) high surface
and high roughness increases the physical interaction between the matrix and
fibre. For optimal composite properties it is recommended to treat carbon fibres at
120 °C rather than at 160 °C as ozone rapidly decompbdgis temperautre

c. CO2 oxidation

Carbon fibres can bsurface treatedsingCO» gas Sun et al.[60] reported the
activation of PAN based hollo@Fs They observed an enhanced specific surface
areaof the CFs after treatment. They further obseragdincreamg trend inthe
mesoporesize with increased treatmetime.
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2.8.2.Acid Oxidation

Surface treatment of CFs with acidghe most commonly useaéchnique in
the wetsurfacetreatmens. Park et al [61] reportedthe effecs of nitric acid
treatment on the multnetal adsorption by basic ACFs from the interfacial and
textural points of view. The amounts of the adsorbed metals like copper and
nickel increased after the nitric acid treatment. The higher adsorpéionbe
attributed to the higher number afxygencontainingfunctionalties thatshifted
the isoelectric point of the ACFs towards the lower pH i.e. more acidic nature of
the ACFs. Fathi et al.[62] reported the enhanced performances of the carbon fibre
polyester compsites after treatment with sulfuric acid. Important properties like
flexural strength, modulus andstiffness imporoved due to better fibrematrix
interfacial properties. Tang et al.[63] reported the PA&frix reinforcedwith
arylboronic acidtreated CF.The composites fabricated by the treated fibres
performed better in the mechanical and tribological analysis. While Xu et al. [64]
studied the ILSS (Inter laminar shear strength) of the acrylic acid treated carbon
fibore composites. They reported a 15%raase in the ILSS after the surface
modification with the acrylic acid due to a higher wettability of the treated fibres.

2.8.3.Electrochemical Oxidation

Electrochemical oxidation is the most commonly used technique to
functionalize the surface of carbon fibré@he functional groups improve surface
energy, surface roughness of CF and significantly improve-fitatix adhesion.
Process variables such as type of electrolyte, concentration, treatment time and
conditions play a vital role in achieving the optimumwrface properties for
improved interfacial adhesion [65]. Variety of electrolytes are available today to
modify the surface of carbon fibres for instance sodium hydroxide, ammonium
hydrogen carbonate, ammonium carbonate, sulfuric acid and nitric acitieare t
commonly used electrolytes [66]. Elecomidative treatment remove the weak
boundary layers from the surface of the carbon fibres and enhances the surface
activity by forming acidic and basic moieties and enhance the surface area due to
the formation & micro pore and crevices on the fibre surface [67]. Cao et al.[68]
studied the compressive strength of carbon fibres phenolic resin composites after
an electrochemical modification. An increment of 38% was observed in the
compressive strength of the comsfies formed by the electrochemically treated
fibres.

2.8.4. Treatment with non-oxidative agents
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Carbon fibres can bsurface treatedvith isopropylidene malonatehich
reacts with the already existing surface defects of the CFs [69]teFhenal
malonic estersre graftedand thus creat a carboxylfunctional group on the
surface. The tensile strength of the CFs was preserved since there were no
additional surfaces created by the treatment. The formation of the functional
groups can be validated usingry phdoelectron studiegXPS) and Fourier
transform infrared(FTIR) spectroscopy. Thisnethod mproves the interfacial
adhesion with the matrix without compromising the fibre strengimere is
potential toopen a new paradigm in the carbon fibre composite industry [70].

2.8.5.Radiation method

The radiation affects the crystal lattice in two waysatomsgets dispalced
within the lattice (ii) electronic excitation [71]. The excited electrons cause a
topographtal change in the CFs and create active sites on the fibre surfaces
[72].Gamma ray radiation have been commonly employed to functionalize carbon
fibres. Xu et al . [ 71] reporterdy the sur
radiation from a Co 60 sourcé&.i war i et al . [-ray0rpdiatermp | oy e d
technique on the carbon fabric. They observed and enhanced ILSS and tribology
behavior of the pol ye-trahadiatiomitrened carBoR | ) mat r
fabrics. Wan et al. [73] also demonstrated the etcddrmechanical behavior
nylon matrix composites reinforced with the gamma ray radiation treated PAN
based CFs.

2.8.6.Polymer Coating

Carbon fibre surface can be modified by grafting polymers on the surface.
Wei et al. [74] reported the grafting of polyestersootite surfaces of the vapor
grown carbon nanofibres (VGCF) by the anionic fomening alternating
copolymerization of epoxides with cyclic acid anhydrides initiated by COOK
groups introduced onto the VGCF surface. The surface treated VCGFs showed
less ersinglements.
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2.8.7.Plasma treatment

Plasma, also known as the fourth state of matter, is a partially or fully ionized
gas that contains electrons, ions, radicals and neutral atoms or molecules [75, 76].
Gas plasma based on a particular gas can be produced ibyrdlatiction of the
desired gas into a vacuum chamber at low pressure of 0.1~10 Torr and exciting
this gas using radiofrequency energy. The free radicals and electrons created in
the plasma collide with the exposed surface of the material and rupturésntova
bonds and creates free radicals. Plasma composed of inorganic gases such as
argon, helium, hydrogen, nitrogen, and oxygen leads to the implantation of atoms,
radical generation, and etching reactions while plasma composed of organic gases
such as hydrcarbons and alkylsilanes leads to polymerforming reactions.
Schematic of oxygen gas plasma assembly is presented in the figure 2.9.-Montes
Moran et al. [77] treated the ultrahigh modulus carbon fibres with oxygen plasma.
Scanning Electron Microscope imagehowed that all the fibres contain scratched
areas, crevices and pits formed by the attack of the plasma elements. XPS analysis
confirmed the formation of oxygen containing functional groups such as
carboxylic, alctols and aldehydes and ketones.
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Figure 2.9 : Plasma treatment process of carbon fibres.

Park and Kim [61] carried out the atmospheric pressure plasma treatment in
oxygen environment on ACFs. They reported an increase in the functional groups
like C-O- and COQ after the plasma treatment. Thaiso found that the HCI
removal efficiency of the plasma treated ACFs was higher their untreated
counterparts. Plasma treatments hold several intriguing benefits over the other
surface modifying techniques such as



38 Overview of carbon fibres production and surface modifica
processes

Optimum surface modification in few mires,

Ease of operation,

No hazardous solutions to dispose of,

Removal of extra processes like washing and drying,

Possibility to change treatment parameters like gas flow rate,
plasma power, treatment time online.

To o T I Do

2.9. Surface modification vs. fibre strength

To enhance the adhesion between the single fibre and the matrix the chemical
modification and coating techniques require furthedepth analysis. Optimum
surface modifications techniques without compromising the fibre strength is an
important confront forite advancement of high performance composites materials
[78]. Majority of surface treatments distort the fibre surface and increase its
roughness by the introduction of specific functional groups in compatibility with
the polymer matrix. A comparison ofeleffects of various surface modifications
techniques on the carbon fibre structure and mechanical properties is elaborated in
figure 2.10. It seems that plasma treatment and growth of nano particles on the
fibre surface seems to be the optimum methodddiiy the fibre surface.
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Figure 2.10 :Comparison of various surface treatments on the carbon fibre structure[65].
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2.10.Summary

A Carbon fibres are one of the most widely used fibres in the composite
industries with applications ranging from sports goodsécospace
industries.

A Commercial grade carbon fibres are manufactured with various

precursors such as petroleum sources, bio renewable sources and
synthetic fibres.Lignin based precursor is finding its place as a
potential precursor to produce commercieddg carbon fibres owing

to its abundance in nature and low cost compared to the existing

precursors.

A Surface modifications of carbon fibres for optimum fHonatrix

adhesion is a very important front to explore in order to take the

composites industry tils maximum potential.

A Plasma treatment is an ideal candidate for further investigation as an
effective technique for surface modification of commercial grade

carbon fibres.
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Chapter 3

Carbon nano tubes and Biochar:
An overview.

3.1. Introduction

Carbon nanotubes (CNTs) are the most investigated carbon based nanomaterials
today due to their exceptional electrical, thermal and mechanical properties. CNTs
were first reported in by Sumio ljima. ]J[1In literature two scientists
Raudushkevish and Lukyanovich in 1952

1976 Oberlin, Endo and Koyama referred

fibersdé and presented the first ever
magnification with a hollow instead of tubular structure of MWCNTs [2]. The
term-tommenwé6 for carbon nano tubes was
in 1978. Hyperion Catalysis International, USA published a series of patents

ref
c a
mi c

fires

concerning the productt and t he -fusber idfsdéédrnanopol ymer s

1987 [3]. In the past two decades CNTs have been explored extensively to make
use of their unique structural, mechanical, electrical, chemical and
electromechanical properties in industrial apgla@s [46]. The extraordinary
properties of CNTs makes them an ideal material to be explored for a wide range
of applications [7]. Particularly CNTs have been used as filler materials in
composites to improve their properties and performance. Previalass fibre,
alumina, boron, carbon fibres, and silicon carbide fibres has been used in
composites as pseudo edinensional fillers. These fibers have mesoscale
dimensions with lengths of order of millimeters and diameters of tens of microns
while CNTs mssess a diameter range e1d0 nm and lengths up to millimeters

[8] and a density as low as 1.3 g/cm3. These dimensions mean that CNTs have a
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much larger surface area compared to that of conventional carbon fibers
permitting much better interaction withatrix and very few defects in the final
composite. CNTs have a Youngdés modul us
strength of 2.5~3.5 GPa which further cement their place in the category of filler
materials [9]. Marianne Reibold et al. discovered trspelision of CNTs in the
medieval time famous Damascus steel which was extraordinarily strong and
flexible [10]. Diverse range of applications of CNTs are listed in the table 3.1
below.

Table 3.1: Application of CNTs .

Property

Applications

Strength,
toughness, light
weight

Sporting goodsAviation industry
constructiorpanels

High
dimensional
stability, low
coefficient of
thermal expansion,

Circuit boards, brakesntennas
telescopeandoptical benches

low abrasion

Vibration Audio devicesrobotics
damping

Electrical Printed circuitsEMI shielding,
conductivity Microwave adsorption, RFIDs.

Low biological
reactivity,
permeability with x-
rays

Prosthesesnedicalequipmenttooth
implants,ligamentsupports.

Fatigue
resistance, SeH

Automobilesparts, as lubricant in pistons
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lubrication

Low chemical Valvesandseals pump components
reactivity, high
corrosion resistance

Electromagnetic Electronic devicesMotor parts.
properties

3.2.Classification of CNTs

CNTs exist in different structureand morphologies. The three main
categories of carbon naitobes are singlevalled nanetubes (SWNTSs), double
walled nanetubes (DWNTSs) and muitivalled nanetubes (MWNTS). These three
types are defined and described below.

A

A single wall carbon nano tube (SWCNT) can be looked at as a-rolled
up tubular shell of graphene sheets. SWCNTSs are available in different
sizes and diameters depending upon the end use and technique of
manufacture. SWCNTs are generally available in theyeaof 0.72

nm in diameter and a length of up to 1 micron. They exhibit a tensile
strength of approximately 200 ~ 300 GPa and an elastic modulus of 1
TPa.

Double wall carbon nano tubes (DWCNT) are also known as a sub
class of MWCNT. A DWCNT can be lookeat as made up of two
concentric tubes of graphene rolled over one another and coupled
through Vander Waals interaction between them. DWOCNT are
available with diameters in the range of 0.7 to 4 nm and 1 micron in
length. DWCNT differ from SWCNT in Chiraljt If the inner tube
possess zigzag orientation the outer tube generally do not possess such
orientation.

In contrast, a mukwall carbon nano tube (MWCNT) is composed of a
set of coaxial SWCNTSs of different radii as shown in the figure below.
MWCNT always consist of nantubes with varying number of
concentric cylinders ranging from a few to several tens. The separation
between the graphene layers is 0.34 nm. MWCNTSs are available in the
sizes of 8~50 nm in diameter with lengths up to €®. Their
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maximumtensile strength is in the range of 150 GPa and an elastic
modulus of 500 GPa.

SWCNT DWCNT MWCNT
Figure 3.1: Types of CNTSs.

The atomic structure of CNTs is defined by the chiral indices (n, m). The
chiral indices are also used to define the primitive vector also nantbd abiral
vector of a carbon narAmbe. Diameter and helicity of CNTs are determined by
their chiral indices. SWCNT can be classified into three types by taking in
account chirality or chiral angle. THa, 0) nanotubes witlC=0 are termed zig
zag nanothbes, (n, n) nanotubes withC=30° are called armchair and all other
types of nanotubes with n | ) amd 0°<C<BO° are called chiral nanotubes as
shown in figure 3.2. Chirality or flavor of the carbon ndnbe is determined by

the direction in which thgraphene sheé rolled.

Figure 3.2:Chirality of CNTs, (a) zigzag, (b) armchair, (c) chiral.
3.3. Growth mechanism of CNTs.

A comprehensive understanding of the growth mechanism of CNTs is very
important in designing the CNTs growth procedure and process tuning conditions.
The way CNTs grow is yet to be precisely conceded. The catalytic growth route
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for CNTs resembles to the meentional thin films deposition process on
substrates through CVD. There may be more than one mechanism taking place
during the CNTs growth [13]. A proposed model of CNT growth is excerpted
from Sinnottdés work [14]. Sspate supported | 0
on a substrate or introduced thrbutpe gas flow into the reactorhe deposition

of carbon takes place on the metal particle surface at the lower curvature spots.
The carbon atoms diffuse through the concentration gradient and consgquentl
precipitate on the other half. However, it does not precipitate on the top of the
sphere.

EXTRUSION OR ROOT GROWTH
g w W

AT T Y TR Y
Support

TIP GROWTH

Vi Vi Vi
Support

Figure 3.313: Mechanism for CNTs growth[14].

3.3.1.Synthesis of carbon nano tubes

Carbon nandubes can be synthesized by various psses. The three most
widely used methods are visible light vaporization, catalytic chemical vapor
deposition or simply chemical vapor deposition (CVD) and arc discharge[15]. The
visible light method can be further classified into three separate methods of
synthesis namely (1) laser ablation in which a pulsed laser is used to carry out the
synthesis of carbon nano tubes, (2) continuous laser vaporization method, while in
(3) solar vaporization method a continuous multi wavelength light from a solar
furnace surce is used to carry out the process. Other methods used to synthesize
CNTs are flame synthesis; liquid hydrocarbon synthesis and catalytic plastic
pyrolysis. These methods are not used for bulk production so they are of less
significance compared to tiddely used methods.

r

pe
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a. Arc discharge method

In the arc discharge method two flat sheets of graphite or, more commonly,
two graphite rods, are placed under reduced pressure at a prefixed distance. One
graphite rod is fixed while the other is movable. The afme graphite rod is fixed
on a stage that is used to control the distance between the rods. The synthesis
chamber isusuallyfilled with argon, helium or a mixture of gases at a pressure
around 500 Torr [16]. A potential of 20 V is set between the rodslendistance
between the rods is reduced by moving the stage until an arc between the rods
occur. The optimal distance between the rods is in the range3aihin and the
current achieved is between 50~120 Amperes, while the anode surface
temperature athis point is around 4000~600C. The current achieved depends
upon on the size of the electrodes and the pressure of the chamber along with
other experimental variables[17]. Carbon sublimates in a temperature range of
2000 C to 3000 C.Current between #hrods is a function of distance and the
voltage between the rod®roductionrate of the CNTs is approximately 50
mg/min which is indepandant othe rod diameter.Schematic diagram of the
chamber is shown in the figuBe4 below.

Anode (+)
Graphite
AC = e
.
Cathode ()
ONT Deposition
)
ﬁ:uap Hellum / Argon Gas Inlet

Figure 3.4 : Arc disharge method.

b. Laser ablation method

In laser ablation method graphite block placed in an atmosphere dficed
pressure around 500 Torr ande temperature of the chamber maintained at
around 120®C. The reaction chambes illuminated bya high-intensity light
sourcein the presence of Helium or Argon gas. Solid graphite is sublimated to
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smal particulates of carbon vapors andmbineto form nanetubes.A gentle
flow of gas maintains the temperature gradient in the reaction chamber aswell
carries the carbon piles in form of vapors [18]The CNTs obtained by this
technique have scalability problem along with high processand complicated

set up of the systenThe advantages of this technique are high quality of CNTs
with low defeds and high purity along with around 50% vyield of carbon nano
tubes [19, 20].

Furnace (800-1200°C)

inert gas flow
(He:Ar)

Pulsed l_e§q __________________________ ~— 7 —p
t 3 5 % 3 S5 2 3 S S5 82 _ 35 .5 _9%.% 5 :-’ Target (graphite + .N,I)

(Nd=YAG) Quartz tube /
Water-cooled Cu
collector

Figure 3.5: Laser ablation technique.

c. Chemical Vapor deposition CVD) method

In this technique gaseous hydrocarbon material are cracked thermally into
carbon and other consténts like oxygen and hydrogen at a lower temperature in
the presence of a catalyst belonging to transition metals group of the periodic
table for example cobalt, iron or nickel and deposited on a support. The main
difference in this technique is formatiom carbon atom via the decomposition of
carbon mono oxide or any carbon containing species rather than sublimation of
graphite as done in the previous two techniques. The reaction is aided by a
catalyst. In any of the cases mentioned above the metalstatatticles are either
carried on the surface by any Amactive substrate such as alumina or silica or
floating catalyst method is used to aid the synthesis. In floating catalyst method
the metal particles are carried by a gas[21]. The main differbatgeen this
process and the processes used for the growth of-gapan carbon fibers is that
much smaller metal clusters are used for the manufacture of carbotubeso
Floating catalyst is used for the synthesis of single wall CNTs employing High
Pressure Carbon monoxide (HIPCO) method. In the HIPCO method, CO is
decomposed using Iron particles catalyst clusters which are generated in situ by
the decomposition of Fe(C®in continuously flowing CO at high pressure and
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elevated temperatures [22]. Coogjtion, morphology and preparation technique

of the catalyst affect the quality of the final product. CVD method has been
employed to synthesize carbon ngnobes from a wide range of carbon
containing species. Carbon monoxide is most commonly used kechti® cost

and simplicity. Cracking of CO should be at low temperature and this is a critical
factor in this method because at high temperatures the metal clusters coalesce and
as a result of coalescence carbon fibers are obtained instead of carbanbesno

Other sources of carbon are methane, alcohols, benzene and acetylene. The carbon
containing species is mixed with an inert gas either helium or argon for the better
control of the reaction. The temperature of the reactor is always adjusted in a way
that allows only the cracking of the carbon source instead of pyrolysis of the
carbon containing species. For a given combination of the catalyst and gas
mixture that is effective at producing carbon ndamioes, MWCNT formation is
favored at a lower tempature range of 700~80C and at a high temperatures
range of 850 ~950C formation of SWCNTSs is favored[23].

Reaction Chamber Heating Coils
Carbon Precursor
Exaust 3 @) )
. a
) =
Carrier Gas
Quartz / Steel
Tube
Substrate CNT Deposition

Figure3.6 : Chemical vapor deposition method.
3.4. Problems regarding CNTSs.

Problems like anisotropy, defects in CNTs structure, high precwasd
catalyst cost, low yield of CNTs, lack of standards and impact on health and
safety undermine the full scale industrial applications of CNTs. In the coming
chapter we propose a cheap precursor for the synthesis of carbon nano materials
through CVD pocess and their applications in composites. A comparison will be
made with commercial CNTs composites.
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3.5. Biochar.

Biofuels and biomaterials have gained a lot of attentio@ their availability
in abundunce in nature and eco friendly characterisiibe residue materials
obtained after pyrolysing biomass andbiogenic wastes under controlled
environment is termed as a bioch@4]. Biochas can be usedn various
applications indiverse areagecause they possessrsatile physiechemical
propertiss. Some important area of applications ater gasificatiofenergy
production via combustion activated carbon, soil remediation, carbon
sequestration, catalysis, ama biomedical indusy. Pyrolysis temperature and
heating rates are the kdgctorsthat determine the biochar propertisach as
carbonyield, mineral phases, surface area, porosity, electrical conducatacty
Biomass conversion technologies include thermochemical processes like torre
faction, pyrolysis, gasificatiohiguefaction and superitical fluid etc. While the
biochemical processese also considered as methods to produce biochards. Some
exemples of biochemical processes are anaerobic digestidieramehtatiof25].
Biochar produced at low pyrolysis temperaturglsow high carbon yield,
relatively higher lgels of volatileleft, good electrical conductivity and catien
exchange capacitgscompared to biochar prepared at high temperatures. On the
other hand high temperatures of pyrolysis cordefarge surface areamicro
porosityard high amount of aromatic carbhoHeating rate during the pyrolysis
processdetermine the amount of char, gas and bio ®libw pyrolysis meaning
heating for a few seconds or minutgsmoderate to low temperatures aach be
considered as a continuous pess while the fast pyrolysis refers to the heating
of fine biomass particles blown through hot gases in confined oxygen
chamberat elevated temperature for a very low residense [&6g The rate of
exhaustion of volatiles and gases from the fuendictates the vapor residence
time. Long residence time harvests secondary reactions with the notable reaction
of tar on char surfaces, charring of the tar. Low char production has been sought
traditionally as char was considered as a problematievidue waste fraction.
For this reason a research focus on fast pyrolysis which maximizes oil and also
gasification. Slow pyrolysis is also known as conventional carbonizaltios
carried outat a temperature range &00~700 C with a heating rampate of
0.1~1° C/sTheresidence timés set in the rangef 10~100 mimites On the other
hand &st pyrolyss is carried out at a temperature range400~500 C.The
heating ramp rate is set Hi~200 C/swith a very lowresidence time ahe order
of 30~1500milli secondq27].
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Chemical
Catalyst,
Adsorbent,
Water
Treatment.

Other Uses
Biomedical,
Pharmaceutical,
Gas storage.

Fuel
Gasification,
Co firing,
Combustion.

Biochar.

Specialty Agronomy

Materials Water
Bio ) retention,
composites, Plant nutrient,
Fuel cells, Soil

Carbon
credit
Carbon

sequestration,

Stable carbon.

Photovoltaics.,

conditioner.

Figure 3.7 : Applications of biochar.

Biochar comprises of mainlgarbonwith traces of elements like lithium,
Sodium, Potassium, Calcium, Magnesium and Baf@@h The presence ohetal
particles givebiocharthe advantage over conwemal coke derived from fossil
fuel, in metallurgical processef29]. Biochar may possess mesw micro
pores.The type of porrosity depends upon the condtion of pyrolysis thad
feedstock In the thermochemical cracking of bioil, biochar is an effective
catalyst [30]. Biochas possess high thermal stability and carbon yigild
outcome of which iscarbon sequestiah [31]. These characteristiosiake the
process eligible for carbon creditBiochar possesses a versatilructure,
elementalcompositionand reactivityThe characterisitcs make them eligbile for
variousapplications in pharmaceuticahd chemicaindustly and inagronomyas
well. Biocharobtained aftepyrolysis cannot be directlysed for thefabrication
of devices and structural partdoweverthey can be useith polymer composites.
Das et al[32] reported the use waste pine wood biochar to reinforce
polypropylene matrix. A 24 wt. % of biochar filling was found suitable for
improved mechanical properties. DeVallance et al. [280 rgorted the use
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hardwood biochar ipolypropylene (PPomposites and reported the tailoring of
different properties of matrix using different weight percentage of biochar. Ho et
al.[34] demonstrated that thderma) optical and mechanicagbroperties of ply

lactic acid (PLA) matrixcan be improvedby reinforcing with bamboo chawhile
Ayrilmis et al. [35]depicted themproved dimensional and bending properboés

PP matrix using a mixture of two different biocha#hmetli et al. [36] reported

the potentl useof three different types of biochate reinforceepoxy matrix.

The reported studies above highlight the use of biochar as a cheap filler to
reinforce polymer composited ehman et al. reported a schematic of biochar
conversion process and applioat of the obtained char, boil and gas in
different areas [37].

Biomass g
- manure
- organic Transport
wastes Biofuel Energy
- bioenergy = e ‘
S Coproducts
(grasses, willows) = Industry
- crop residues .
Pyrolysis
Residual heat

Optionally, N,, NO,, SO,,
CO, can be added to

S (C) 509 ..L/ increase C sink and nutrient

Returned to ] content

Figure 3.8 : Schematic of biochar production and application[37]

3.6.Summary

A The main aim of this chapter was pwovide anoverview of the
techniquesused to synthesizENTs and highlight the issue of high
cost of production of CNTs. In the coming chapter we will discuss the
synthesis of CNTs with waste polyethylene precursor to reduce cost of
production. We will also demonstrate the use of these CNTs to
reinforce epoxyresin and compare with composites of commercial
MWCNTSs.
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A

Biochars are the material of the new age. The main advantage is the
origin of the precursor from nature that is renewable and available in
multi million tons. We will demonstrate the use of wood basechar

to improve the properties of various polymer properties.
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Chapter 4

Functionalization of commercial
carbon fibres

4.1. Introduction

Carbon fibres (CF) are important for a wide rangeapplications. Among
them, composites with CF have a great impact on industrial applications. Aircraft,
automotive, civil applications, sporting equipment industries are some of the
important industries. Low weight, thermal stability, and better mechanical
properties of CF make it an ideal material in composited][1

The link between CF surface and polymer plays a key role for achieving the
high performances of the composites. A good adhesion between CF and polymer
need to achieve a good chemical bondinthwetter load transfer. A good CF
surface adhesion in composite is difficult to achieve by using untreated CF. It
shows weak surface link in composite. This limits the performances of CF filled
composites [4, 5]. Commercially, various surface treatrmengtsn use to vary the
CF surface. These include sizing, heat treatments, -siancture decoration,
chemical functionalization, and surface alteration by plasma radicé@s [Bhe
sizing involves the deposition of protective layer on CF surface. Polyimrer
films, such as epoxy, urethane, or polyester use a sizing agent to coat the CF
surface [10]. The deposition of polymer layer usually has a thickness of a few
nanometres. The thickness is obtained by wet processes where the CF is dipped in
organic soltions. The CF gains about 1 % in weight. Literature study explains the
effect of sizing in increasing the CF adhesion in composite [11, 12]. The other
types of surface treatments are able to modify the plofsonical properties of
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CF without adding new ntarial on the surface. Surface treatments may produce
morphological changes on the CF surface. It reflects by increasing the surface
roughness, or producing some physical patterns. They may change surface
chemical properties by introducing new chemicalup® on the topmost atomic
layer of surface. These effects provide with a single or sequence of treatments [9].

The surfacemodification techniquesof CF are classified in two categories,
oxidising and no+oxidising treatments. Common air, oxygen (02), aadoon
dioxide (CO2) are using extensively for CF surface oxidation. These treatments
are applied at various temperatures ranging from room temperature to several
hundreds of °C. High temperature surface treatments are usually characterised by
a noticeablaveight loss of the treated CF.

Another widely used oxidising surface treatment is anodic oxidation. The
treatment is based on the use of an electrochemical bath where the CF acts as
anode. Some examples of electrolytes are sulphuric acid, nitric @at@ssium
nitride, sodium chloride [9, 10]. Neoxidising surface treatments include the
growth of carborbased layer on the CF surface. Plasma aided polymerisation,
polymer grafting on CF surface are some examples. Whiskerization method for
growth of inaganic crystalline thin films has been tested to improve surface
characteristics. Silicon nitrides (Si3N4), titanium dioxide (TiO2), silicon carbide
(SiC) were studied for the deposition [13].

Recently pasmatreatmentsarefound to be effective itmproving the surface
activity of carbon fibres. Apart from that plasma surface modification techniques
have severahdvantages. Firlst, Plasma assisted surface modifica is strongly
limited to alteration of the % few atomic layers. It exerts limited influence on the
bulk structure of the fibres. This feature is very important, since it prevents the
risk to alter the mechanical properties of fibres that may degrade its performance.
Moreover, the changes on the CKfaoe by plasma can be applied at low or even
room temperature, thus reducing the process time, the energy required, and the
cost of the process. Also the chemicals needed to perform the plasma assisted
surface modification aremostly inert gaseslike argm, helium, nitrogen, or
oxygen This not onlyredues the safety concerrmit also thecost concerned
with the disposal of dangerous chemicals-{5}.

Plasmas are divided in thermal and +#tbermal (cold) plasmas[17]. The
former are characterized by tHact that kinetic energies of all the plasma
components, electrons, ions and neutral particles, are very similar. These plasmas
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typically show a high overall temperature. They are rarely used for surface
modification processes. A very high electron kinetieergy characterizes cold
plasmas [18]. The energy of ions and neutrals is typically lower by several orders
of magnitude. This is possible since only a small fraction of the gas molecules are
ionized, typically 1¢ to 10% and since the huge mass difflece between the
electrons and the molecules makes the energy transfer between them very
inefficient. Cold plasmas are thus characterized by the presence edéregiy
electrons that are able to activate chemical reactions, which normally could
happen oly at high temperatures. In fact, electrons provide the dissociation of the
gas molecules, thus producing the chemically active radicals that are needed to
exert a chemical action on the surface to be treated. Plasma assisted processes are
usually dividedin two main types. It is depending on if the plasma is produced at
low pressure or at atmospheric pressure. In the former case, the processes are
referred to as vacuum plasma, or Reduced or Low Pressure Plasma (RPP. LPP),
while in the latter case they amalled Atmospheric Pressure Plasma (APP).
Vacuum plasma processes are more versatile. Use of vacuum technology allows
the complete removal of air from the vacuum chamber before the process starts. It
avoids contamination of the plasma by the atmospherieautes. This feature
allows the use of a wide range of gases and a very precise control of the chemical
reactions involved in the process. Moreover, the process pressure varies in a
considerable range, usually from a few Pa to a few kPa. This feat@wlevant,

since the plasma pressure has a strong impact on the effects that are exerted on the
surface in contact with the plasma [19]. Reducing the gas pressure allows the use
of lower electric bias to light the plasma, thus reduced electrical powereeguir

This advantage is compensate by the energy require to create the vacuum.
Atmospheric pressure plasma, on the other hand, is more limited as for the types
of gas that can be used. Since it is practically impossible to avoid their interaction
with the oxgen in air. They also require much intense electrical bias to obtain the
plasma, typically several kilovolts, thus requiring more expansive electric power
generators. The main advantage of APP processes, that often overcomes their
intrinsic limitations, $ that they can be applied in open air in industrial production
lines, while reduced pressure processes can only be applied as batch processes in
industrial applications. This is a great advantage, since the application to
industrial production lines drasally reduces both process time and cost. APP
processes are thus usually preferred for the industrial application. While reduced
pressure processes are often used when a more strict control on the process
condition is required, as in research.
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In the framework of the FIBRALSPEC project, RF plasma processes at
reduced pressure was employed to study surface functionalization of commercial
carbon fibres at Politecnico di Torino and suggest it as a surface modifying
treatment for the in house generatediligbased CF.

4.2. Selection of suitable substrates for functionalization
studies

To study the effects of plasma treatments on CFs the following types of
carbon fibres were used.

4.2.1.T700 commercial carbon fibres

T700SC12K-50C were purchased from Toray Corporatiafapan. The
details of the CF is as described on the website of Toray alis@ayedin figure

4.1.
T700S C 12000 _ 5 C
Sizing amount.

Surface treatment.
0,1: Surface treated.

Sizing T\”JE-B : No surface treatment.

= Number of filaments.

= Blank: Twisted Yarn.

B : Untwisted Yarn.
C  :MNever Twisted Yarn

> Fiber Type.

Figure 4.1 : Détails of T700 commercial carbon fibres

T700S is a carbon fibre that contains O twist, tow comprises of 12000
filaments, it is surfacer¢ated and contains 1% of epoxy/ phenolic/ polyester/vinyl
ester sizing agent by weight.

4.2.2.Lignin based in house prepared CF.

Lignin based carbon fibres were obtained from NTUA, Greece. These fibres
were designated as in house generated carbon fibres.
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4.3. Characteristics of Low pressure plasma system

In the framework of FIBRALSPEC project, the reduced pressure plasma
treatments were applied on carbon fibres at Politecnico di Torino using a
commercial barrel reactor laboratory plasma system (Plasmafab 508%ysiém
is suitable for the application of plasma treatments based on inert gases, such as
argon (Ar.), nitrogen (N2) or helium (He.).The plasma treatments also based on
oxidizing gases, such as oxygen (02). Both planar and tri dimensional samples
can be teated. The system, shown in the figure 4.2, is composed by a steel
vacuum chamber, electrically grounded, and a barrel grid electrode, coaxial with
one of the horizontal axis of the chamber. The RF bias at 13.56 MHz is applied
between the electrode atitk grounded chamber walls. The vacuum chamber is
pumped by a rotary vane pump, able to provide a minimum base pressure of about
1 Pa (162 mbar), while the plasma treatment is applied at a pressure of about 10
50 Pa (35 101 mbar). Two separated masswilaontrollers allow to generate Ar
or O2 plasma discharges.

Vacuum ’
P EEEEEE---- -
4

chamber
wall (grounded)

Barrel /

grid electrode

Figure 4.2 :Plasma Fab 508

The barrel configuration is designed to minimize the ion bombardment on the
samples, while enhancing the chemical action provided by the radicals, thus
producing anisotropic etching effect. In fact, the discharge is activated between
the inner electrode (RF biased) and the chamber walls (grounded), so the
acceleration of ions is directed mainly on the electrode and on the walls, on which
they are absorbed. The neltradicals produced by the dissociation of gas
molecules are free to move in the inner region of the reactor, thanks to the grid
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structure of the barrel electrode. Thus, they can reach the sample, on which they
produce their chemical etching effect.

The bllowing process parameters can be tuned by the operator in order to
optimize the results.

1 Mass flow rate of the gases injected in the vacuum chamber;
1 RF power applied by the generator to the grid electrode;
1 Duration of the treatment.

The process pressuig not independently controllable, but depends on the
mass flow rates of the gases injected in the reactor, following this relation.

p=Q/S
Where

1 pisthe total pressure in the chamber,

1 Q is the throughput of the gas mixture injected in the vacuum
chamber,

1 S is the effective pumping speed provided by the pumping system.

4.4. Design of experiments.

After careful literature survey we decided to functionalize the different carbon
fibres in O2 environment for a time in the range 1 ~ 10 minutes at a constant gas
flow rate of 250 SCCM at a power of 100 and 200 W at 40 Pa chamber pressure.
Surface morphology, amount of oxygen on the surface of the carbon fibres and
mechanical properties of the fibres after treatment are the important parameters to
be taken into consideians before selecting any treatment. Summary of the
design of the experiment is shown in table 4.1.



Procedure for the treatment of carbon fibres by RF Reduced 67
Pressurd’lasma.

Table 4.1: Design of experiments.

S/no. Mat eri Reage Treat men Power Gas flo
( mi n) (W (SCCM)
1 T700 O, 1,3,5,10 100,200 250
Pristine
2 Thermally O 1,3,5,10 100, 200 250
cleaned T700
3 Chemically O, 1,3,5,10 100, 200 250
cleaned T700
4 Lignin based 02 1,3,5,10 100, 200 250

Carbon fibres

4.5. Procedure for the treatment of carbon fibres by RF
Reduced Pressurd’lasma.

Sample preparation was carried out using the following standard operating
procedure to ensure reproducibility.

1. Clean the working table and the tools (for example
tweezers, tongs, scissors, glass slides etc.).

2. Use Nitrile gloves to keep hands safedahe tools and
sample free from contamination.

3. Take out the carbon fibres from the container with the
help of tweezers under the standard air blowing hood with
care.

4. Cut a small piece of carbon fibres of suitable length and
place them on the glass sliddake sure the fibres are
and remain in a flat and stretched position on the glass
slide.

5. Switch on the power of the Plasma Fab 508 machine and
open the gas supplies. Make sure all the valves are
opened and functioning properly as shown in figure 4.3.

6. Runthe plasma operation for 5 minutes with oxygen gas
at low plasma power without any specimen in the plasma
chamber to clean the lines and the plasma chamber.
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Figure 4.3: Gas controls and plasma chamber

7. Place the samples in the plasma chamber as slmown
figure 4.4a and close the door of the chamber.

8. Tune the plasma power, gas flow rate and treatment time
from the controls of the machine as shown in figure 4.4b.

Figure4.4 : (@ Sample placement(b) controls of Plasma Fab 508

9. Push the i ard ahen wait bntil t Machine
finishes the treatment and

100.Push the Astopo button and
shown in figure 4.5. After treatment keep the samples in a
clean and air tight containers.

gi ves
t hen
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Figure 4.5 : Processcontrols interface.

11.Repeat the process for next samples.
12. Avoid unnecessarily handling of the fibres.

4.6. Characterizations after plasma treatments

4.6.1.Morphology of T700 commercial carbon fibres.

Morphology of the pristine and plasma trea&eé was studied througkield
emission scanning electron microscopy (FESEMth the following technical
specification.

Nominal resolution: 1.5 nm at an applied voltage of 10KV and WD= 2mm.
Acceleration voltage: 0.1 ~30 KV.

Probe current: 4 p Amp ~10 n Amp.

Magnification: 12 ~900,000 X.

Sample holder: 9 slots.

Sample dimensions: 1ém

N o g~ w DN RE

Working distance: 1~50 mm.
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Figure 4.6 : FESEM MERLIN.

Layer of the sizing agent can be clearly seen on the surface of the pristine
carbon fibres. Upon plasma treatment thdasar layers get etched by the plasma
elements. Sample treated at 100 W, 5 min (see fig.4.7b) shows very little signs of
plasma etching. The top surface layer formed by the sizing agent remain intact
with few marks and scratches. Increasing the time to ihQtes at 100 W plasma
power scrape the polymer layer further. Pits and grooves can be seen on the
surface of the CF. At 200 W for 5 minutes we see-feglhed pits on the surface
of CF destroying the top sizing layer and exposing the carbon fibre suftaee.
chemical groups formed on the surface of the CF were studied wiRayX

photoelectron microscope.

Figure 4.7 : (@) Pristine T700, (b) 100 W; 5min, (c) 100 W; 10min,(d) 200W; 5 min
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4.6.2.X-Ray Photoelectron microscopy.

X-Ray Photoelectrospectroscopy (XPS) was carried out using a PHI 5000
Versa Probe (Physical Electronics) system. The-ray source was a
monochromatic Al KU radiation (1486.6 eV)
order to collect the photoelectron signal for both the hagolution (HR) and the
survey spectra. Different pass energy values were exploited: 187.85 eV for survey
spectra and 23.5 eV for HR peaks. The sguantitative atomic compositions and
deconvolution procedures were obtained using Mulkigh6 dedicated s$ovare.
All core level peak energies were referenced to Cls peak at 284.5-€yaal
the background contribution has been subtracted by means of a Shirley function.

Our experimental apparatus:
PHI 5000VersaProbe

Figure 4.8 : PHI 5000VersaProbe instrument

Survey spectrafter 20 scans, fopristine carbon fibres and plasma treated
CF is shown in figure 9. All the specimen possess relative Cls, O1s, N1s peaks
and impurities like Ca2p and Si2p peaks. Relative atomic concentration was
evaluated after subtracting the background with a Shirley functiwd the O/C
ratio was calculated. Atomic percentage of all the elements with 5% error bar is
reported in table 4.2.
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12000 — —— T700 Pristine
— 100WV, 5min
100 W, 10 min
—— 200W.,5 min

. ; . 1 . ' . 1 . ' . 1 y
0 200 400 600 800 1000 1200
Binding energy (eV)

Figure 4.9 : Survey spectra of pristine and plasma treated CFs.

Table 2.2: Survey spectra comparison of pristie and plasma treated carbon fibresvith 5% error
bar in atomic %age

Survey spectra.

Sample Id. Cls Ols Si2p Nls Ca2p O1s/Cls
Pristine CF 80.3 17.7 0.7 0.6 0.8 0.22
5 min, 100 W 76.4 225 0.6 0.5 0 0.29
10 min, 100 W 725 25.6 1.2 0 0.7 0.35
5 min, 200 W 715 26.6 15 0 0 0.37

From table 4.2 we see that after plasma treatment the amount of oxygen on
the carbon fibres surface increases and so do the O/C ratio. Highest oxygen take
up was shown by the sample treated at 200 W for 5 minutes. The oatine
functional groups formed was further studied by high resolution spectrai@ils
50 scans on each specimand then fitting the obtained w@ain multi pack
software.A typical example of high resolution spectra and fitting with Gaussian
Lorentzian sm function is shown in figure 4.10. Assignation to each chemical
shift has been done according to Briggs chemical shift tableTfa®]atomic
percentageof C-C bonds on the surface of carbon fibres decreases while the
oxygen containing functional groups their relative binding energies of 286 eV
and 288 eV increasesThe atomic percentage of all the functional groups
calculated from fitting the H.R spectra is reporiedable 4.3with 5% error bars
in the calculated valuesAt higher power of 200 W thamount of GC bonds
again increases probably due to the sizing layer being peeled off by the plasma
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elements and exposing top layer of carbon fibres. This effect can further be seen
in the SEM images (fig. 4.d).

2500 1 Funt Gr. Pos. Area %
Composite spectrum

e C-C 284.6 73.05
w— C-(O,N) 286.03 17.95

20004 | — oc=0 288.41 9.0

1500

1000

500
0

200 25'38 ' 2é6 284 282
Binding Energy (e V)

Figure 4.10 :H.R spectra of pristine @rbon fibres fitted with Gaussian-Lorentzian sum function.

Table 4.3 Functional groups comparison of pristine and plasma treated Ckvith 5% error bars.

HR Spectra Cls
S/no. Bond Pristine 5 min, 100 10 min, 100 5 min, 200

type CF W W W
1 C-C 73.05 65.5 52.6 59.0
2 C-O 17.95 32.3 47.4 36.1
3 0o=CO 9.0 2.2 Weak signal 4.9

4.7.Cleaning of the fibre surface and study of the plasma
treatment effects.

In order to remove the sizing agent these carbon fibres were heat treated at
30 C in nitrogen environment for 1 hour in a furnace. We can see from the SEM
images that most of the sizing agent is decomposed due to heat treatment and a
small amount is still clinging to the fibre surface. Heat treatment of the carbon
fibres provide enagh bare surface to be studied through plasma treatment. Also
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the commercial carbon fibres were cleaned by washing with acetone bath for 5
cycles in soxhlet extraction method. The fibres obtained after surface cleaning in
both the processes were then trdatdth low pressure oxygen plasma following

the same design of experiment as mentioned in table 4.1. A comparative study
was made as elaborated below.

4.7.1. Morphology before and after treatment.

After plasma treatment the top surface of the CF is abrddedo the action
of the plasma radicals, forming pits, holes and canals on the surface of the fibres.
Sample treated at 100 W, 5 minutes show little surface damage for both
techniques of cleaning the fibres. The SEM images clearly shows the impact of
plasma elements on the fibre surface. 10 minutes at 100 W and 5 minutes at 200
W of plasma treatment modifies greatly the surface of the CF. The surface of
fibres show scratches and small pits caused by the plasma radicals and etching of
the few surface layeas well as shown in the SEM images (figl4c & d). The
change in the fibre surface is in conformance to the literature reported on the
plasma treatment of the carbon fibres. The change in morphology contributes to
enhanced surface adhesion with the rmathat leads to improved mechanical
properties [14, 21, 22].

Thermally
cleaned T700
Pristine 100 W, 5min 100 W, 5min 200 W, 5min
Chemically
cleaned T700

a b c ‘ d

Figure 4.11 :Morphology analysis before and after plasma treatment.
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4.7.2. Xray Photo electron Spectroscopy (XPS).

The plasma treated carbon fibres were characterized withyXphoto
electron spectroscopy to study the chemical nature ofoRygen containing
functional groups formed on the surfac&omic percentage of the different
elements calculated from the survegectra of the pristine and plasma treated
carbon fibres is reported in table 4.4 below with a 5 % error bar in the atomic
content. The amount of oxygen varies in the pristine, cleaned and plasma treated
fibres. The as received carbon fibres contain 28.6f oxygen which may arise
from the sizing agent and the surface treatments carried out on the fibre during
manufacturing. Thermal cleaning reduces the amount of oxygen on the surface of
the carbon fibres. Chemical cleaning further decreases the amooxygen on
the surface of carbon fibres probably by cleaning the sizing agent and the oxygen
containing functional groups. After plasma treatment the amount of oxygen on the
surface of the carbon fibreacreases as reported in table 4.4. The thermally
cleaned carbon fibres pick up around 42% oxygen while the chemically cleaned
CF pick up around 77% oxygen compared to their respective counterparts. When
the treatment power was doubled the amount of oxygen decreases on the surface
of the fibres probably du etching reaction of the plasma radicals on the fibre
surface which destroys the functional groups along with the top surface layers of
the carbon fibres as shown in figure 4.11.

Table 4.4 Elemental composition from sirvey spectra of cleaned and plasmaeated CFs with
5% error bar in atomic %age.

Sample id Cls O1s N1s o/ C N/ C

T700 81. 17. 0.8 0.2. 0.0
T700 thermally 8 3. 16. . 0.4 0.1' 0.0C
100 W, 5 min 74. 22.' 2.5 0.3t 0.0:

200 W, 5mi n 74. 22.¢ 2.3 0.31 0.0:
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T700 chemically 87. 11.¢' 1.1 0.1. 0. 0.
100 W, 5 min 75. 20. . 3.9 0.2t 0.0!
200 W, 5min 80. 16. 2.7 0.2t 0.0:

Theatomic content of the different functional groups inferrered fromhigke
resolution spectra Chgith a 5% error bar after 50 scaissreported in table 4.5
After functionalization with low pressure oxygen plasma the carbon fibres show
the presence of functional groups like alcohols, carboxyl and carboxylic acid on
the surface. The amount of@© bonds decreases at 100 W treatment thrd
remains almost unchanged on increasing the power to 200 W in the thermally
cleaned carbon fibres. The chemically cleaned carbon fibres show a different
trend where the amount ofC bonds 1st decreases and then increases at higher
plasma powers. Thisffect is probably due to the ablation of the top surface layers
of the CF due to the action of plasma elements which can be seen clearly in the
SEM images (see figure M). The oxygen containing functional groups like
alcohols and carboxylicacidconire t o i ncrease at HKigher pl .
“* (. HHOUWMD) component which is a characteristic shaigeline (satellite
peak located at ~6 eV from sp2 peak) for carbon in aromatic compounds (e.g.
aromatic rings) is generated by the ring excited by thiengphotoelectrons. This
feature is the fingerprint of extended delocalized electrons in the material and it is
present in graphitic material such as HOPG (Highly Oriented Pyrolytic Graphite)
[23] , rGO (reduced Graphene Oxide) [24], CNT (Carbon Nane){2b]. The
o bonds amount increase with increase i
table 4.5. This increase is probably due to the exposure of the core layers of
carbon fibres after plasma treatment. Similar studies have been reported by Park
S.J etal 2005 & 2015 [8, 10]. These functional groups formed on the fibre surface
improved interaction with matrix and enhance the composite properties-§8]26
The interaction of the functional groups with the matrix is further explained in the
wettability test section.
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Table 4.5 High resolution spectra C1s of cleaned and plasma treated GF

sample id C-C C-0/0-C-N C=0 -O-C=0 N

T700 thermally 81.19 15.62 Weak 3.19 Weak

cleaned. signal signal

100 W,5 min 66.09 14.57 Weak 9.51 3.29
signal

200 W, 5min 65.7 19.42 Weak 10.40 4.74
signal

T700 chemically  62.07 25.10 4.30 4.64 3.89

cleaned
100 W,5 min 65.6 11.63 10.26 9.04 3.48
200 W, 5min 68.34 13.51 7.88 6.31 3.96

Since the thermal cleaning method can affect the quality of the carbon rings
on thesurface layers of the CF, so only chemically cleaned CF were chosen for
further analysis.

4.7.3. Raman spectroscopy.

The structural quality of the carbon fibres and the effects of the plasma
treatment were studied with Raman spectroscopy using a Renishaw ®
Ramanscope InVia H43662 model equipped with a green laser saJiEsd4(
nm). Raman spectra of the pristine and plasma treated CF are reported in figure
4.12b. The pristine and treated CF show the characteristic D and G peaks of
carbon fibres [29]. The @nd G bands were fitted with Gauss&raped functions
to estimate the ID/IG ratio between the areas of the peaks. The positions of D and
G peaks of the various carbon fibres samples along with the ID/IG ratios are
reported intable 4.6. The ID/IG ratio ia measuref the degree of disorder in the
material [16], we find that the plasma treated fibres show a larger degree of
disorder because of their higher ID/IG ratio. The degree of disorder decreases
slightly as we increase the power of the plasma tretnirhis effect can be
understood by the FESEM images and the XPS analysis where the introduction of
functional groups and change in morphology in the crystalline structure of carbon
fibres governs a higher degree of disorder [30]. Our findings in thdy sire in
conformance with the one reported in literature. Montes et.al, 2002 and Wen et.al,
2006 reported the same trend in the degree of disorder of commercial carbon
fibres after plasma treatment [31, 32].
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Table 4.6: Raman spectra andd/l c comparision of pristine and plasma treated CFs.

S/n Sample Positipn o/ d

Dpeal GPeal

1 Pristin 1357 16014 0. 7:¢
2 100 W, £ 1350 1597 0. 77
3 200 W, 5 1351 1596 0. 7€

G — Pristine CF
—100 W, 5 min
—200 W, 5 min

Raman intensity (a.u)
1 1 i 1

T T T T T T T T

T T v T T 1
0 500 1000 1500 2000 2500 3000 3500 4000

Raman shift (cm)

a b

Figure 4.12: (a) Reinshaw Raman, (b) Raman spectra of pristine angllasma treated carbon
fibres.

4.7.4. Fourier Transform Infrared Spectroscopy analysis.

FTIR analysis was performed on the untreated and the treated CEddiiut
KBr pallet, using EquinoxBruker instrument with a resolution of 2 ¢rn the
frequency wavenumber range of 400 to 4500'cms shown in figure 43lThe
functional groups at their respective wave numbers were identified referring to
ref. 33 [33]. Theoxygen containingunctional groups at the wave number 1650
cm?! is assignd to the C=0 bonds from unsaturated Ketones/Aldehydes. The
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weak band in the spectra of the plasma treated CF at 146Gscaitributed to the

C-O stretching and/or the -6 deformation of the carboxylic acid group. The
peak in the 3440 crhregion is assdated with the carboxylic acid and alcohol
functional groups. Two peaks at 2850 tmnd 3440 cm are associated to the

OH stretching of the carboxylic acid. The@; O=C and &C=0 functional
groups are formed due to plasma treatment [34]. XPS analggisX®S section)

of the plasma treated CF confirms the presence-0f C=0 and GC=0 bonds.
These functional groups contributed to enhance the adhesion between the fibre
(see wettability test section) and the matrix that may contribute to improved
mechanial and tribology properties in the composites.

—— Pristine CF
i | 100 W, 5 min
—200 W, 5 min 2924 cm“

gl £l
J gl
30 3440cm \ 2850cm 0 cm

\ to50cm
251 M

2.0

TR Ee

| R T T T T A R R
4400 4000 3600 3200 2800 2400 2000 1600 1200 800

Transmittance %

Wave number (cm’”)

a b

Figure 4.13: (a) Equinox, bruker instrument, (b) FTIR spectra of pristine and plasma treated
carbon fibres.

4.7.5. Single fibre and micreplastic strength study

Mechanical analysis was carried out on #giegle fibre and micrglastic
samplesd study the effect of plasma treatments on the mechanical properties of
the carbon fibres. Diameter measurements of single fibres were performed using
the Phenom Pro desktop scanning electron microscope (SEM). i didores
have an average diameter of 6.86 + 0.50 microns. Results for 20 samples for each
category of pristine and plasma treated CF are displayed in figl4a. 4The
specimens of micrplastic (unidirectional fibres) based on pristine and plasma
treaed T700 CF bundle (100W, 5 min). The impregnation of CF was performed
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on MAW 20 FB 5/1 winding machine. Huntsman thosemponent epoxy resin
was used to impregnate the CF tow.

The plasma treated CF lose strength after the treatment due to etching of the
suface layers and rupture of crystalline chains due to the action of the plasma
radicals as evident from the FESEM images(figt. The 100 W, 5 min sample
shows a decline of 8% the tensile strenghwhile the 200 W samples losses
slightly more tensile teength ataround 12%when compared to the untreated
carbon fibres tensile strengfthese values are in conformance with the threshold
set for the application of surface modified <G composites. Generally the fibre
should not lose more than 15~20% ok toriginal tensile strengthafter any
surface treatmerfbr better performance in the composites [27, 3%l slightly
higher loss in the 200W sample is probably due to the severe action of the plasma
radicals as evident in the FESEM images as well.

Figure 4.14: (a) MAW 20 FB 5/1winding machine, (b) Microplastic specimen
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Tensile strength (GPa) Micro-plastic strength (Gpa)

|
|

Pristine CF 100W, 5min

I micro-plastic strength Gpa Linear (micro-plastic strength Gpa)

a b

Figure 4.15: (a) Single fibre strength, (b)micro-plastic strength comparison of pristine and
plasma treated CFs.

In the micraplastic analysis the 100 W, 5 min sample showsemngth of 3.3
GPa compared to 3.48 Gpa for the pristine sample. The 5 % loss is probably due
to the damage caused by the plasma elements during the treatment. Since the
carbon fibres retain their tensile strength within 90% after the plasma treatment,
we @an recommend the same treatments for the in house generated lignin based
carbon fibres under the FIBRALSPEC project.

4.7.6.Wettability test

A simple technique was employed to study the effects of plasma treatment on
the adhesion between the matrix and tabon fibres. Carbon fibres in
dimensions 7.5 cm were cut, weighed and dipped in epoxy resin (HEXION.
EPIKOTE TM Resin MGS® RIM 135) for 5 minutes and then hanged under the
fume hood as shown in the figure @.TThe samples were weighed after 1 hour
and 24 hours to study the amount of the resin retained by the pristine and the
treated carbon fibers. 5 samples for each category were tested.
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1B

Figure 4.146: Wettability test.

The plasma treated CF showed better adhesion to the ma#king as a
reference the retention of epoxy resin by the pristine CF after 1 hour, the
specimen treated at 100 W showed 21% more resin retention while the 200W
treated specimen showed a marginally low resin retention of 18%. After 24 hours,
the analysishows that the resin retention was 14% for 100W sample and 15 %
for 200W sample respectively as shown in figure/4The higher adhesion of CF
to the matrix can be attributed to the surface morphology and functional groups
induced after the plasma treant. Tiwari et.al [7] reported similar results for the
enhanced adhesion of carbon fibre with the Polyetherimide matrix after surface
functionalization with Ytterbium fluoride nano patrticles.

=

Epoxy retention ratio1 hour
Epoxy retention ratio 24 hour
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Figure 4.157: Wettability test comparison
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4.7.7. Decay of the functionalization after 6 months storage in
ambient

The plasma treated carbon fibres were stored in ambient for 6 months and
then characterized with XPS to study any decay in the oxygen picked up after the
plasma treatmenDetailed analysis is reported in the table 4.7 below.

Table 3.7: Elemental and fucntional groups comparison by XPS analysis after 6 months.

Survey spectra.

Sample id. Cls Ols N1s o/C N/C
Chemically cleaned CF 87.4 115 11 0.13 0.01
100 W,5 min 75.7 20.4 3.9 0.26  0.05
After 6 months, 100W,5 min 79.6 17.1 3.3 0.21 0.04

High resolution spectra C1s

C-C C-0/0-C-N C=0 -O- pi-

Cc=0 pi*
Chemically cleaned CF 62.07 25.10 4.0 4.64 3.89
100 W,5 min 65.60 11.63 10.26 9.04 3.48

After 6 months, 100W,5 min 70.89 11.30 9.40 4.55 3.95

From the survey spectra we can see a decrease in the amount of the oxygen.
Carbon fibres lost around 16% of the oxygen from it surface. From the high
resolution spectra C1s we can observe a loss in thea®dd@C=0 bonds while
C-C bonds observe an increase in their relative amount. Further investigation in
this dimension is being carried out currently to know the exact cause of the
oxygen contents loss.

Taking into account that fibers are functionalizeith the prupose of improve
the binding to a matrix and hence they are not expected to be operating in contact
with open air, we can conclude that oxygen plasma treatment is not only effective
in functionalization of the carbon fibres but also quite staBlased on the
discussion above we applied similar treatments for tHeuse generated carbon
fibres based on the lignin precursor.
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4.8. Functionalization of lignin based CF and application
to composites

Lignin precursor based carbon fibres were providg@ur project partners at
National Technical University of Athens. The in house generated CF were plasma
treated for 5 minutes at 100 W and 200 W in oxygen environment. The results of
the plasma treatment and subsequent application to the composépsried as
follow.

4.8.1. Morphology analysis

The morphology of the pristine and the plasma treated CF is reported in figure
4.18. Pristine CF possess a smooth surface. After plasma treatment we can see the
peeling of the surface layers along with pitsgsuwites and cuts on the surface
formed due to plasma treatment.

Figure 4.168: Morphology analysis of the(a) inhouse, plasma treated CF (b) 100 W, (c) 200W.
4.8.2. XPS analysis.

From the survey spectra we find thaketpristine CF contain about 19%
oxygen on their surface. This oxygen is the chemically attached oxygen to lignin
and remains their after the carbonization process. The carbonization conditions
need further tuning which is under investigation these dayve$ spectra of the
variousCFs is displayedin the figure 4.19. C1s and O1s spectra are highlighted
while the impurities are not mentioned for the sake of simplicity. After plasma
treatment the amount of oxygen 1st increases on the surface of the @eand
slightly decreases as we doubled the plasma power for the same time for
treatment. Similar trends were noted in the O/C ratios which decreased as the
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plasma power increases. The conversion of cadaobon bonds to carbon
oxygen bonds as result of pfaa treatment is reported in table 4.8 along with
their relative atomic percentages.
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Figure 4.179: XPS analysis on Lignin based pristine and plasma treated CFs.

XPS analysis confirms the presence eDCC=0, OC=0 and acid anhyile
groups on the surface of the CF after plasma treatment. The interaction of the
functional groups with the epoxy matrix and their role in enhancing the
mechanical properties of the &@poxy composites is discussed in the section
below.

Table 4.8 Elemental composition from survey spectra on lignin based pristine and plasma treated
CFs with 5% error bar in atomic %age

Sample id Cls Ols Nl1ls O/C N/C

Pristine CF 74.2 19.5 5.1 0.26 0.07

100 W, 5min  59.1 25.1 15.8 0.42 0.27

200W, 5min 619 228 153 0.37 0.25
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Table 4.9 Functional groups comparisonfrom H.R Clsspectra on lignin based pristine and
plasma treated CFs with 5% error barin atomic %.

Sample id cC CO C=0 -O- 0=C-O-
C=0 C=0

Pristine CF  54.12 40.48 2.21 3.19 Weak
signal

100 W, 5min  34.61 45.07 2.86 12.29 Weak
signal

200 W, 5min  40.62 38.18 6.19 11.32 3.69

4.9. Application to epoxy composites

4.9.1.Composite preparation

Carbon fibres were shredded to short fibrous form using an industrial
pulveriser (Savatec BB90OE) and dispersed in epoxy resin (HEXION. EPIKOTE
TM Resin MGS® RIM 135) using an overhead mixer (Ulinarax T18) at a
speed of 20,000 rpm for 2 minutes.bSaquently cross linker (EPIKURE TM
Curing Agent MGS ® RIM H 137) was added. The composite mixture was then
sonicated (Elma sonic S15H) for 15 minutes and degassed in a vacuum chamber
(50 mbar) for 20 minutes. The composites warbsequentlguredat 60 T for 4
hoursin the oven36, 37] and molded into delgone shape (ASTM D 6384) for
mechanical analysis and 25 mm X 25 mm X 5 mm specimen for the tribology
analysis. Five samples for each concentration were prepared for statistical
purposes.

4.9.2.Tensile analsis.

The tensile behavior of the untreated and treated CF composites was studied
using mechanical tester (MTSt@st 10). All the samples were analyzed using a
load cell of 10 kN and a strain rate of 1 mm/min. Stress vs strain curves were
plotted andresults were compared with the blank epoxy resin and with untreated
and treated CF composites (Fig2@. The composites fabricated with the plasma
treated CF show higher tensile properties compared to blank epoxy and pristine
CF based composites. Blangoxy shows a maximum load bearing capacity of 51
MPa. Reinforcement with CF enhances the load bearing capacity and induces
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plasticity in the epoxy matrix. The ultimate tensile strength of 61 MPa, 70 MPa
and 72 MPa are shown by composites of pristine CRWL0and 200W
respectively. The 200 W sample depicts an increase of 41% compared to blank
epoxy and 18% when compared to the pristine CF based composites.
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Figure 4.20:(a) Q-TEST 10, (b) Tensile behavior of the plasma treated CHEpoxy composites

The improved mechanical properties of the composites with plasma treated
CF is due to the oxygen containing functional groups on the surface of CF. The
increase of the surface active groups and active sites for chemical bonding
generated by plasma treatmenthanced the interfacial adhesion between the
fibers and the surrounding matrix [14]. Formation of new surfaces (see &p.4.1
enhanced the contact area with the matrix and ensured higher interfacial adhesion
to the matrix. Interfacial adhesion to the matllows an adequate stress transfer
and reduces the stress concentration at the fiber/polymer interface. Consequently
tensile properties increases [38]. The mechanisms leading to better adhesion for
the treated CF can be described as a twofold processor@nhand the
functionalization increases the wettability of the carbon fibers by the resin. On the
other hand the presence of functional groups allow the formation of strong
chemical bonding between resin and fibers [8, 39, 40].
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4.9.3.Friction analysis.

Tribology studies were carried out using a reciprocating tribometer (Anton
Paar Piron-Disk Tribometer TRB). The flat surface of the specimen was abraded
against a polished steel sphere (AISI 420) 6 mm in diameter. A normal load of 5
N and a 3.27 mm reciprocatiagnplitude motion were set. Maximum linear speed
of steel sphere was maintained at 0.185
calculated as

t —éeeéééeeeéééeeee. 1

Where, Ff is friction force parallel to the sliding surfaces, and Fn is tlk loa
perpendicular (i.e. normal) to the surface. The results are depicted in figure 4.19.
Blank epoxy possess a friction coefficient of 1.55. Reinforcement with CF
reduces the friction coefficient by 7% to 1.44 Reinforcement with the plasma
treated CF furthereduces the friction coefficient to 1.33 i.e. 15% less than the
blank epoxy and 8% less than the pristine CF compogitesg et al. 2007 [40]
reported the improved wear and friction properties of functionalized -short
carbon fiber/polyimide composis. Cui et al.2013 [41] attributed the improved
wear and friction properties of MWCNTs/epoxy composites to the addition of
oxygen containing functional groups to the MWCNTs through surface
modification. After surface modification the interfacial adhesidthwhe matrix
improves and the filler can better protect the matrix by forming chemical bonds
with the matrix [41]. Our findings support these views. It is also expected that the
improved mechanical properties of polymer lead to better tribological piegper
[42]. The better dispersion of the plasma treated carbon fibers in the matrix led to
a better load transfer at the contact surface with the steel ball [43]. The self
lubricating property of carbon fibers may also helped to reduce the friction co
efficient [44].
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Figure 4.21: (a) Anton-Paar Pin-on-Disk Tribometer, (b) Friciton properties comparison.

4.9.4.Hardness measurement.

Surface hardness was measured with Durometer Shore A according to ASTM
D-2240 standard on rectangular specimen as shown in figR2e(a). Samples
were placed on an iron flat surface as standard background. Each sample was
measured on the 4 corners and at the center. The results are presented in figure
4.22(b). The hardness of the epoxy composites increase after reinforcement with
the CF. Plasma treated CF marginally increased the hardness as compared to the
pristine CF. The increase in the hardness can be attributed to the addition of
carbon fibers which have more stiffness then the epoxy matrix[45]. Further
investigation is requiredthave an in depth knowledge of this phenomena.
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Figure 4.182: (a) Durometer shore A, (b) Hardness comparison.

Goncalvesa et al. 2014 [46] attributed the increase in hardness of the
epoxy/grinitic stone powder to the addition of the filler particles. Ahmed et al.
2017 [47] also reported the increase in hardness of epoxy glass fiber composites.
The addition of surfae treated carbon fibreimcreass the crosslinking ratio
which inturn reduces molecal movment in the polymer thusaking it more
resistant to the penetratitoy indenter.

4.9.5.Wettability test.

Wettability test was carried out as discussed in section 4Thé.plasma
treated CF retained a higher amount of the epoxy matrix when compared to the
pristine CF. 100 W and 200 W treated samples show 22% and 24 % epoxy pick
up after 1 hour respectively. After 24 hours the epoxy retention remained higher
than for pistine CF case. The retained amounts were 15% and 14% respectively
for the 100 W and 200 W treated samples. The high matrix retention can be
explained by the FESEM images (figure &).Wwhere the formation of crevices
and canals favored more surface congamihts with the matrix and thus higher
pick up of the matrix compared to the pristine CF.
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Figure 4.193: Wettability test comparison.

4.10. Conclusions.

A Low pressure plasma treatment in oxygen environment is an
effective and suitableechnique to modify carbon fibre surface.

A With proper tuning of the parameters we can ensure that the carbon
fibres retain 90% of their original tensile strength, which is a key
factor for the composite performance.

A XPS, Raman spectroscopy and FTIR resaiisfirm the presence
of the oxygen containing functional groups on the surface of the
CF.

A Wettability test further strengthens our argument of enhanced
interfacial adhesion after the plasma treatment.

A Application to composites show enhanced mechanical and
tribology properties which further supports our recommendations
to use low pressure oxygen plasma to modify the surface of carbon
fibres.

A To further support our recommendations we studied the plasma
treatment of carbon fibres generated from waste clotes
application to composites for enhanced properties as discussed in
the next chapter.
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Chapter 5

Carbon fibres from waste cotton,
functionalization and application to
composites

5.1. Introduction

Carbon fibres composites are one of the most employed materials in
applications ranging from super capacitors to sport goods, from airplane structural
parts to wind turbine bladehis is due to their high strength, low weight,
chemical resistant naturenéh good electrical propertigd-4]. The carbon fibre
composites industry is growing at a high pace and is expected to reach a
mammoth 140 k tonsrpduction in year 202{5]. Currently 70 % of carbon fibres
are produced using Poly acrylonitrile (PAN) fibres as precursor, but the
conversion process complicated and has environmental impacts. Increasing
demands for carbon fibres production and an approach towards sustainable society
has made it compulsory to find an environment friendly and renewable sources for
carbon fibre productiofg, 7]. In recent years, carbon fibres based on renewable
cellulose precursors have gained a lot of interest e dhe abundant in nature
and possess optimal structural properties for carbon fibre prod{@fi®h Cotton
fibres mainly consist of cellulose and some traces of waxes, prosameats and
organic acid$10]. In recent years cotton fibres and fabrics from waste have been
exploited as potentialprecursor to synthesize carbon fibres for various
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applications in published researfdi]. Ekrami et al 201412] and Jieying et al
2014 [13] have reported the production of activated carbon fibres from waste
cotton fabrics. Wang et al 20]284] synthesized hollow carbon fibres from cotton
fibres for capacitors application.

Polymermatrix composites (PMCs) is a class of composites with a great
potential for applicationgr many industries bute poor adhesioat the interface
between carbon fibre arithe matrix due to their hydrophobic and chemigal
inert nature has been a long standing issue. This limitation in carbon fibre
composites undermine their industrial apations to the full potentigll5-17]. To
enhance thedhesionat the interface othe carbonfibre and theresin various
surface modifying techniques such as plagmeatments,chemical treatments
surface sizingand surface coatingvith carbon nano tubes/nano particles have
been used in recent years. PRiastreated carbon fibres hafeeinda lot of interest
in carbon fibre composite industoyving to several intriguingdvantages over the
other surface modification treatments such as ease of operation, low treatment
time and absence of post treatment hdaas solutions to disposdf [18-20].

The surface modified carbon fibres confer superior mechanical and tijbolog
properties to the matrix compared to their untreated counterparts due to superior
interfacial adhesion to the matii1-26]. Feih et al.199827] , Rhee et al. 2012

[28] and Santost al. 2013[29] reported thesuperior mechanical, friction and
wearproperties of the carbon fibre composites after plasma treatment compared to
the untreated carbon fibre composites .

In this chapter we discuss the production of carbon fibres from waste cotton
fabrics and their application in composites with better raewal and tribological
properties, after an oxygen plasma treatment.

5.2. Raw material

Fabric strips from waste clothes, 100% cotton in composition, were washed
thoroughly with deionized water to remove any foreign matter and dried in the
ambient for 24 aurs.
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Figure 5.1: Cotton strip.

5.2.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis wasirried out on theatton fibresfrom waste

using aMettler Toledo TGA/SDTA8M argon atmosphere. THé®w rate was
maintained atl00 ml/min and theramp rate of 5%C/minute was used for a
temperature range @b to 800 C. The mass losses of cotton fibres with increase
in temperature were analyzed to select appropriate parameters for conversion to
carbon fibreg30]. An initial weight loss of 4 wt. % was observed between 25 and
150 °C (Figure 5.1). Cotton fibres at first dehydrate and moisture leaves the
cotton The dehydration process do ndteat the strength of the cellulosand
leads to the formation of the doutdended intermediatd81, 32]. The molecular
weight of the fibres starts to due to loss in moisture which may reduce the tensile
strength of the fibre433]. Only 5 wt. % losseswere observed below the
temperatureof 300° C. Significant weight loss of around 73 wt% was observed
after 300°C. At 358° Cmajor weight loss was observdtht wasfollowed by a6
wt. % lossat a temperature 0410° C. The microstructure of carbon fosnat a
temperature range &00-450° C [34]. The cellulog chainsde-polymeriz to
monosaccharide derivativest this temperature range awodnvert to aromatic
structuresreleasing the gases containing (O,at)ms[35]. More ordered carbon
structure is obtainedby heat treatmerdt a temperature range 450 and 800€T.
Semi ordered carbon structurese obtainedby pyrolysing cotton fibres up to
800° C temperatureThesechangesare represented in figure 5.6. Timechanism
of aromatizations stil unknown, owing to the complexeactionsoccuring during
the carlonizationprocesg36].
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TGA of Cotton cellulose in Argon
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Figure 5.2: TGA analysis on raw cotton in Argon.

5.22. Elemental composition analysis

Survey spectra and the high resolution spectra of the cotton fabric are reported
in table 5.1. The washed cotton surface has 67.1 atéarbbn and 28.3 at% of
oxygen. Traces of other elements, namely Nitrogen, Calcium and Silicon were
also present at surface of the cotton fabric. In the high resolution spectra C1s the
data has been extracted by curve fitting. C1s curve has been decahwsinig
four curves (Gaussialorentzian sum function). Assignation to each chemical
shift has been done according to Briggs chemical shift {able
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Figure 20: XPS analysis of otton fibre.
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Table 5.1 Elemental composition of cotton from XPS analysis with 5% error bar in the atomic
percentage.

XPS analysis of Cotton fabric.

Survey spectra Cls Ols N Ca, Si o/C N/C
67.1 28.3 0.8 3.3 0.42 0.01
H.R spectraCls C-C C-O C=0/0- -O-
C-O C=0
49.3 384 1.9 10.4

The Cls spectra of cotton fabric (see table 5.1) comprised of four types of
carbon related chemical bondings: (i}axidized carbon at 284.45 eV in form of
Ci C or QH bonds, (ii) Carbon bonded to oxygen with a single bon®jGt a
binding energy of 2803 eV, (iii) Carbon with two oxygen bonds{©O, C=0),
and (iv) carbon with 3 oxygen bonds-(@-0) at their respective binding energies
of 287.43 eV and 288.42 eV. For pure cellulose the Cls spectrum comprides C
and OC-O carbon groups onlj38]. However the hydrophobic matter e.g. waxes,
fats, proteins, and pectin on the surface of th&aodibres conceal the cellulose
backbone by forming laminar layers. TheQCand GC=0 bonds in the Cls
spectrum of cotton fibres arise due to these-c@hlosic contaminants that
remain on the fibre surface even after process like scouring and bigfg3iin

5.2.3. FTIR-ATR Spectroscopy

Figure 5.4 shows the FAIR analysisof the raw andwashed cotton fabric
performed inthe absorbance mod&®aw and washed cottatispaly similiarwith
no visible diferencelmpurities such as waandoils on the surface of raw cotton
were not observed in thepectrumprobably due to their low quanitif#0]. The
broad peakwith centerat a wavenumber 08300 cm! correspond to Oi H
stretching[41]. The sharp pakat 1640 cmt wavenumber arises probably dtoe
the adsorbedhoisture
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Figure 5.4: ATR-FTIR Spectra of raw and washed cotton fibres

5.3. Carbonization of the cotton fabric

Carbonization process defined as a phenomena in whicklepolymerized
structureconverts into a graphitic structure by treepolymerizationprocess in
presence of high temperature arah inert environment[42]. Carbolite
(TZF12/65/550) furnace was used to carry out the carbonizatiateatperature
rangeof 400° C to 80C° C for one hour in nitrogen environment at a ramp rate of
15° C/min. The carbonized fabrics were then left to cool down in the ambient
overnight. Figure 5.2 shows the carbgield obtained after the carbonization
process After 400 C the weight loss isnarginal indicating that almost all the
carbonization process took place at 400 Carbonization and graphitization of
the cotton fibres is a twetep process. dw-temperature pyrolysis leads to
formation of carborstructures while théigh-temperature carbonization leads to
graphitization [42]. The final yield of carbonized fibres obtained after
carbonization is 18.7 (£ 1.9) wt. % at 4QD, 16.5 (+ 1.6) wt. % at 60@ and
13.5 (+ 1.3) wt. % at 80C.
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Figure 5.5 a. Cotton fibre, b. 400 C, ¢.600 C, d. 800C.

A schematic modelof carbonization igepicted in Figure 5.6The surface
layers of thecotton fibre deteriorate with increasing temperature and leads to
ordered carbon strucutrégermation. Theevolution of carbon strucutre with
temperaturdurther studied in detawith electron microscopyfigure 5.5). Cotton
fibre possess a bean like shgp8] and are composed of concentric layers. The
outermostlayer on the fibre is separable awmdmprisesof wax and pectin
materials. The primary wall of thecotton fibre is compose of celluloe based
crystalline fibrils [44, 45] The secondary wall of the fibre consists of closely
packed parallel fibrils The innermost part of the lumen is composed of the

remains of the cell contents.

Lumen
3rd layer
27 layer
1st layer
3rd layer
2nd layer
1st layer
2nd layer
1st layer
2nd layer

+—— Wax layer

Cotton fibre. Carbon fibre 400°C. Carbon fibre 600°C. Carbon fibre 800°C.

Figure 5.6: Evolution of the CF morphology with change in carbonization temperature
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5.4. Plasma treatment

Low-pressure oxygen plasma treatment whssen to modify the surface of
the CF. The plasma treatment was carried out with a Hgpel reactor
(Plasmafab508, sdey. 5.7) equipped with a scroll pump, a radiofrequency (RF)
generator workingtal3.56 MHz and a mass flow controllier the reactre gas.
Plasma process was run for 5 minutes at a RF power of 50 W in order to clean the
inside walls of the chamber and the gas lines. Samples were purged>vgés N
before the treatment in order to remove any contaminant from the surface.

vacuurn
chamber
wwall (growunded)

\

‘.II.II.II.II'

Barrel
grid electrode

Figure 5.7:Plasma fab 508.

All the samples were treated for 5 minutes ip@&sma, using a RF power of
100 W and 200 W. The samples were stored in plastic boxes and in ambient
conditions for further characterizations.

5.5. Characterizations on carbon fibres beforeand after
plasma treatment

5.5.1. Morphology analysis

The surface of the carbon fibres (CF) before and after plasma treatment were
studied byFESEMZEISS Merlin Figure 5.8shows that the CF possess a smooth
surface after the carbonization process (seb.8a). The top surface of the CF is
eroded due to the action of the plasma radicals, forming pits, holes and canals on
the surface of the fibres (see fig. 5.8 b and c). This effect increases the surface
area (see surface area measurements) and contobenbanced surface adhesion
with the matrix in the composite application.
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a b C

Figure 5.8: Morphology of (a) CF as itis (b) CF100W,(c) CF- 200W.

5.5.2. Xray Photoelectron Spectroscopy (XPS)

Chemicalchanges on the surface of the treated samples studied with XPS
and compared with the pristine €6ample. Figure 5.9 shows the survey spectra
of the untreated and treated fibres at 100 W and 200 W shows the presence of C
and O and small amount of impurities like sodium, calcium and silicon. The
relative concentration of O after-@lasma treatment increases from 6.9 at% to
21.5 at% and 21.2 at% for the CF100W and CF200W samples compared to
untreated CF respectively.

C1s
CF as itis.

CF-100wW

|

' T T T T T T T T T
1200 1000 800 600 400 200 o
Binding Energy (eV)

Figure 5.9: Survey spectra comparison of CFs after plasma treatment.
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Figure 5.10: XPS C1s HR spectra for untreated (left) and plasma treated (GROOW. center, CF

200W. right).

The H.R Clscurves were deconvolutedwith five curves (Gaussian
Lorentzian sum function) and atomic percentagé¢heffunctional group with a
5% error baiis reported in table 5.2. Assignation to each chemical shift has been
done according to Briggs chemical shift taf8&]. The GC peak at the binding
energy of 284.5 eV decreases with the in@atin the plasma powekVhile the
guantity of C-O- bonds at their respective binding energpncreases withan

increag in theplasma powerThe C=0 andO-C=0 fucntional groups increases
after the treatment but remains almost unchanged on increasing tmetmeat
“( HFOWMD) component is a characteristic shaie line

for aromatic carbon compounds isgeneréed by the ring excited by the

power. The*

photoelectrons. This feature is the fingerprint of extended delocalized electrons in
the material and it is rpsent in graphitic material such &Bghly Oriented
Pyrolytic Graphite(HOPG) [46], reduced Graphene OxideGO) [47], Carbon

NanolTube (CNT) [48].

Th'e*

"component i n

t he

decreases after the plasma treatmefstsomparison is made the last row of
table 5.2with percentage of €© bords in the various samplesonfirming an
increaseavith an increase in the plasma treatment power.

Table 5.2 XPS C1s components peak position and relative percentage (%), for all samples,
obtained from deconvolution procedure. In the last row the total % of GO bonds has been reported

Clscomponents (%)

Type of bonds

CF

asitis 10

CF-
ow

CF-
200W

treate



106 Carbon fibres from waste cotton, functionalization and applicatic
composites

C-C (284.5eV) 70.6 60.8 55.6
C-O- (285.3285.7¢V) 14.5 17.7 20.2
C=0 (286.8287.3 eV) 4.7 11.5 12.4
-O-C=0 (288.7288.9 eV) 4.7 7.9 8.5
"% (>290 eV) 5.5 2.1 3.3
Cd Obonds (%) 23.9 36.1 41.1

5.5.3. Raman Spectroscopy

The structural quality of the carbon fibres and the effects of the plasma
treatment were studied with Raman spectroscopy using a Renishaw ®
Ramanscope InVia H43662 model equipped with a green tamece(s 514
nm). Raman spectra of the untreated and treated CF are reported in figure 5.11.
Carbon fibres show the characteristic D and G p¢48k The D and G bands
were fitted with Gaussiashaped functiont estimate thepllg ratio between the
areas of the peaks. The positions of D and G peaks of the various carbon fibres
along with the #/lc ratios are reported in table 5.3. Thel¢ ratio depicts the
degree of disorder in a material medi{Bf]. The untreated fibres possess a larger
degree of disorderrpbably due to the gases expelled during the carbonization
process. The degree of disorder decreases slightly as we increase the power of the
plasma process. This effect can be explained by the FESEM images (fig. 5.8)
where the ablation of the surface miasters expose the inner part of the fibre that
probably has a more ordered crystalline strucfbit¢ Contrary to our findings in
this study, an increase in the/lc ratio has been reported in the literature after
surface treatment of commercial carbon fibj@&3 52] Such an opposite trend in
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the Ib/lg ratio can be dugo the fact thatommercial carbon fibres are produced
from synthetic precursors and possess high degreedef and orientation during
manufacturing while our material is based on natural sourcesneitbefinite
nearsurface order. We recommend further investigation in this dimension.

G
D
R CF as itis
< — CF-100 W
= CF-200 W
g
o
—o 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)
Figure 5.11: Raman spectroscopy of untreated and treated CF
Table 5.3 Raman spectra comparison of untreated and treated C$:
D peak position G peak position
S/no. Sample Id (Cm) (Cm) Id/Ig
CFasitis 1356 1607 0.58
CF100 W 1333 1570 0.53
CF-200 W 1352 1587 0.43

5.5.4. Fourier Transform Infrared Spectroscopy(FTIR)

FTIR analysis was performed on the untreated and the treated CF, diluted in
KBr pallet, using Equinox, Bruker instrument with a resolution of 2! amthe
wavenumber range 400 to 4500'énT he analysis ishown in figure 5.12.
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CF as itis
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Figure 5.12:FTIR analysis before and after treatment

The functional groups at their respective frequencies are identified referring to
ref. 53. In the spectra of plasma treated carbon fibres the functional group at the
frequency of 1260 crhis associated to ethers. Thenétional groups in the
frequency range of 1500680 cm region are assigned to the aromatic C=C
bonds and various substitution modes of the aromatic ring. The weak band in the
spectra of the plasma treated CF at 1440' @mattributed to the © stretcing
and/or the GH deformation of the carboxylic acid group. The peaks in the 1700
cm® and 3460 ci regions are associated with the carboxylic acid and alcohol
functional groups. The©, O=C and GC=0 functional groups are formed due to
plasma treatmerib4]. XPS analysis (see XPS section) of the plasma tre2ied
confirms the presence of-Q, C=0 and &@C=0 bonds. These functional groups
contributed to enhance the adhesion between the fibre and the matrix that lead to
improved mechanical and tribology properties. Further details are elaborated in
the mechanicadnd tribology analysis section.

5.5.5.Surface area measurement.

The surface area of the carbon fibres before and after plasma treatment was
evaluated with nitrogen adsorption-486° C according to the standard Brunauer,
Emmett, and Teller (BET) methagsing Auto Sorb AS1WH, Quantachrome
instrument. The various specimen were outgassed at@26r 3 hours prior to
measurements. Analysis shows that the surface area of the CF increased after the
plasma treatment. The surface area values &r@.2 nt/g for untreated CF, 2.9
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0.1 nt/g for CF100W and 3.4+ 0.2 nt/g for CF200W respectively. The
enhancement of the surface area is due to the #pitting and erosion of the
surface of CF due to the action of the plasma radj6als56]

5.5.6. Wettability Test

Wettability test was utilized to study the effectsaffacemodification o the
adhesion of the carbon fabric with the epoxy matrix. Carbonized cotton fabrics
before and after plasma treatment were cut in dimensions of 2.5 cm x 2.5 cm,
weighed and dipped in epoxy regHEXION. EPIKOTE TM Resin MGS® RIM
135)for 5 minutes. Thepecimen were then hanged under the fume hood to drop
off the excess epoxy. The amount of the epoxy retained by the untreated and the
treated fabrics was studied by weighing the specimen after 1 hour and 24 hours.
The plasma treated fabrics showed a betfgyxy adhesion to the matrix. The
retention of epoxy by the untreated CF was taken as reference. After 1 hour the
100 W treated specimen showed a 28% larger resin retention while the 200W
treated specimen showed a 26% larger retention as compared tefdience.

After 24 hours, the analysis showed that the resin retention to the matrix was still
larger than reference: 23% more for-CBOW and 25% more for GEOOW (fig.

5.13 b) The higherretentionof the matrix is due to the surface morphology and
chemtal groups induced on CF after the plasma treatment. Similar studies have
beenreported by Tiwari et.db7].
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140 [ Epoxy retention % (1 h).
[ Epoxy retention % (24 h).

Epoxy retention %.

J

CFasitis CF-100W CF-200W
a. b.

Figure 5.13: Wettability test.

5.6. Composite preparation

Carbonized stps were shredded to fibrous form with the aid of an industrial
pulverizer (Savatec BB9OE). The carbon fibres were then dispersed in epoxy resin
(HEXION. EPIKOTE TM Resin MGS® RIM 135). An overhead mixer (Uitra
Turrax T18) was employed at a speed of 20,408 for 2 minutes. Cross linker
(EPIKURE TM Curing Agent MGS ® RIM H 137) was then added. The
composite mixture was subsequently sonicated in Elma sonic (S15H) for 15
minutes For degasing, the composite mixture was itefa vacuum chamber (50
mbar) for 2 minutes. The composite mixture was cured at 60 °C for 4 hiours
the ovenand molded into dofpone shape (ASTM D 6384 standard) for
mechanical analysis [58, 59] and 25 mm X 25 mm X 5 mm blocks for the
tribology analysis.

5.7. Composites analysis

5.7.1.Morphology of the composites

The dispersion and the interaction of the fibres in the matrix was studied
through FESEM. The specimens wdragile fractured by liquid nitrogen and
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coated with a 5 nm thick Chromium layer to avoid the charging effects dineng
measurements. The dispersion and interaction of the CF with the matrix is shown
in figure 5.14. Carbon fibres are unbundled and homogenously dispersed in the
matrix. The fibres extend between the layers of the matrix (fig.5-04 The

fibres are angoring the applied stress in this way by retarding the crack onset and
accumulation as well as the obstructing the layer slippage of the polymer matrix.
The pullout and cavitation phenomena of the carbon fibres from the matrix during
the applied stress wgsible in FESEM images (fig.5.14-@). The effects of these
mechanisms on the polymer properties are discussed in the mechanical section.

Figure 5.14:Morphology of the composites. &) E-0, (b) E-CF-1, (¢) E-CF-3, (d) E-CF-3, (e) E-
CF100-3, and(f) E-CF200-3.

5.7.2. Mechanical analysis

The mechanical behavior of the composites was studied using a mechanical
tester MTS Qtest 10. All specimen were measured with a load cell of 10 kN and
a strain rate of 1 mm/min. Stress vs strain curves were glaid compared with
neat epoxy and with composites fabricated with untreated and treated CF.
Mechanical behavior is elaborated in figures 5.15 ~ 5.17Addition of a small
amount of the carbon fibres altered the mechanical behavior of the epoxy matrix.
Ductility was induced in the brittle matrix. Important design parameters like
ultimate tensile strength (UTS), resilience and tensile toughness enhanced due to
the addition of the carbon fibre. The plasma treated CF further enhanced the
robustness of the atrix. Resilience (the measure of the energy absorbed per unit
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volume in the elastic region) increased by 2.5 times by using only 3 wt% of
carbon fibre as compared to the neat epoxy. Surface modified CF further
enhanced the resilience by almost 4 timedwlte same weight percent. Carbon
fibres functionalized at higher pl asma
substantially as shown figure 5.16 a

— -0 * E-0=Epoxy.
—— E-CF-1
80 j -+ E-CF-3 * CF=Carbon
~—— E-CF-100-1 fibers.
704 | =-- E-CF-100-3 L 2o g SPATIE TN . 1,3
~—— E-CF-200-1 DD T : : =Percentage of
60 L=-- ECF-2003] , g0 the filler by
. ] 5 weight.
o 504 *« CF-100=
o
= ] Plasma treated
o 404 /. CFfor5
@ 4 /. minutes at 100
& 304 /."/ Watts in 02.
] /4 + CF-200=
204 Plasma treated
] CF for 5
7l - : minutes at 200
| | ' | Watts in 02.
0 - T v T T T T T v T ¥ T 2 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain
Figure 5.15: Mechanical analysis on the compoistes.

UTS of the epoxy matrix enhanced from 50 MRa 62 MPa after
reinforcement with carbon fibres. Plasma treated CF further enhanced the load
bearing capacity of the matrix. A UTS value of 71 MPa, almost 1.5 times the
blank epoxy was shown by the specime@E100-3. CF treated at higher powers
d i doordribute much to the UTS.

po
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Figure 5.16 (a) Resilience and (b) UTS comparison of the composites

Addition of small amounts of the carbon fibres enhanced the tensile toughness
too. Tensile toughness is the amount of energy absorbed during the total cburs
load application until the failure of the specimen. The composite specimen of 100
W plasma treated carbon fibres at 3 wt% show the best results by increasing the
toughness by 8.5 times compared to blank epoxy value (fig. 5.17 a). The
important mechaoal properties were improved without significantly affecting the
stiffness of the matrix as shown in figure 5.16 b. This shows that ductility can be
induced in the fragile epoxy matrix by adding small amounts of the carbon fillers
without compromising itstiffness.

The improvement in theensileproperties of the composites of plasma treated
carbon fibres is due to tlelemicalgroups formed on the surface aftee plasma
treatment. A largamount of surface active groups and sites for chemical bonding
generated by plasma treatment enhanced the adhesion between the fibres and the
matrix at the interfacg¢27]. The higher surface area of the plasma treated CF also
ensured better intixcial adhesion with the matriAdhesion between the CF and
the matrixat the interfacgrovides an adequate stress transfer through the matrix
and reduces the stress concentration at the fibre/polymer interface. Consequently
the composite increases itkildy to withstand the applied tensile lo§60]. The
mechanisms of enhanced interfacial adhesion is a twofold process. On one hand
the functionalization increases the wettability of the carbon fibres by the resin due
to change in surface arphology. On the other hand the functional groups allow
the formation of strong chemical bonding between the matrix and {i6te83].
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Saleh et al.201164] and Pittmann et al.199865] reported the enhancement of
mechanical properties of the epoxy/carbon fibres coitgmsafter plasma
treatment.Jimenez et al.200166] reported improved mechanical properties of
polymer matrix using oxidized carbon nano fibres.
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Figure 5.17:Tensile toughness and (b) Young modulus comparison of the composites

The improvement in the mechanigaloperties can also be attributed to the
uniform and even dispersion of the carbon fibres in the matrix (See fig. B.14).
good even level oflispersion of the CF minimizes the stress concentration centers
and improves the stress distribution uniformi®f]. The enhanced mechanical
properties of the composites can further be empth by stress transfer
mechanisms such as micro mechanical interlocking (fig. 5.14), chemical bonds
(see XPS, FTIR analysis and wettability test) with a marginal contribution from
weak Van der Waals forces between the matrix and the filler. These mesfanis
are responsible for the better stress transfer through the matrix and interlocking of
the matrix layers under the tensile loads which enhances the ability of the
composite to resist failure under the tensile fd&& 69] Addition of the carbon
filler may also have increased the cross link ratio of the matrix which blocked the
molecular motion and enhanced the matrix robustit€sg2].
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5.7.3. Friction and wear properties analysis

Tribology analysis was carried out using a reciprocating tribom@ateto
Paar Pinon-Disk Tribometer TRB Thesurface of the specimen was eroded with
a polished steel sphergaiSl 420 6 mm in diameter using a normal load of 5 N
and a 3.27 mm reciprocating amplitude motion. Maximum linear speed of steel
sphere was maintained at 0.185 m/s. Coefficient of fricttoj ( and speci fi c v
rate (W) can be estimated as

//////

t — eeéeééée (1)

@i 6e666é. (2)

WherFdi sofriction force paFrdosthémimalt o t he s
|l oajd, i the deatithe( gpemilmanngdldd st ance
(9) is the mass loss after the test.

Neat epoxy shows high values of friction coefficient and high mass loss
during the sliding contact with the steel ball. Addition of a small amount of the
carbon fibres reduces the fricti@oefficient and the mass loss significantly. At 3
wt% addition of the untreated fibre the friction coefficient decreabgd50%
while the weight loss was reduced to 52% as shown in figure 5.18 a. The
composites containing 1 wt% and 3 wt% of functionalizatbon fibres reduced
the friction coefficient by 66% and 77% respectively for 100 W plasma
treatment. The values for 200 W plasma treated CF show a 5808406
reduction in friction coefficient for 1 wt% and 3 wt% respectively (fig. 5.18a).
The specificwear rate was reduced by 71% by using 3 wt% of fibres treated at
100 W and by 76% by using 3 wt% of fibres treated at 200 W. For the untreated
and the treated CF the increase in the CF amount reduces the friction coefficient
and the specific wear rate. Btaa treatedcarbon fibres performed better than
their untreated counterparts as depicted in figure 5.18. Zhang et al[@BJ07
reported the improved wear and friction properties of functionalizedrtcut
carbon fibre/polyimide composites. Cui et al 2q¥3] attributed the improved
wear and friction properties of MWCNTs/epoxy composites to the addition of
oxygen containing functional groups to the MWCNTs through surface
modification. After surface modification the interfacial adhesion withrtiagrix
improves and the filler can better protect the matrix by forming chemical bonds
with the matrix[73]. Our findings are in conformance to the published research. It
Is also expected that the improved mechanical properties of polymer lead to better
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tribological propertieq74]. The better dispersion of the plasma treated carbon
fibres in the matrix led to a better load transfer at the contact surface with the steel
ball [75]. The carbon fibres protected the matrix from deterioration as evidenced
by FESEM images (fig. 5.19). The width of the canal made by steel ball was
highest in the blank epoxy and lowest in th€E 2003 samples with values of
720 em and 205 em respectively.
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Figure 5.18:(a) Friction and (b) wear properties comparison of the composites

Phenomena like micro melting and mechanical deterioration caused by the
friction heat can be seen on the surface ofhallcomposites samples, though the
magnitude of the surface damage varies among different sarSpldace of the
untreated CF composites show large aegp surface cracks and crevices and
debris in the worn area which indicates a high wear Bsstheother hand, the
plasma treated fibres protected the matrix from deterioratips.(19 e&f due to
better interfacial adhesion to the mat{&6, 73] The carbon fibres acted as
spacers between the steel abrader and matrix and thus reduced the matrix
deterioration as evident itn¢ FESEM fig.5.19 d~f) images.Schon 200476],
and Lei Yan et al 201877] reported a similar behavior for carbon fibres/epoxy
and MWCNTs/epoxy composites for better friction and wear properties. The self
lubricating property of carbon fibores may also help to reduce the frictien co
efficient [78]. We recommend further research in this area for better
understanding the mechanisms leading to tribological properties.
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Figure 5.19:FESEM images of the worn surfaceqa) blank, (b) E-CF200-3, (c) E-CF-1, (d) E-CF-

3, (6) E-CF200-3, and(f) E-CF200-3.

5.8. Conclusions

In this chapter we reported the following achievements.

T

T

Waste cotton clothes can be used as an alternate cheap precursor to
synthesize carbon fibrélhe obtained carbon fibres caeinforce
polymess for improvedtensileand tribology properties. The surface of

CF can be modified by the plasma treatment. The surface modified CF
can further enhance the polymer properties.

Vacuum Plasma treatment on CF in an oxygen environment efficiently
modifies the arface morphology of the fibres as shown in the FESEM
images. Specific surface area increases after the plasma treatment. The
chemical modification of the CF surface due to plasma treatment was
confirmed by FTIR and XPS analysi8. high surface area andeth
functional groups provided bettadhesion between tre@arbon fibres

and the epoxy matrix, manifested the wettability test. Consequently

the tensile and tribology properties of the epy resin improved
significantly.
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